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ABSTRACT

A 195pt NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY
STUDY OF THE SOLVOLYSIS OF SODIUM HEXACHLOROPLATINATE

BY DIMETHYL SULFOXIDE

Jeffery Scott Allbritten

Platinum-195 Fourier transform nuclear magnetic
resonance spectroscopy was used to study the reaction of
sodium hexachloroplatinate with dimethyl sulfoxide-dg in the
mixed solvent dimethyl sulfoxide—d6: water, 1:2, V/V.

The reaction was observed at several temperatures over
uniform time intervals to ascertain the temperature
dependence of the rate of the reaction. The spectra
generated were integrated to determine the extent to which
the reaction had proceeded at the different temperatures as
a function of time. Rate constants for the reaction at each
of the temperatures were then calculated from linear
regression analyses of the spectral integration values. The
value at 59.4°C is 1.31 x 1074 s”1. An Arrhenius plot of
these rate constants was made and from this several kinetic
activation parameters were calculated.

Finally, the reaction was submitted to long duration

temperature equilibration experiments to ascertain the
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Jeffery Scott Allbritten

thermodynamic equilibrium constant and therefore the molar
free energy change for the reaction and any variation in
this value as a function of temperature. From the
temperature dependence, the molar enthalpy change for the
reaction was obtained. Finally, the molar entropy change
was calculated. The values at 59.4°C were 0.9 KJ mol~ !,

-45.1 KJ mol™! and -138 J k1 mol'l, respectively.
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Chapter 1

INTRODUCTION

Since the discovery of platinum on the South American
continent by Ulloa in 1735, many uses for this relatively
inert material have been found, including jewelry, high
temperature resistance wires, sealed vessels for the
laboratory, and as anodes for cathodic protection systems
for various metallic devicesl. Other areas of interest
which have been explored for this metal are its uses as a
poison and its potential medicinal benefits.

Since platinum is classified as a heavy metal, much
concern has been focused on its toxic effects on the body,
primarily on the function of the renal system2'4. While the
toxicity of this metal has been a threat to man, it is this
trait which has also provided medicine with a powerful tool
in the war on cancer. Several platinum derivatives have
been found to exhibit strong anti-neoplastic behavior, which
has led researchers to study more about this element.

The most successful and popular of the platinum anti-
neoplastic agents has been "Cisplatin” or cis-Pt (NH3)»Cl,.
Research into these anticancer drugs has included the
mechanism of interaction of the platinum analog and the DNA
of a cell® 17, considerable interest has also been focused

into the reasons behind resistance to some of these platinum
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anticancer compoundsle'zz. Another area of research
involving these platinum antitumor derivatives which has
evoked a great deal of interest, is the structural changes
which occur to the molecules when they are placed in
different environments23726,

One of the most important tools used in studying
metallic nuclei, including platinum, is nuclear magnetic
resonance spectroscopy. Since the inception of NMR, nearly
every nucleus has been investigated. Elements like
tin27_36, lead27'28, cadmium27'37, and mercury28 have been
extensively studied using nuclear magnetic resonance
spectroscopy.

The interest in platinum-195 NMR has developed out of
the search for chemotherapeutically active analogs of the
drug cisplatin. Nuclear magnetic resonance spectroscopy has
become the technique of choice in structural determination,
and in studying reaction mechanisms for these platinum
compounds due to some favorable properties of the platinum-

38. Platinum-195 has a natural abundance of

195 nucleus
33.7%, and a relative sensitivity of 9.9 x 10'3, while
carbon-13 has a natural abundance of 1.1%, and a relative
sensitivity of 1.59 x 1072. This combined with its nuclear
spin of 1/2 has made it possible for straightforward

38r39. It was discerned

detection under the right conditions
that special precaution had to be taken when the platinum

nucleus was bound to a quadrupolar nucleus, such as N-14 in
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cisplatin. Kerrison and sadler40 reported that the
quadrupole moment of N-14 leads to linewidths of ca. 200 Hz
for cisplatin in DMSO. When these quadrupolar nuclei are
present, the linewidths in the spectrum can become very
large and make detection of the signal nearly
impossible38'41'42.

The researrh in this field has gone in many directions,
from purely applied medicinal chemistry, to the more
esoteric studies such as ligand approach and coordination to
the central metal atom in the area of inorganic
chemistry43'49. One of the major areas of research, and the
one discussed in this paper, is the use of this technology
to follow the solvolysis reactions of various platinum
complexes. Much of the research into solvolysis has
concentrated on the Pt(II) nucleus in water, and many
organic solvents40'50“55, while the Pt (IV) nucleus has been
studied primarily in alkaline aqueous solution®®. The
reason for this is that the Pt (II) nucleus is thought to be
the form in which most of the chemotherapeutic activity is
found, hence it has been given preferential treatment. The
Pt (IV) nucleus must not be ignored as it is theorized that
some of the Pt (II) compounds undergo a conversion to the
Pt (IV) analog in solution?3. Thus, any subsequent reaction
with the solvent may serve either to enhance the drugs

beneficial properties, or to destroy these desired

properties. Knowledge of the reactivity of the Pt (IV)
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nucleus with various solvents would be extremely useful in
designing a drug which will remain active in the different
environments in which it may find itself.

Pesek and Mason3? reported on a study of tetra-n-
butylammonium salts of hexachloroplatinate, PtCl62', and
tetrachloroplatinate, PtCl42', in various nonaqueous
solvents in which they state that the PtCl42' ion underwent
solvolysis in dimethyl sulfoxide within thirty minutes of

preparation. This rapid reaction with this Pt (II) compound
PtCl4%” + Me,SO —--—---- > [PtCl3(Me,S0) ]~

does not lend itself well to a slow, careful study using
NMR. They go on to say however, that the PtC162' ion
remained stable at room temperature, but underwent
solvolysis when subjected to elevated temperatures for
various lengths of time. It is this reaction of the PtClGZ'

ion with dimethyl sulfoxide which is studied here
PtClg?™ + Me,SO —---—-- > [PtClg(Me,S0) ]~

utilizing variable temperature platinum-195 NMR
spectroscopy. By monitoring it over several temperatures,
data were obtained to establish rate constants at each
temperature, the activation energy and activation
parameters, and the thermodynamics for this reaction.

The major hypothesis of this study was that dimethyl

sulfoxide will act as an S-donor ligand and attack the
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platinum nucleus in the hexachloroplatinate ion, displacing
a chloride thereby changing the magnetic environment about
platinum. It is this change in magnetic environment that
will be seen either as a shielding or a deshielding effect,
causing the appearance of another peak in the nuclear
magnetic resonance spectrum of the platinum nucleus. The
intensity of this new peak should increase as the reaction
continues to completion. By measuring the relative
intensities of these two peaks over several time intervals
one should be able to calculate the rate constant for this
reaction,

To fully understand the significance of this change in
the magnetic environment about the platinum nucleus and the
resulting resonance spectrum, one must first appreciate the
nature of nuclear magnetic resonance spectroscopy. A brief
discussion of the principles of nuclear magnetic resonance
is given to assist the reader in appreciating the material
presented in this work.

To understand nuclear magnetic resonance, one must
begin with an examination of the nucleus of an atom®’. The
nucleus of any atom consists of neutrons and protons which
have a spin quantum number of 1/2 respectively. The
proportions of neutrons and protons in a nucleus determines
the value of the nuclear spin quantum number, I. If the
neutrons and protons are in equal proportions then the spins

will all be paired resulting in a nuclear spin quantum
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number of zero. If the proportions are not equal, then the
spins will not be paired resulting in a nuclear spin quantum
number I > 0. When this situation is present, the nucleus
will possess a magnetic moment and will behave like a small
bar magnet, subject to all of the magnetic and electrical
lines of force present in its environment.

When a nucleus with I > 0 experiences no external
magnetic field, the nuclear magnetic moment vector may take
on an infinite number of spatial orientations. But, when
this nucleus is placed in a magnetic field, it is forced to
take on only certain allowed orientations dictated by K1,
the nuclear spin angular momentum quantum number, whose
allowed values are I, I - 1,..., (-I + 1), -I. Because the
platinum nucleus has spin 1/2, the remainder of this
discussion will be restricted to nuclei of spin 1/2.

These nuclei have two spin states. One, p; = + 1/2,
has the nuclear magnetic moment vector aligned with the
applied magnetic field and the other, u; = -1/2, has it
opposed to the applied magnetic field. The orientation of
the nuclear magnetic moment vector with p; = +1/2 is lower
in energy than the orientation with puy = -1/2. This
difference in energy of spin states is the property that is
used in nuclear magnetic resonance spectroscopy. (Figure 1)

A nucleus can be forced to change spin states when a
quantity of energy equal to the difference in energy of the

two spin states is absorbed. 1In an NMR experiment, radio
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Figure 1. Energy difference between two spin states in an
applied magnetic field.
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frequency radiation is focused on the nuclei to induce the
transition between the two spin states®®. wWhen the
transition from the low energy spin state to the high energy
spin state occurs, the frequency of radiation which is
absorbed is measured. Each nucleus has a particular
frequency of radiation associated with its transition
depending upon the environment of the nucleus. By measuring
the frequency of radiation absorbed by the sample, a
spectroscopist can obtain information about the environment
of a particular type of nucleus.

A nuclear magnetic resonance spectrometer generates a
constant magnetic field, B,, which causes the nuclei in a
sample to orient themselves either with or against this
applied field. According to the Boltzmann distribution, a
population of nuclei with spin 1/2 will have an excess of
the nuclei in the lower energy state aligned with the
applied field. This excess results in a net magnetization
vector which is aligned with the field. When the B, field
alone is applied, there is no net energy absorption. When
the nuclei are forced out of this alignment by the
application of a magnetic field, B,, perpendicular to Byr @
component of this net magnetization vector causes an induced
current in the receiver coil yielding the characteristic NMR
signal.

In addition to the nuclei orienting in the field B,

they precess about the field at a speed termed the Larmor
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10

frequency. The Larmor frequency of each nucleus depends
upon the applied field strength and the magnetogyric ratio
of the nucleus, a constant characteristic of the nucleus.

In traditional nuclear magnetic resonance experiments, a
circularly polarized radio frequency field, By, is
continuously applied perpendicular to the applied field B,.
The frequency of the B; field is varied until it matches the
Larmor frequency of the precessing nuclei. When this
frequency of radiation is attained, the magnetic component
of By interacts with the nuclei's net magnetization vector
delivering a torque on this vector causing the spin to flip
to the higher energy state in opposition to the applied
field By. It is this absorption of energy from the plane in
which the receiver coil lies which is measured and plotted
as a signal in a frequency spectrum.

As was stated previously, traditional NMR experiments
utilized a circularly polarized radio frequency field which
was gradually increased through the entire frequency region
until resonance with the Larmor frequency of the nucleus
occurred. This approach is very time consuming, especially
if many nuclei are present all with different resonance
frequencies. A significant improvement to this method of
frequency scanning was implemented in the mid-1960's with
the advent of pulse radio frequency technology. Quite
simply, instead of slowly scanning the frequency spectrum

searching for the resonance frequency, one can deliver a
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single, high power burst of radiation for a very short time
and excite all of the nuclei simultaneously. Shortly after
the pulse is turned off, the receiver is turned on to
measure the composite of the signals from the various nuclei
present. Obviously, this presents some difficulty in
interpretation when many nuclei are present, so a Fourier
transformation is utilized to convert the resulting time
domain into the usual NMR spectrum (frequency domain). This
new technology has opened the door to many new applications
of nuclear magnetic resonance spectroscopy.

The subject of conducting nuclear magnetic resonance
research on metallic nuclei, such as platinum, is just one
of the areas of interest which has been aided by the new
technology. With the advent of FT NMR, the scientific world
began to devote a great deal of time and resources to this
emerging frontier38,

The solvolysis reaction studied here is of particular
significance since many of the platinum anticancer compounds
are being administered in aqueous dimethyl sulfoxide. This
information may prove useful to those in the scientific
community who are studying the mechanism of action of anti-
cancer drugs.

This study is also intended to demonstrate tc the
student of chemistry, the utility of non-proton nuclear
magnetic resonance spectroscopy in the chemical laboratory.

Therefore, the focus of this study is to provide accurate
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and relevant information, as an instructional aid, by
application to the study of a very significant process in

chemistry today.
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Chapter 2

MATERIALS AND METHODS

Materials

Sodium hexachloroplatinate hexahydrate, lot number
02615KW ,was purchased from Aldrich Chemical Company in
Milwaukee, WI, and used without further purification.
Dimethyl sulfoxide~d6, lot number NS0789, was purchased from
ISOTEC Inc., in Mianisburg, OH. The water used in this
study was deionized by a Corning water purifier, model
number LD-b5a.

A 1.0 M sample of NapPtClg-6H,0 in D,0, was prepared by
weighing out 281 mg of the dry, crystalline material
directly into an NMR tube. Then, 0.5 mL of deuterium oxide

was added to the tube yielding a 1.0 M standard sample.
Methods

Spectra were obtained using a Bruker AC 200 Fourier
transform nuclear magnetic resonance spectrometer, operating
at an applied field, B,, of 4.7 T. The spectrometer is
equipped with a 5 mm broadband probe (14 MHz to 90 MHz), a
Bruker model ECO01l variable temperature unit, and an Aspect
3000 computer with coprocessor for data analysis and

manipulation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

The spectrometer was tuned to 43.0 MHz for the
platinum-195 resonance. This was accomplished by reading a
C-13 tuning file, changing SFO to 43.0 MHz, and by
procedures outlined in one of the manuals for the
instrument.

Once the proper resonance frequency was established,
the numerous acquisition parameters, such as frequency
offset, sweepwidth, relaxation delay, and pulsewidth were
determined using the 1.0 M sample of sodium hexachloro-
platinate in deuterium oxide. This sample was placed into

the magnet with the following initial acquisition parameters

entered: relaxation delay(RD) = 2.0 s; frequency offset (01)
= -30,000 Hz; sweepwidth(SW) = 125,000 Hz; number of
scans (NS) = 500; data array size(SI) = 8K; pulsewidth(PW) =

2.1 pus. Other parameters were left at their default values.

Upori pulsing the one molar standard in D,0 500 times
with these parameters, it was apparent, from the strong peak
observed, that the instrument was properly adjusted to
perform platinum-195 spectroscopy on this compound. Once
this was determined, it was then necessary to fine tune
these parameters by subjecting this compound, in the
appropriate reaction solvents, to the same experiment as the
original standard. It was also necessary to determine if
the solvolysis reaction occurred at a rate suitable for a
kinetic study by NMR spectroscopy. This suitability

criterion would be determined by subjecting a reaction
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mixture to a long-term NMR experiment and watching the
change in the resulting spectra as a function of time. 1If
the reaction occurred too rapidly it would be extremely
difficult to observe changes in ratios of peak heights
corresponding to the reactants and the products. If this
turned out to be the case then this reaction would be
inappropriate for an NMR kinetic study.

A 0.9 M sample of NajPtClg 6H,0 in 2/3 H,0 and 1/3
DMSO-dg by volume was prepared by weighing out 183 mg of the
crystalline hexachloroplatinate material directly into an
NMR sample tube. A 215 pL aliquot of H,0 was added to the
dry hexachloroplatinate in the tube and agitated until the
sample dissolved. A 110uL aliquot of DMSO-dg was added to
the tube, for a final volume of 360 uL, just before the
sample mixture was ready to be placed into the NMR for
observation. Care had to be taken as to the time of the
addition of the DMSO-dg, as the literature indicated that
this reaction did occur at room temperature within
approximately 30 min of combination of reactants39.

Once the DMSO had been added, the sample was well mixed
by shaking and placed into the magnet for observation. The
following modifications to the list of acquisition
parameters were made before the experiment began: RD = 7.0
s; Temperature(TE) = 330 K. The reason for the increase in
the relaxation delay was to insure complete "ringdown". The

temperature of 330 K was chosen at random with the
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constraint of choosing a temperature above 298 K to insure
the ability of testing this reaction at various
temperatures, but also below the boiling point of the
solvent.

An automation program was written which reset the
instrument after a single 500-pulse experiment. The program
was designed to save the free induction decay of an
experiment to the hard disk drive as soon as it was complete
and to then wait a specified time interval before beginning
another data collection sequence. This was necessary as the
reaction needed to be followed over a long time interval to
determine the suitability of the utilization of nuclear
magnetic resonance spectroscopy for a kinetic study of this
reaction. A delay of one hour was entered and the number of
data collection cycles was set to five. With a relaxation
delay of 7.0 s, one data collection cycle would take
approximately one hour. Therefore with five data collection
cycles and the five delay cycles this experiment would span
10 hrs.

The instrument was activated and the experiment was
allowed to run to completion. The five resulting spectra
revealed the gradual decrease in intensity of a downfield
peak, corresponding to unreacted Na,PtClg, with a
concomitant increase in intensity of a peak approximately
1000 ppm upfield, corresponding to a solvolysis product,

with time. Upon investigation of the five resulting
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spectra, it was determined that this reaction occurred at a
rate which made it suitable for performing a kinetic study
using platinum-195 NMR spectroscopy (see figures 2-4 for the
first, third and fifth spectra of the series).

Further adjustments to the list of acquisition
parameters were now made from the information received from
these five spectra. The sweepwidth(SW) was reduced to
62,500 Hz and the frequency offset (0l1) was moved to 7,700 Hz
to center each spectrum between the reactant and product
peaks. The instrument was zeroed to the frequency at which
the peak of the original standard, 1.0 M sodium hexachloro-
platinate in deuterium oxide, first appeared.

All of the parameters were now established except for
the optimal pulsewidth for the platinum-195 nucleus. The
desired pulse is a compromise between receiving the best
signal to noise ratio in the spectrum and the time required
to collect the data. A 30° pulse is normally best suited to
give adequate signal to noise and allow more rapid data
acquisition.

To determine the pulsewidth which delivers a 30° pulse,
it was first necessary to determine the pulsewidth that
would deliver a 90° pulse. The 90° pulse for the platinum-
195 nucleus was determined by using a program called PW90 in
the catalog of programs provided with the instrument. A
series of successive increases and decreases of the

pulsewidth led to the value of PW = 23.5 ps for a 180°
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Figure 2. First hour of reaction in 1/3 DMSO-dg plus 2/3 H0
to determine suitability for kinetic study.
T = 330 K
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Figure 3. Third hour of reaction in 1/3 DMSO-dg plus 2/3 H,0
to determine suitability for kinetic study.
T = 330 K.
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Figure 4. Fifth hour of reaction in 1/3 DMSO-dg plus 2/3 Hy0
to determine suitability for kinetic study.
T = 330 K.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

k)

-2000

-1500

23



24

pulse. From this value the PW for a 90° pulse is calculated
to be 11.25 pus. Since a 30° pulse was desired, a PW of 4.0
Hs was set into the list of acquisition parameters along
with a relaxation delay of 2.0 s. The list of acquisition
parameters was now complete and the kinetic study could
proceed.

Based on the data obtained, it was decided that this
reaction could be followed for approximately five hours.
This corresponded to the time the reaction apparently had
reached completion. It was also decided that four
temperatures, 325 K, 330 K, 335 K, and 340 K would be used
to study this reaction. The decision to use this moderate
temperature range was made based upon previous experience
with this material and the knowledge that activation
energies and other activation parameters can be temperature
dependent. Carrying out this reaction at four different
temperatures would allow an Arrhenius plot to be made and
the activation energy to be determined from the slope.

A fresh sample of the reaction mixture was used for
each temperature at which the reaction was studied. The
experiment required at least 1.5 g of the sodium
hexachloroplatinate hexahydrate.

The first temperature at which the study began was the
temperature at which the suitability experiment was run, 330
K. A 0.9 M sample of sodium hexachloroplatinate was

prepared by weighing out 183 mg of the crystalline material
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directly into the NMR sample tube. Next, a 215 uL aliquot
of HyO was added and the tube was agitated until the
material was dissolved. The temperature controller was set
to 330 K and allowed to equilibrate at this temperature for
approximately 30 min. The automation program which was
described previously was modified for a delay of 5.0 s
between data collection cycles, and the number of
experiments was increased from five to 15. With a
relaxation delay of 2.0 s, and 500 scans per experiment,
each experiment took approximately 17 min to complete. This
was determined in a separate experiment to give adequate
signal to noise. Therefore, 15 experiments would allow this
reaction to be studied for approximately 4.5 hr at each
temperature.

When all of the acquisition parameters on the
instrument had been entered and everything was ready to go,
a 110 pL aliquot of DMSO-dg was added to the tube. The tube
was shaken to insure proper mixing of all components. Then,
it was immediately placed into the magnet, a lock signal
obtained, the magnet shimmed, and the experiment begun.

This precaution was taken to insure a consistent initial
reaction time for all of the experiments.

After the 15 separate 500-pulse experiments on this
first sample at 330 K were complete, the tube was removed
from the magnet and the next sample to be run was prepared.

The variable temperature controller was set to 335 K and the
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automation program was set for another l15-experiment data
acquisition cycle. This procedure was conducted twice at
each of the four temperatures to insure reproducibility of
the results.

Once an experiment at a certain temperature was
complete, the free induction decay from each of the 15 data
acquisition cycles in the experiment was subjected to an
exponential multiplication routine with a line broadening
parameter of 50 Hz. This was done to reduce the noise which
was received during the acquisition cycle. This
exponentially multiplied data was then subjected to a
Fourier transformation routine which yielded the
characteristic nuclear magnetic resonance spectrum. The
spectrum which was received at this point required the
application of a phase correction routine to bring the peaks
into consistent phase one with another. A zero-order phase
correction was made on the larger peak in the spectrum
followed by a first-order phase correction on the smaller
peak in the spectrum. These two parameters were manipulated
interactively until a compromise between the two was
reached.

The next problem with the spectra of this reaction was
the persistent presence of "wavy" baselines. To counter
this, a baseline correction routine in the software was
utilized. There were two baseline correction routines

available, one which fitted the baseline to a cubic spline
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algorithm, and the other which fitted the baseline to
different polynomial algorithms. The cubic spline algorithm
turned out to be the best for flattening the baseline for
these spectra.

The baseline correction routine is available either 1)
as a completely automated routine which picked random points
from the baseline followed by mathematical analysis, or 2)
in an interactive mode in which the points were picked
manually and then subjected to analysis. Most of the
baseline correction done in this research was the manual
manipulation mode. To use the cubic spline algorithm with
manual point picking successfully, it was necessary to pick
points from the phased spectrum properly. Great care was
taken to insure that the points were in the baseline noise
and not at the upper or lower limits of this noise. Once
the points were chosen, they were analyzed using a cubic
spline algorithm and a new baseline was generated. Very
often this procedure was not completely successful with one
trial, so that several baseline corrections were usually
combined to yield the flattest baseline. When the final
spectra were ready, they were plotted on a Graphtec MP3200
plotter which was interfaced with the Aspect 3000 computer.

Once all of the reactions were carried out, and the
spectra had been phased and baseline corrected, the analysis
of the kinetics of this solvolysis reaction began. Since

one of the reactants in this reaction was the solvent, it
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was assumed that this reaction was pseudo first-order in the
platinum compound. With this assumption made, it was now
possible to determine the rate of this reaction by following
either the appearance of product or the disappearance of the
reactant and focusing on the following kinetic
relationship59:

_ dlreactant] _ kgpglreactant].
dt

When both sides of this differential equation are

integrated, the following relationship is obtained:
ln[reactant] - ln[reactant], = - kgpg(t - t,)

where [reactant], = 1 at ty = 0. Therefore a plot of
In[reactant] versus time should yield a straight line. The
slope of the graph equals the negative of the observed rate
constant.

It was now necessary to determine the decrease in the
reactant concentration over time in each experiment to be
able to provide data for the plot.

To determine the change in reactant concentration as a
function of time in the reaction, it was necessary to
measure the change in intensity of the resulting reactant
and product peaks in each spectrum throughout the course of
the reaction. This was accomplished by performing an

integration of each spectrum to determine the area under the
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peaks which were generated.

The integration of the reactant and product peaks was
done by using the integral function subroutine of DISNMR89
running on the ASPECT 3000 computer, applied on phased and
baseline corrected spectra. An interval width of 100 Hz
about each peak was chosen to insure uniform treatment of
all peaks in the various spectra. The integration was
initiated by placing the computer cursor 50 Hz downfield‘
from a peak and zeroing the integral at that point. The
integral function was then maneuvered through the peak and
re-zeroed at a point 50 Hz upfield from that peak. This
procedure was carried out for both the reactant and product
peaks. The bias and the slope of the entire integral were
then adjusted to the best of the operator's ability when
necessary. Quite often the final result was a compromise
between an over estimation of the area of one peak and an
under estimation of the area of the other peak. This was a
source for random error in the data. It was dealt with by
reaching a high degree of precision and consistency in the
operator's technique. Regardless, some of the data points
which were generated during the data analysis phase of this
research had to be treated as outliers during the linear
regression analysis. The mathematical basis for this
treatment is discussed later.

As the integration of the peaks for a particular

temperature experiment was carried out, the area of the
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reactant peak was arbitrarily set to one, so that the
computer would calculate the area of the product peak
relative to the reactant peak. This allowed for the
generation of a ratio of the product to reactant peaks from
which the concentration of the reactant species could be
calculated. The concentration of the reactant species in
the reaction mixture was calculated using the following

mathematical relationship:
[reactant] + (product] = [reactant], =1

at time t = 0.

But,
[product]/[reactant] = ratio,
So upon substitution,
[reactant] + (ratio) [reactant] = 1.
Therefore,
[reactant] = 1/(1 + ratio).

From the ratio of the product to the reactant peak, it was
now possible to measure the decrease in the concentration of
the reactant species over the course of the reaction.

The ratios obtained from the 15 experiments performed
twice at each temperature were then entered into a Microsoft

WorksTM spreadsheet template which had been programmed to
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perform linear regression analysis on the data. Since the
data were to be plotted as ln[reactant] versus time, the raw
x—-axis data were entered as the midpoint of the appropriate
17-min interval at which the data had been gathered. The
raw y-axis data were entered as the ratio of
[product]/[reactant] and converted to ln[reactant] by siﬁple
reprogramming of the spreadsheet.

A linear least squares regression was performed on the
resulting data to determine the degree of agreement of the
experimental data with the kinetic assumption made at the
outset of the project, i.e., first-order in reactant. As
was stated earlier, due to noise in the baseline resulting
in error in the integration of the peaks, some data points
had to be removed from the plots because they were spurious
in nature and could be considered as statistical outliers®9.
As Benson indicates, if the removal of the outliers yields a
better model, then one is Jjustified in removing those data
points from the set of statistics. The appearance of such
points was totally random, and their removal yielded
improved correlation coefficients resulting in more accurate
rate constant calculations. The results from the kinetic
experiments and the thermodynamic experiments will be
presented in the next chapter.

When the rate constants for each temperature had been
calculated, they were then entered into a spreadsheet which

plotted the 1ln(k,,g) versus l/temperature. A linear
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regression was performed on this data and the slope was used
to calculate the activation energy of the reaction along
with various other activation parameters.

The last question which needed to be addressed was that
of the reversibility of this reaction. Was the reaction
completely reversible or was there such a high activation
barrier that the reverse reaction was highly unfavored? To
study this question, several of the reaction mixtures which
had been stored at room temperature for approximately eight
weeks in their NMR tube, were placed into the magnet at 330
K and a spectrum obtained. The presence of an equilibrium
condition would allow for the calculation of a thermodynamic
equilibrium constant from a ratio of the product to the

reactant peaks. This equilibrium constant, K would allow

eq’
the free energy, AG®, to be calculated from the following

thermodynamic relationship:

AG® = - RT1lnKgq,

To accurately determine all of the thermodynamic
parameters for this reversible reaction, it was necessary to
subject a reacted sample to a long-term, gradual, variable
temperature series to detect any temperature dependence of
the equilibrium constant. This experiment was performed on
one of the previously reacted samples by utilization of the
same variable temperature computer program used to conduct

the kinetic portion of this project.
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This experiment was initiated by setting the variable
temperature controller to 325 K and allowing it to
equilibrate for approximately 30 min before the sample was
placed into the magnet. The programs' acquisition
parameters were set to allow a seven-hour equilibration
period at each temperature in the increasing series 325 K,
330 K, 335 K, and 340 K, while gathering data every hour.
This allowed sufficient time for the sample to equilibrate
at each of the temperatures, to verify that equilibrium had
been reached, and for any temperature dependence of the

equilibrium constant to be determined.
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Chapter 3

RESULTS

As was stated in the previous chapter, the first
temperature chosen to begin the kinetic experiments was 330
K. The parameters were entered into the instrument and an
automation program was activated to begin the data
acquisition. Each of the 15 data collection cycles was 17
min in length. The time of the experiment for kinetic
analysis was taken as the midpoint of the 17-min time
interval,.

The following seven figures are from this first kinetic
experiment (Figures 5-11). 1In figure 5, it was apparent
that very little reaction had taken place since there was
only a small product peak at -450 ppm. At this temperature,
there was a significant induction period before the reaction
began. This induction period was more pronounced at 325 K
and decreased at the two higher temperatures used for the
kinetic experiment. This series of spectra is typical of
the behavior of this reaction, showing the decrease in
reactant concentration and concomitant increase in product
concentration.

The data for this temperature are illustrated as an
example of the behavior of this reaction at the various

temperatures. The spectra obtained at the other
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Figure 5. NMR spectrum of solvolysis reaction at 330 K,
8.5 min elapsed time.
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Figure 6. NMR spectrum of solvolysis reaction at 330 K,
59.5 min elapsed time.
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Figure 7. NMR spectrum of solvolysis reaction at 330 K,
93.5 min elapsed time.
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Figure 8. NMR spectrum of solvolysis reaction at 330 K,
127.5 min elapsed time.
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Figure 9. NMR spectrum of solvolysis reaction at 330 K,
161.5 min elapsed time.
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Figure 10. NMR spectrum of solvolysis reaction at 330 K,
195.5 min elapsed time.
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Figure 11. NMR spectrum of solvolysis reaction at 330 K,
229.5 min elapsed time.
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temperatures are presented in the appendices.

Once the spectra at this temperature, as well as the
other three temperatures, were obtained, they were
integrated to yield the ratio of the product to reactant
peaks, as discussed in the previous chapter. These ratios
were entered into a Microsoft WorksTM spreadsheet and
converted to lnl[reactant]. As was also discussed in chapter
two, outliers were removed from the data to yield a better
correlation coefficient from regression analyses60.

The first five data points obtained in the 325 K
experiments were removed because no change in ratio was
observed. This implies an induction period for the
reaction. The data obtained at 335 K and 340 K also had to
be manipulated, because the reaction was complete before the
end of the measurements. Therefore, several points at the
end of these two temperature series were omitted from the
linear regression analysis.

The treated data from the first set of experiments are
given in Table 1, while the treated data obtained during the
duplicated set of experiments are in Table 2.

The ln[reactant] data for each temperature of reaction
from these tables were plotted as ln[reactant] versus time.
The spreadsheet had been programmed to calculate a linear
regression analysis of the ln[reactant] versus time data. A
linear regression analysis was applied to each plot and a

best fit line was derived from the plotted data points.
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Table 1

Natural logarithm of reactant concentration at the different
temperatures over 15 time intervals.®

Elapsed @ = ---------------- In[reactant] -—----=>====----
Time (min) 325 K 330 K 335 K 340 K
0 0 0 0 0
8.5 - -4.60x1072  -9.98x1072  -1.96x1071
25.5 -— -1.92x10"1  -1.18x1071 -2.24x107!
42.5 -— -2.27x10"1  -1.50x10"1  -4.34x107!
59.5 -— -2.69x10"1  -4.36x10"1 -7.82x1071
76.5 - -2.91x10"1  -4.84x1071 -1.11
93.5 -8.44x1072  -3.94x10"1  -7.46x1071 ---
110.5 -9.23x1072 -— -1.07 -1.32
127.5 -1.11x10"1  -6.50x1071 -1.21 -1.69
144.5 -1.63x10"1  -6.86x1071 -1.19 -—-
161.5 -3.23x1071 - -1.48 -—
178.5 -3.68x107 1 -—- -1.52 -—-
195.5 -3.82x1071 -1.08 - -—
212.5 -5.30x1071 -1.24 -—- ---
229.5 -5.74x1071 -1.35 --- ---
246.5 -7.30x1071 -1.30 --- ---

a) Outlier omitted from analysis indicated by ---.
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Table 2

Natural logarithm of reactant concentration at the different
temperatures over 15 time intervals.
(Duplicate Experiments)

Elapsed @ =  ~——=---ommeooee- ln[reactant]------==v--=v-m-
Time (min) 325 K 330 K 335 K 340 K
0 0 0 0 0

8.5 -—-  -4.59x1072  -7.97x1072 -1.72x107!
25.5 - -— -1.90x10"1  -2.43x1071
42.5 ---  -1.60x1071 -——  -4.06x1071
59.5 --—-  -1.96x10"} -3.65x10"1 -6.69x1071
76.5 --- -2.81x10"1 -5.78x1071 -—
93.5 ---  -3.82x10"1 -7.08x107! -1.14
110.5 -1.42x10"1  -4.27x1071 -— -1.52
127.5 -2.48x10"1  -5.68x1071 - -—
144.5 -1.90x10"1  -7.06x1071 -1.27 -1.66
161.5 -3.07x10"1  -g.14x1071 -1.24 -
178.5 -3.43x1071 -1.05 -1.40 -—
195.5 -4.91x1071 -1.13 - -—-
212.5 -5.97x1071 -1.42 -— -—
229.5 -6.20x1071 -—- - -—
246.5 -7.93x1071 -— ——_— -
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These plots are included in an appendix.

Figure 12 shows the plot of the data for the first
experiment performed at 330 K. This plot has a best-fit
linear regression line with a correlation coefficient of
0.990 and a slope of -5.63 x 1073 min~l. pPrior to removal
of the outliers, the plot of the data from this experiment
had a correlation coefficient of 0.971 and a slope of
-5.74 x 1073 min~l. The removal of some spurious data
points yielded a 1.96% improvement in the correlation
coefficient for this experiment at 330 K. The only other
experiment in the first series which had outliers removed
was the one performed at 340 K. Removal of outliers for
this experiment yielded a 2.38% improvement in the
correlation coefficient for the best-fit line in the
regression analysis. In the duplicate experiments, data
point removal resulted in improved correlation coefficients
of: 0.93% for 330 K, 4.96% for 335 K, and 3.13% for 340 K.

From first-order kinetics, the slope of the line from a
plot of 1ln[reactant] versus time is the negative of the rate
constant, k. Pseudo first-order kinetics appear to be in
effect here because the correlation coefficient of the best-
fit line is nearly unity. Therefore, the slope of this type

of plot was used to calculate the k,,g for this reaction.

S
For the first experiment at 330 K the value of the
slope was found to be -5.63 x 1073 min~l. Therefore the

kops for this experiment is 5.63 x 1073 min~! or 9.38 x 1073
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Figure 12. Plot of ln[reactant] versus time for solvolysis
reaction at 330 K.
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s~1. The second experiment conducted at 330 K yielded a
line with a correlation coefficient of 0.979 and a slope of

-6.10 x 1073 min~l. Therefore the kops for this experiment

S
is 6.10 x 10”3 min~! or 1.02 x 1074 s71, Taking the mean of
these two rate constants yielded <n average kops for 330 K
of 5.87 x 1073 min~! or 9.78 x 1072 s”1. The individual
rate constants and the average rate constants for this
reaction at each temperature, along with the correlation
coefficients from the linear regression analyses of the data
are given in Table 3.

Now that the temperature dependence of the rate
constants for this solvolysis reaction had been determined,
the natural logarithms of these values versus the inverse of
the temperature was plotted to discern if this reaction
obeyed Arrhenius kinetics and to allow the calculation of
the activation parameters.

Three plots of 1ln(kg,p,g) versus 1000/T were made: one
for the first set of experiments; one for the second set of
experiments; and one using the average values of the rate
constants from the different experiments. The plot for the
first set of experiments had a correlation coefficient for
the best-fit line of 0.994 with a slope of -8.42. The plot
for the duplicate set of experiments yielded a correlation
coefficient of 0.993 with a slope of -7.05. The plot using
the average of the rate constants yielded a correlation

coefficient of 0.997 with a slope of -7.76 (Figure 13).
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Table 3

Rate constants and statistical data from plots of
In[reactant] vs. time in variable
temperature experiments

Temperature/Trial Rate fonst nt Correlation Coeff.
(min™+/ s™%)

325 K
Trial 1 4.27x1073/7.12x107° 0.977
Trial 2 4.62x1073/7.70x107° 0.971
Average 4.45%x1073/7.41x107°

330 K
Trial 1 5.63x1073/9.78x107> 0.990
Trial 2 6.10x1073/1.02x10"4 0.977
Average 5.87x1073/9.78x1079

335 K
Trial 1 9.26x1073/1.54x1074 0.985
Trial 2 8.07x1073/1.35x10"4 0.994
Average 8.67x1073/1.44x1074

340 K
Trial 1 1.29x1072/2.15x104 0.988
Trial 2 1.22x1072/2.03x1074 0.988
Average 1.26x1072/2.09x10°4
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Figure 13. Plot of natural logarithm of rate constants
versus l/temperature (Arrhenius Plot).
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It was apparent from these plots that this reaction did
obey Arrhenius kinetics. Thus, it was possible to calculate
various activation parameters for this reaction. The data
from the plot of the average of the rate constants were used
for these calculations.

From the slope of an Arrhenius plot, it is possible to
obtain the activation energy for a chemical reaction. The

relationship which yields the activation energy is:
slope = - E,/R (1)

where R is the ideal gas constant. Therefore, the
activation energy for the formation of the activated complex
in this reaction is given by:
E; = (7.76 x 103 K) (8.314 J K~1 mo171)
E, = 64.5 KJ mol™1

a

The enthalpy of activation, AH*, is given by the

following relationship:
AH* = E, - RT (2)

Thus, the enthalpy of activation over this temperature range

is calculated to be:
AH¥ = 64.5 KJ mol™1 - (8.314 J k™! mo171) (332.5 K)

AH¥ = 61.7 KJ mo1~1
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where 332.5 K is the average of the four temperatures over
which the reaction was studied.

The pre-exponential factor, A, in the Arrhenius rate
law leads to the calculation of the entropy of activation

for a reaction through the following relationship59:
as¥ /R -3,1-n
A = (kgTe/h)e (mol dm™~)

where kp is Boltzmann's constant (1.38 x 10723 g K'l), e is
Fuler's number(2.718), and h is Planck's constant (6.626 x
10734 g s). The y-intercept for the Arrhenius plot is equal
to the natural logarithm of the pre-exponential factor. The
y-intercept for the Arrhenius plot of the average rate

constants is:
1n(A) = 18.4.
Thus,
A=9.80 x 10’ min™1 = 1.63 x 10% s71,

Substituting the various constants into the relationship for

the entropy of activation yields:

(1.63x10%s71) (6.626x107347 s)

As¥ = (8.3143k mo1~1)1n
(1.38x107233 k1) (332.5 K) (2.718)

Thus,

As¥ = (8.314 J K1 mo171)-1n(8.66 x 10°8)
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as¥ = -136 J k-1 mo171.

By utilizing the Gibbs-Helmholtz free energy equation

the free energy of activation can now be calculated.

+

AGF = anT - TaSt

AG¥ = 61.7 KJ mol~! - (332.5 K) (-136 J K1 mo171)
AGF = 107 KJ mol~1.

As was stated in the previous chapter, once the kinetic
portion of this experiment was concluded, it was time to
determine the reversibility of this reaction, thereby
allowing calculation of thermodynamic values for this
reaction. Spectra obtained for the reaction mixtures which
had been used for the kinetic experiments and had been
stored for eight weeks, showed that there were still two
peaks present, one corresponding to the reactant species and
one corresponding to the product species. The ratios were
measured and found to be the same for several of the
reaction mixtures. Therefore, an equilibrium between the
two species had been achieved over time. A concentration

equilibrium constant, K could now be calculated as the

eq’
ratio of the product to reactant concentrations at the
conclusion of the reaction at each temperature.

The spectra for the thermodynamic analysis were treated

in the same manner as those generated in the kinetic portion
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of the experiment. Each peak was integrated to determine
the relative areas under the reactant and product species
peaks. The ratios of the product to the reactant areas were
plotted in the regression analysis spreadsheet previously
mentioned, and a temperature dependence for the equilibrium
constant was ascertained. The temperature dependence of the
equilibrium constant, along with calculations of the free
energy of the reaction, allowed for the calculation of the
enthalpy and entropy of this solvolysis reaction.

From the long-term, gradual, temperature equilibration
experiments described in the previous chapter, four
equilibrium constants were discovered; one for each of the
temperatures studied. These concentration equilibrium
constants were calculated by dividing the ratio of the peaks
obtained by the concentration of dimethyl sulfoxide present
at the given extent of reaction for each ratio. The initial
concentration of DMSO was 4.28 M and the lowest
concentration present for these four calculations was 3.50
M. Therefore, DMSO was always present in excess over the
hexachloroplatinate(1V).

At T = 325 K the K was 1.03; at T = 330 K the Keq was

€q

0.84; at T = 335 K the K was 0.64; and at 340 K the X

eq
was 0.49. From the previously mentioned relationship,

eq

AG® = -RTIn(Kgq),

it is now possible to calculate the free energy change for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

this reaction at each temperature. At T = 325 K,
AG%zs = -(8.314 J K1 mo1~1) (325 K)1n(1.03)
AG3,5 = - 0.08 KJ mol-1 .

By similar calculations, AG§30 = 0.48 KJ mol'l,
AG§35 = 1.2 KJ mol‘l, and AGg4o = 2.0 KJ mol™l. From these
values a AGOat the average temperature in this range, 332.5

K, was calculated to be,
AGS35 5 = 0.9 KJ mol™l.

The change in enthalpy for this reaction can be
calculated from a plot of ln(Keq) versus l/temperature by

the following relationship61:
d(lnK) /d(1/T) = - AHJR.

A plot of 1n(Keq) versus l/temperature yielded a slope of
5.42 x 103 K, with a correlation coefficient for the best-
fit line of 0.997. Therefore, the enthalpy change for this

reaction for the average temperature is:
AH33, 5 = -(5.42 x 103 K) (8.314 J K™! mo171)
AHS3, 5 = -45.1 KJ mol™L.
Finally, from the Gibbs-Helmholtz equation,

AG® = AH® - TASC ,
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the entropy change at the average temperature for this

reaction, is calculated to be:

o -0.9 KI mol™l - 45.1 KJ mo1~1
AS =
332.5 '

332.5 K

thus,

As335 5 = -138 J K1 mo171.
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Chapter 4

DISCUSSION AND CONCLUSIONS

As was stated in the introduction of this paper, the
major assumption in this study was that the diméthyl
sulfoxide molecule would attack the platinum nucleus in the
hexachloroplatinate ion displacing a chloride ion. The
assumption that only one solvolysis product is formed, is
based on the appearance of only one product peak in the
spectra and on reports by Elding and Groning55 that dimethyl
sulfoxide in aqueous solution reacts with tetrachloro-
platinate(II) forming a strong, sulfur-bonded 1:1 complex.
Goggin and Goodfellow? also attest to the assumption of a
single solvolysis product in a study they conducted with
tetrachloroplatinate(II) in aqueous dimethyl sulfoxide.

The displacement of the more electronegative chloride
with a bulky dimethyl sulfoxide ligand should cause an
upfield shift in the NMR spectrum of the platinum nucleus
due to a significant shielding effect imparted by the DMSO
ligand62. Kerrison and Sadler reported on calculations that
indicated that the displacement of a chloride ligand by a
DMSO ligand will cause an upfield shift of 1000 ppm40. When
the reaction was run in an NMR tube, a new peak in the
spectrum appeared approximately 1000 ppm upfield of the

original reactant species peak. It was this anticipated
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strong shift in the spectrum that indicated that solvolysis
had taken place. From the fact that only one peak was
observed, and the information reported by Kerrison and
Sadler40, it was concluded that it was possible to use NMR
to observe the creation of a solvolysis product during this
reaction.

Many theories have been developed to explain this
upfield shift upon attachment of the DMSO ligand to the
platinum nucleus. McFarlane states that attachment of bulky
ligands can produce high field shifts due to polarization of
the platinum atom®3. It is generally believed that the
shift to high field upon attachment of a ligand to the
platinum nucleus is due to local paramagnetic shielding63'
66, rThis paramagnetic contribution increases with
increasing covalency of the metal to ligand bonds; this
increased covalency hinders diamagnetic electron circulation
about the platinum nucleus.

If one considers the Pauling electronegativity of Cl
(Xp= 3.16) , S (Xp= 2.58), and Pt (Xp= 2.28), it will become
apparent that the degree of covalency possible in the Pt-S
bond is much greater than that found in the Pt-Cl bond due
to the closer agreement in electronegativity values for Pt
and S. This agrees with the theory about the degree of
covalency between the metal and ligand being directly

proportional to the increased paramagnetic shielding of the

metal nucleus, leading to an upfield shift in the NMR
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spectrum. This would seem to explain the phenomena observed
during the solvolysis reaction with DMSO.

The kinetic results reported in this study indicate
that the solvolysis reaction taking place is very
temperature sensitive. Just as one would expect, as the
temperature at which the reaction was carried out was
increased, a concomitant increase in the rate of reaction
was seen. At the lower temperatures, an induction period
was observed where virtually no change in reactant
concentration occurred for a short time period at the outset
of the data acquisition. This induction period was observed
to decrease as the temperature at which the reaction was
being observed was raised. At the higher temperatures, the
reaction was complete before the end of the data acquisition
cycle. This phenomenon required that some of the data
points near the end of the series be truncated for the
kinetic analysis. Once this truncation was performed, the
data fit a linear model quite well, assuming the reaction
was pseudo-first-order in sodium hexachloroplatinate (IV)
hexahyrate concentration.

The assumption that this reaction is pseudo-first-order
in sodium hexachloroplatinate (IV) concentration was made
based on the fact that any other potential reactants, water
and DMSQO, were present in excess as solvents. Pseudo first-
order kinetics for the solvolysis of potassium tetrachloro-

platinate(II) in 5.88 M dimethyl sulfoxide, are reported in
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| a study conducted by Rund and Palocsay67. This information,
along with the high correlation coefficients obtained from
the first-order plots made from the reaction data obtained,
substantiated the assertion that this reaction can be
treated as pseudo-first-order in the sodium
hexachloroplatinate (IV) concentration.

The average observed rate constants given in Table 3
were: 7.41 x 107° s~1 at 325 K, 9.78 x 1072 s~1 at 330 K,
1.44 x 1074 s71 at 335 K, and 2.09 x 1074 s at 340 k.
Groning, Drakenberqg and E‘.ldingS4 report. some pseudo-first-
order rate constants for the solvolysis of Pt (H0)4 in
aqueous dimethyl sulfoxide. The four observed rate
constants which they present are: 1.10 x 107% s~ 1 at 298 K,
2.20 x 1072 s7! at 303 K, 4.97 x 1072 s~1 at 310 K, and 9.22
x 1072 571 at 316 K. A similar trend of increasing rate
constants with increased temperature 1is observed for both of
these solvolysis reactions. The rate of solvolysis of the
platinum-aqua compound appears to be greater than that of
the platinum-chloride compound presented in this paper. One
potential explanation for this difference could be that the
water ligands have no charge to stabilizec once they are
removed from the complex, whereas the chlorlide ligands would
have a significant charge once they are removed from the
complex. Even though a slight difference In the rate
constants for these two similar reactions exists, the

comparison demonstrates that the values reported in this
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paper are reasonable in their order of magnitude.

Once all of the rate constants from both trials at each
temperature had been calculated, they were plotted as 1ln (k)
versus 1/T to determine whether the reaction conformed to
Arrhenius kinetics. From the three plots which resulted, it
was concluded that this reaction did in fact exhibit
Arrhenius behavior by virtue of the high correlation
coefficients for each plot. This was very gratifying as
Arrhenius rate law relationships allow for the calculation
of several activation parameters for a reaction. These
activation parameters serve to complement both the kinetic
information, and the thermodynamic data presented in this
paper, and perhaps will be useful to those actively involved
in this field of research.

The activation parameters which were calculated
include: the activation energy, E; = 64.5 KJ mol~l; the
enthalpy of activation, AH¥ = 61.7 KJ mol™l; the entropy of
activation, As*¥ = -136 J k™! mol™l; and the free energy of
activation, AG¥ = 107 KJ mol~l. An Arrhenius plot was made
for the rate constants of the solvolysis of the platinum-
aqua compound previously discussed, and the following

activation parameters were calculated®?: E. = 93 KJ mol”l;

a
AH¥ = 90 KJ mol™l; As*¥ = 2 J k™! mol™!; and Act = 89 kJ
mol'l. While both of these reactions show similar values
for most of their thermodynamic activation parameters, they

vary significantly in their entropies of activation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

Groning, Drakenberg and Elding suggest that the positive AS°
value indicates that a dissociative process is occurring in
the creation of the activated complex. This would suggest
that an associative process is occurring for the formation
of the activated complex for the solvolysis of the
hexachloroplatinate (IV) in DMSO.

The thermodynamic data presented in this paper
illustrates that, once the proper activation barrier has
been overcome, this reaction proceeds to products in an
exothermic manner. It was also evident that an equilibrium
situation is established which allows both reactant and
product species to coexist in different ratios depending
upon the temperature of observation. It is apparent from
the AG® values that the product species is more
thermodynamically stable at lower temperatures as these AGP
values increased with increasing temperature.

The change in enthalpy for this reaction favors the
products, while the change in entropy of this reaction
favors the reactants. This decrease in the measure of
disorder in the system may be due to the larger dimethyl
sulfoxide ligands replacing the small chloride ligands in
the reactant species, thereby limiting the degrees of
freedom of the platinum complex. This decrease in the
entropy of the system is large enough to outweigh the
favorable enthalpy factor leading to an overall unfavorable

change in the free energy of the reaction over the
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temperature range studied. 1In a study previously mentioned,
Elding and Groning55 give thermodynamic values for the acid
hydrolysis of some platinum-chloro compounds. The data
given in their study indicate similar findings, the free
energy changes for reactions of this type are unfavorable
over the temperature range studied. One possibility for the
increase in the free energy in both of these chloride
anations, is that the greater difference in
electronegativity between the chloride and platinum, versus
sulfur and platinum, yields a bond which is more stable than
the one being formed.

While the kinetic experiments were being conducted,
small needlelike crystals were observed forming at the
bottom of some of the NMR tubes after they had been removed
from the magnet and allowed to stand at room temperature for
several days. When a pipet was inserted to remove the
supernatant in order to isolate a crystal for x-ray
crystallographic analysis, a cloudy, white precipitate
immediately developed. The samples were evidently super-
saturated with the solvolysis product and required only
minor agitation to cause precipitation of the product.

The tubes were washed several times with distilled H;O
and samples of this precipitate were gathered. The
precipitate was placed into a freeze drying unit to remove
the remaining moisture and then transferred to a desiccator

for storage.
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Future study on this topic will be centered around
identifying the exact composition and structure of this
solvolysis product. 1Identification of the compound along
with the kinetic and thermodynamic data presented in this
paper might lead to the discovery of the mechanism of this
reaction.

One hypothesis as to the identity of this precipitate
is that it is an insocluble hydroxide formed from further
reaction of the solvolysis product with the water present in
the NMR tube. The solvolysis of the sodium hexachloro-
platinate (IV) by dimethyl sulfoxide, studied here, might be
the initial step(s) in the production of an insoluble

platinum hydroxide. Rund and Palocsay67

report on a study
where DMSO solvolyzes tetrachloroplatinate(II) through a
series of relatively fast pseudo-first-order reactions,
producing a labile intermediate which then proceeds to react
with 1,10-phenanthroline to form the final product. The
reason that the precipitate is not seen during the
solvolysis reaction is possibly due to the fact that DMSO is
much more efficient than water as an entering ligand when
chloride is the leaving group; 4.4 x 103 times faster>4.
Further study of this precipitate could be done by
atomic absorption analysis, mass spectrometry, infra-red
absorption analysis or an appropriate organic solvent could

be chosen to dissolve the precipitate allowing nuclear

magnetic resonance spectroscopy to be performed to yield
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information about composition and structure. These
techniques were not employed here as the focus of this study
was on the use of platinum-195 nuclear magnetic resonance
spectroscopy to investigate a solvolysis reaction.

Future study of this topic might be done by
coordination chemists who would be interested in the process
of ligand approcach and the theoretical construction of any
intermediates through which the reaction coordinate
proceeds. Further kinetic and thermodynamic studies on this
type of reaction could be conducted with different platinum
compounds to establish more parameters which might assist in
the development of better chemotherapeutic agents. The
temperature range over which this study was conducted could
be enlarged to look for any anomalous behavior of this
reaction as a function of temperature. The major challenge
of increasing the temperature would be measuring the
reaction accurately as it begins to occur rapidly at 340 K.
One would expect this trend of acceleration to continue
beyond 340 K.

This research project has supplied some much needed
information about the reactivity of the platinum nucleus.

It is this author's sincere hope that the information
discovered during this study will benefit the scientific and
medical communities in their ongoing efforts to defeat

cancer.
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