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I, INTRODUCTION

A, Nature and Purpose of the Research
The subject of this investigation is the successive aquation reactions
of dichloro(ethylensdiamine)platinum(II), [PtClz(en)]. and the chloride an-
ation of the resultsnt aquo complexes., The chemical system of interest may

be described by the reversible reaction sequence:

)]

[Ptcly(en)]  + HO Eé [PtCL(E,0)(en)]* + €175 K ; (1)
-1

[PECL(H,0)(em)]* + H,0 é: [Pt(H0),(en)] 2 + @ ; K, . (2)
k2

This research has as its nain objective the determination of the specific
rate constants, k1, k_1. kz, and k_z, and of the related concentration
equilibrium quotients, K, and KZ'
Bs Background Pertaining to Spectra

Since many of the kinetic studies which were conducted during the
course of this work involved utilization of the electronic absorption
spectra of the complex spacies, end since certain fascinating spectral
phenomena were observed by this worker, it seems pertinent, and interesting
in itself, to briefly outline the development of the theory of such spectra
as related to square-planar complexes of platinum(II). Such complexes have
been known to exist at least since 1828 when Magnus (1) prepared the deeply
colored, green salt which is now knowm to be [Pt(1m3)4][PtCIu]. The pos=
sibility of the square-planar configuration, as an alternative for the
tetrahedral configuration, was first proposed by Alfred Werner (2) in 1893.

One of the first steps towards the description of electronic absorption



spectra was an electrostatic or Crystal Field Theory (CFT) such as that
which was utilized by Beths (3). Ilss and Hartmann (4), and others, applied
CFT to coordination compounds, In its originel form, CFT considered that
the ligands seemed to provide an electrostatic field which perturbed the
orbitals of a central metal ion. Consequently, bonding, especially the co-
valent contribution to the bonds, was ignored. When applied to coordina-
tion complexes in solution, the theory is usually termed Ligand Field
Theory (LFT).

An alternative treatment utilized techniques developed by Hiickel (5)
for conjugated organic systems tovprovide a molecular orbital (MO) descrip-
tion for coordination cempounds. This method involves linear combinations
of atomic orbitals (LCAO), Wolfsberg and Helmholz (6) used such an extended
Hiickel model in applications to some tetrahedral ions. Their approach is
sometimes referred to as the Mulliken-wolfsberg-Helmholz (MWH) method. The
MWH method has been modified by Ballhausen and Gray (7) and subsequently
applied to a number of transition metal complexes. Some authors have
questioned the reliability of the MWH method in such applications, and cone
siderable controversy has appeared in the literature among the opinions of
Gray, Ballhausen, et al. (7-10); Cotton, Harris, et al. (11-13); and,
Fenske, et al. (14=16).

Utilizing either MO or LFT one can attempt to explain the electronic
absorption spectra of square-planar complexes, such as [PtClb]z'. For pur-
poses of the following discussion, the ligands have been chosen to lie
along the x and y axes of a right-handed Cartesian coordinate system with
the platinum atom located at the origin. Such square-planar complexss,

with four equivalent ligands, belong to the point group Duh‘ Considering



the MO approach, if one used as a basis set the (n-1)d, ns, and np metal
atomic orbitals (AQ), and the ns and np ligand A0, using group theoretical
principles (17), one can obtain the "symmetry-adapted! ligand molecular
orbitals (LMO) and the "symmetry-adapted” metal atomic orbitals (MAQ). The
one-electron MO's for the complex are then constructed as linear combina-
tions of the LMO's and the MAO's, wherein symmetry considerations prohibit
combination of components which belong to different irreducible represen-
tations of the group.

In terms of LFT, the absorption spectra result from transitions within
the metal d-orbital levels. According to MO theory, these transitions
occur among the MO levels which are predominantly metal deorbital in chare
acter., Thus, it is qualitatively correct to correlate the MO levels with
the LFT d-orbital levels.

Again, in terms of LFT, the actual ordering of the d-orbital levels in
such complexes can be approximated from a simple electrostatic approach.
Thus, if one considers forming a square-planar electrostatic field by re-
moving the charges from along the z-axis of an octahedral field, one ex=
pects a progressive shift in the d-orbital energy levels as indicated in
Figure 1. In this figure, the effect has been indicated at three stages.
The question remains for experiment and theoretical calculations to deter-
mine which configuration of Figure 1 applies to square-planar complexes.
The state of the theory is such that it is not possible to provide a dis-
tinction between the possible orderings of Figure 1.

In the past, various workers have proposed ordering A (18). Others
have proposed configuration B (8, 19). Still others have suggested that
configuration C best represants the physical situation in square-planar
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Figure 1. Qualitative effect on the d orbitals at various stages of re-

amoving the charges from along the z-axis of an octahedral field
complexes (10, 12, 20). The question of energy level ordering for the
[Ptc1y,] 2= jon was not resolved until low temperature spectra using polar-
ized light were analysized for single crystals of K,[PtCl;} (21). Such
spectra, when considered in conjunction with the magnetic circular dichro-
ism studies of Martin, et al. (22), later corroborated by H¥cCaffery, Schatz
and Stephens (23), have provided rather decisive support for the ordering C
of Figure 1. Mason and Gray (24) have recently reported results of spectra
for square-planar complexes recorded in none-aqueous media which they inter=
preted according to ordering C. It now seems that the latter ordering of
Figure 1 is commonly acoepted as the best approximation to the pnysical
reality for [Pt.ClL,,]?‘-.



A Gaussian analysis of the spectrum of [PtCl4]2' in agueous solution
shows two moderately intense bands which are associated with the singlet-
singlet xy -xz-yz and (xz, yz) - x2-y2 transitions. The two corresponding
spineforbidden transitions are assigned to the two less intense peaks at
longer wavelengths. Presumably, the spineallowed 22 > ::?'-y'2 transition
energy is such that the associated band is masked by the intensity of the
charge transfer band, Mason and Gray (24), for example, on the basis of
their work in non-agueous media, have assigned the 22 - lcz-y2 band in the
region of th9 charge transfer band, |

Chn.tt, Gamen and Orgel (20) state that since the positions of the
absorption bands for the entire series of Pt(II) chloro-armine complexes
show regular shifts to shorter wavelengths as the chloride ligands are
successively replaced by ammonia ligands, one can generalize the descrip-
tion used for [Pwlb] 2= onto the entire series, These workers continue by
stating that the lower symmetry of some of the complexes is expected to
only slightly modify the character of the orbitals involved, Thus, they
conclude, the approximate description of the d » 4 transitions retains its
meaning., In fact, howsver, the differences may not be as subtle as the
above statement implies. Consider, for example, g;;s_-[PbClz(NHB)Z]. which
bas C,, symmetry. For such a complex, the coordinate system of Figure 2 is
acceptably consistent with the convention of taking the z-axis as the major
rotational axis., Such a choice of axes results in a correlation between
the d orbitals in Dy, and Coy symmetries as indicated by the diagram of
Table 1. As one can see, the description of transitions in Co, symmetry
in terms of the related d - d transitions in Dy, symmetry is indeed approx-
imate, It alzo seems pertinent to note that the metal Px» Py and p, or=
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Figure 2. Coordinate system for square-planar Pt(II) complex with C,,
symmetry. For the discussion herein presented, A = NH3

Table 14 Correlation between d orbitals in Dyn and Cov symetries

Dll-h representations and orbitals Coy representations anc. orbitals
b1 g x2 "yz b1 Xz

P2g Xy a, J3/ha2 - 1/2(x2y?)

ey X2, Jy2 8, Xy

a1g 22 a1 1/232 + fok(<2=y?)

bitals transform as by, b, and aqs respectively, in sz symmetry. This
resulis in some mixing of p and d orbitals which should provide a mechanism
for band intensification even without invoking vibronic coupling. In fact,
the intensities of the bards for g_i_g-[PtClz(NHB)z] are somswhat greater
than the observed intensities of the [PtCl,]?" bands (20). Furthermore,
one can predict the polarization of electric dipole transitions under CZV
symmetry., Using the two hole formalism for Pt(I1I), one can easily derive
the selection rules of Table 2, Thus, if one were fortunate enough to have
available single crystals in which the molecular plane was oriented perpen-
dicular to the crystal surface, studies of absorption spectra using polar-



Table 2. Selection rules for electric dipole transitions for Pt(II) come
plexes of Coy symmetry

Transition x y 2
B1 -> A1 allowed forbidden forbidden
‘2 -> A1 forbidden forbidden forbidden
By = & forbidden allowed forbidden

ized iight could provide valuable information pertinent to the assignment
of absorption bands.
Ce Background Pertaining to Kinetics and Equilibria

A very large number of kinetic studies of substitution reacticns of
square-planar Pt(II) complexes has been reported in the literature. The
development of such work has been presested in review articles and texts
(25-28). In a recent review article, Martinr (29) has outlined the devel=-
opment of theories related to ligand substitution reactions of square=
planar complexes of platinum(II).

It is now generally accepted that Pt(II) complexes undergo ligand
substitution by an associstive nucleophilic displacement process involving
a five~-coordinated transition state of roughly trigonal bipyramidal coafige
uration. As indicated by the reactions of Bjuations 1 and 2, such ligand
substitution processes may be reversible, resulting in the establishment of
equilibria. To simplify the treatment of the kinetlcs, it is common to
study such ligand substitution reactions under pseudo flrsteorder condi-
tions. oSuch utiilzation of a large 9Xcess Ol L6 nucievpiilv iay AiAve was

ligand exchange near enough to completion to permit the neglecting of the



reversibility. Then, if ithe rate of replacement of a solvent ligand by the
nucleophile is sufficiently rapid, the concentration of solvent-containing
species may be held insignificant. Under such conditions, one obtains the
rate law for what is considered to be the normal mode of ligand substitu=
tion reactions for Pt(II) complexes, namely: Rate = complex (k1 + kyY).

The constant k1 is the specific rate constant for ligand substitution by
golvent which is then rapidly replaced by the nucleophile; the constant ky
refers to the direct substitution by the nucleophile.

The question oI whether or not substitution reactions of square-rlanar
complexes of platinum(II) involve a irigonal bipyramidal intermediate has
been discussed by Langford and Gray (28). These authors propose the exis=
tence of such an intermediate since the resultant mechanism is able ta
account for all available data.

Seelding an ordering of nucleophiles in terms of their reactivities,
and desiring to observe the effect of changing the substrate platinum com-
plex on reactivities, Belluco, et als (30) defined a nucleophilic reactiv-
ity, npg, as log(k&jk1) for jgggyg—[PtClz(py)Z] (py = pyridine) in methanol
at 30,0°C., They noted thet for several other neutral substrates the data
was well represented by the expression: Log(lﬁy/k1)i = synp, + log(k1)i,
where s; was called the nucleophiliec discrimination factor for the ith
substrate. Their ordering of nucleophiles was in agreeament with the "aard
and soft" concept of acid and bases which had been proposed by Fearson
(31). For example, ligand replacement by hydroxide, which is normally con-
sidered to be a strong nucleophile, is immeasurably slow for the "soft®
Pt(II) complexes when compared with the solvation process in aqueous media.

Finally, it must be noted that several exceptions to the "normal®



ligand replacement behavior have been observed in isotopic exchange studies.
Isotopic exchange of ligands is usually consicdered to bs only a special
case of ligand exchange; however, investigations outside the pseudo first-
order regions have demanstrated processes involving dimer transition states
(32-34).

Concentration equilibrium quotients associated with ligand substitu-
tion reactiorns which form aquo species have benn determined by a variety of
methods, Grinberg and Shagisultanova (35) utilized titration of the aguo
complexes with hydroxide, as did Nikolaeva and Pastukhova (36). In the
application of a titrimetric method, Grantham, Elleman and Martin (37)
found that it was necessary to correct titration data for the amount of
hydrolysis which had occured during the titration., Martin et al. (37-42)
have used this method for the entire chloroammine series of Pt(II) complexes,
as well as for some bromo complexes (33, 43). A radiochemical technique
provided Martin and Bahn (44) with a direct measurement of the equilibrium
quotient for the aquation reaction of (PtBr(dien)]* (dien = diethylenetri-
amine), Elding and Leden (45) have utilized spectrophotometric measurements
vith the subsequent application of the method of corresponding solutions
(46) to determine the concentration equilibrium quotients for the aquation
reactions of [PtCL,]2". They also determined the comstant for the second
step from spectrophotometric measurements following anion exchange separ=
ation of negatively charged species from uncharged species, Their value
for the concentration equilibrium quotient for the first aquation reaction
agreed well with the ratio of the forward and reverse rate constants which
they independently measured. Typically, such determinations have ylelded
values for concentration equilibrium quotients with errors of the order of
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ten percent. Possibly the spectrophotomeiric method of determining succes-
sive formation constants described by Newman and Hume (47) deserves some

attention.
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II. HATERIALS AND EQUIPMENT

The method described by Basolo, Bailer and Tarr (48) was used, in a
slightly modified form, to prepare [PiCl,(en)]. One modification consisted
of dissolving the starting material, Kz[PtClu,], in 0,05 M HC1l, rather than
in water, and adding enough 5% aqueous ethylenediamine to both neutralize
the acid and effect 80% ccnversion. Instead of adding portions of the
ethylenediamine and occasionally stirring, the ethylenediamine was allowed
to slowly drip from a burette into the Kz[Pt014] solution over & pericd of
several hours with constant stirring. The process was interrupted every
hour or so and the product was collected. Usually, the last fraction cone
tained the coordination polymer, [Pt(en)z][PtClu], and was therefore dise
carded. Tho yield of small, yellow-green crystals was typically about 60%.

The product from such preparations was recrystallized, in small pore
tions, from water to which chloride had been added, 4 satisfactory, ale
though slow, recrystallization procedure consisted of adding about 0.5 gram
of the campound to a beaker containing 200 ml of 0,05 M HCl and warming to
65°C in a water bath with constant stirring. (Temperatures much greater
than 75°C resulted in decomposition, as evidenced by the deposition of a
platinum mirror on the besker.) After one or two hours, the solution was
rapidly filtered through s steameheated Bichner funnel, poured into a petri
dish and covered. C(rystallization proceeded rapidly at first, then more
slowly for the next several days. The resultant bright yellow needles were
collected by filtration, washed with 0.05 I HCl, alcchol and ether, respec=-
tively. The recrystallization yield was also about 60%,

The [PtClz(en)) which was used for the studies described in this work



12

came from two preparations, The analyses for these preparations are given

in Table 3.

Table 3. Resulis of elemental analyses for the two preparations of the
complex, [PtCl,(en)], used for studies described in this work.

Analyses were performed by Clark Microanalytical Laboratory,
Urbana, Illinois, The listed analytical results for the recrys-
tallized product of the first preparation are average values for
two determinations of each element

Element % analytical 4 analytical % calculated
(crude product) (recrystallized)
Platinum 59.44 59.41 59.82
Carbon 705“' 7- 38 7037
Hydrogen 2057 2.1"8 204?
Nitrogen 8.22 8,28 8.59
Chlorine 21 099 21 089 21 07")
Platinum 60.16 59435 59.82
Carbon 7.53 7.42 7.37
Hydrogen 2.3 2.49 2,47
Nitrogen 8.66 8.89 8.59
Chlorine 21 083 22.06 21 074

Although, to within the accuracy of such analyses, one could say that
the complex was recrystallized to constant composition, it is recognized
that one main impurity is a coordination polymer and therefore would be
undetectible by elemental analysis. In cases such as this, perhaps the uv
absorption spectrum provides a better criterion of purity than does the
elaemental analysis. Since the absorption at a valley in such spectra is
highly sensitive to impurities, it is customary to use the ratio of absorb-
ances, measured at a maximum and at a minimum (the peak to valley ratio),

&s a criterion of purity. For [PtCl,(en)], the peak (300 nm) to valley
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(245 nm) ratio increases markedly upon recrystallization. In some cases
this increase amounted to a factor of two or three. A peak to valley ratio
of approximately seven has been accepted by this worker as representative
of pure [PtCl,(en)] (>99%).

The ethylenediamine which was used in the preparations of the complex
had been freshly distilled using a fractionating column packed with 1/8
inch glass helices, The boiling point range of the organic fraction which
was collected from such distillations was 116.5-117.0°C, The 5% agueous
ethylenediamine solutions were prepared as soon as possible after distil-
lation since such dilute solutions were more resistant toward decomposition
than was the pure organic.

The K,[PtCl,] was prepared from iridiumefree K[ PtCl] (39) by reduc=-
tion with freshly prepared SO, solution according to the method of Keller
(%9).

All other reagents were analytical reagent grade chemicals which were
certified to meet 4. C. S. standards. All walter was draun from the labor=
atory distilled water tap, redistilled from alkaline permanganate and again
distilled through a fractionating column.

Weighings of salts used for ionic strength adjusiment were perforned
on an Chaus "Cent=0-Gram" triple beam balance, Model 311. This is a 311
gram capacity balance calibrated to 0,01 gram units. When precise weizhings
of small quantities were desired, such as weighings of the complex, a 3ar=
torius single pan analytical balance, Model 2404, was used, This devize is
a 100 gram capacity, five place, digital read-out balance with a precision
(standard deviation) of % 0,01 mg.

The acide=base titrations and the pHestat studies were conducted using
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a Radiometer SBR2¢/4BUic/TTA3 automatic recording titration apparatus in
conjunction with either a 2,500 ml burette with an accuracy of 2.5 )U,l +
0+5% or a 0,2500 ml burette with an accuracy of i }.Ll + 0,7%. The titration
vessel was equipped with a water jacket for temperature control and with a
gas inlet. tube for atmosphere control, In all such studies, a slight posi=
tive pressure was maintained in the vessel by bubbling grade "A® purified
nitrogen through the solution and allowing the gas to escape through the
electrode and gas inlet fittings. Prior to admission into the vessel, the
nitrogen was passed through a tower containing Ascarite.

The constant temperature baths were Sargent water batas controlled by
Sargent micro-set thermorezulators, relays and combination circulating=-
heating towers. For 25,0°C and 30.0°C a cold tap water cooling coil was
also employed. The desired temperature was set to match the corrected
reading on a 0,1°C thermomster which had been calibrated by the National
Bureau of Standards. At 25,0°C and 30.0°C, the temperature variations in
the baths were less than & 0,05°C, as measured by a Beckman six degree dif=-
ferential thermometer which was calibrated in 0.01°C units. At 35.0°C, the
temperature was controlled to within % 0,08°C, as measured by a 0.1°C ther-
mometer,

Spectra and absorbance measurements were recorded using a Cary 4
spectrophotometer with the hydrogen lamp light source. All spectropho’io-
metric cells had silica optical windows and known path lengths. Referance
solutions contained all electrolytes and reagents, except the complex, in
the same concentrations as the sample solutions, Absorbance data were
always made relative to base line which had been recorded using the appro-

priate reference solution in both the sample and the reference cells.,



15

Stopped-flow experiments utilized a Durram-Gibson stopped-flow spsc-
trophotometer in conjunction with a Tetronix, type 594, storage oscilloe
acope., Photographs of oscilloscope iraces were made with a Polaroid Land

cariera.
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III. EXPERIMENTAL APPARATUS AND TECHNIQUES

&, Aguation Ejuilibria

The aquation concentration equilibzrium quotients were determined via
potentiometric titrations of equilibrium solutions. At each temperature
studied, soluticns of six different total complex concentrations were
titrated. The ionic strength was maintzined at 0.318 M by the additicn of
Naclou; the contribution to the ionic strength of the various complex
species was neglectsd., Having been prepared by the concentrated sodiuvm
hydroxide method (50), the NaOH titrant was carbonate~-free, The titrant
was stored under nitrogen, and all titrations were performed under a nitro=-
gen atmosphere. Standardization of the NaOH was accamplished by titrating
solutions of primary standard potassium acid phthalate (KHP) of concen=
tration similar to the acid concentration of ths most corncemtrated equie-
librium complex solutiom, that is, about 1 x 103 M, The standard KHF
solutions were prepared by dissolving a weighed quantity of the solid,
primary standard KHP in the sams 0.318 M Na.CJ.Ou solution which was used to
prepare the complex solutiocns.

The complex solutions were prepared as follows: The solution of max-
imum concentration, 1 x 1 =3 M, was prepared by placing a weighed quantity
of solid [PtCl,(ean)] in a one liter volumetric flask and filling to the
mark with 0,318 M NaCl0, solution. A teflon-coated, magnetic stirring bar
was introduced, and the flask was covered with opaque tape to exclude
light. The flask was then sealed with tape and placed on a mechanical=
magnetic stirrer at room temperature. To minimize heating from the elec-

tric stirring motor, two layers of 1/16 inch asbestos sheet were placed
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between the flask aand the stirrer plate. Solutions were siirred for at
least 12 hours, (Solubility studies had indicated that this amount of
time was at least aze and cne-half times that required io dissolve all the
complex present at room temperature.) After dissolution, the solution was
removed from the stirrer and allowed to cool for at least one hour, The
solutions of lower total complex concentrations were then prepared by plac-
ing aliquots of the 1 x 10> M complex solution in 250 ml volumetric flasks
and diluting to the mark with the 0,318 M HaCl0, solution which had been
used to dissolve the complex, The six flasks containing the complex solue
tions were then covered with opaque tape, sealed, placed in a constant
temperature bath, and allowed to equilibrate for 18 to 24 hours,

Six complex solutions, together with a standard KHP solution, were
titrated in sets, i set of titrations consisted of two or three standard.
ization titrations and two titrations of sach complex solution, Such sets
of titrations were repeated periodically over a 25 to 30 hour period uatil
each complex solution had been titrated about ten times, or until samples
were aexhausted, The technique of simultaneous standardization at the
temperature of measurement (the standard KHP having been kept in the cone
stant temperature bath also) served to compensate for mino: changes in NaCH
concentration, for lnstrumental drift, and for small volums errors result.
ing from the different temperatures which were studied. ALl such small
errors were neglected, as wers the changes resulting from any temperature
deviation during the time interval between sample removal and the end=point
of the titration., The small errors resulting from hydrolysis during the
titration were also ignored. The latter errors were, if fact, made negli-
gible by performing the titrations as rapidly as possible in the thermce
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stated titration vessel, The total time from sample removal to the ende
point of the titration was less than three minutes, The actual titration
time required to reach the end-point was less than one minute in all cases.

Since, in the past, workers in this laboratory had observed the effect
of hydrolysis during slower titrations (37), it seemed advisable to demcn=
strate that the titrations performed by this worker were indeed rapid
enough to make such a corrsction unnecessary., 4s & check, therefore, some
titrations were performed at a total titration time of approximately twice
that mentioned previously, The end=-points of these slower titrations wers
in agreement with the rapid titrations to well within one standard devi-
ation in all cases, Thus, the error introduced by hydrolysis during the
titrations performed by this worker has been shown to be negligible.

Bs Aguation Kinetics

The aquation of [PtClz(en)] was studied by two methods, both being
subject to the same difficulty - dissolution of the compound. Even when
ground to a fine powder, the compound is difficult to dissolve, A solu-
bility study indicated that, at room temperature, the maxirmm solubility
of the complex is (1.5 x 10~ M, Although 2 x 10~ M soluticns are pre=
parable with vigorous stirring for several hours, such is the result of the
greater solubility of the aquo complexes formed by the hydrolysis, Addition
of chloride to such solutions, with the subsequent reversal of the aquation
reactions, results in precipitation of the dichloro complex, Solubility
studies also indicated that 1 x 10~3 ¥ solutions were attainable within
minutes, howsver. this did the experimentor no zood since the larger nar
ticles of solid complex remained undissolved. Apparemntly, the solid, pow=
dered [PtCl,(en)] is very resistant to wetting and the wnavoidable lumps
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which form in the powder require several hours of stirring for dissolution.
It was, therefore, impossible to weigh a specific amount of the camplax,
rapidly dissolve it, and study the subsequent aqustian,

For the above reason, a rapid dissolution technique was employed for
the aquation studies, This technique consisted of adding excess solid
[PtClz(en)] to a soiution of inert electrolyte, 0,318 M NaClO,, shaking
for about 15 secands, and filtering. A sample of the filtrate fram such
preparations was rapidly withdrawn using a pipet and placed in the specw
trophotametric cell or in the titration vessel, devending upon the expere
iment to be conducted. Such a method requires, of course, a means of de=
termining the complex concentration., To accomplish this end, solutions of
various [PtCl,(en)] concemtrations were prepared iz 0,318 M KCl and thair
spectra recorded. The high chloride concentration employed for these
solutions essentially suppressed the aquation reactions of Equations 1 and
2. Thus, such solutions provided a basis for the spectrophotometric deter-
mination of the concentration of the complex. The spectra of solutions
varying in [PtCl,(en)] concentration in 0.318 M KC1 are shown in Figure 3.
A plot of the absorbance at 300 nm exhibited by these solutions, versus
the concentration of the complex, is shown in Figure 4. From such dats,
was calculated a value of 230 M1 en~! for the molar extinction coefficient
of [PtClz(en)] at 300 nm, This value was used for the spectrophotometric
determinaticn of the complax concentration in solutions which weie prepared
by the rapid dissolution technique.

In the spectrophotametric method for studying the aquation, a sample
prepared by the rapid dissolution technique was placed in the water=jacketed
spectrophotometric cell, and the spectrum was recorded periodically. Since
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the decrease in absorbance at 300 nm during the aquation was linear with
time for approximately the first hour of reaction, extrapolation to "zero®
time and dstermination of an initial slope were not difficult, It was
possible to begin the first spectral recording within six minutes after
dissolution of the camplex., The circulation of water from the thermostatic
bath through the cell jacket established temperature equilibration of the
sample within fifteen minutes and kept the temperature deviations during
reactions to less than 0,1°C,

The other method for studying the aquation utilized a pHestat teche
nique. In these experiments, a sample which had been prepared by the rapid
dissolution technique was placed in the water-jacketed titration vessel
within three minutes after dissolution and was allowed to thermally equile
ibrate for ten minutes. The vessel was pre=heated by immersion in the water
bath, and the ten minute equilibration period was shown to be quite ade=
quate, The pH=-stat control was then begun by simply turning on the instru-
ment which had been set to maintain the desired pH. The titrator them
effected the addition of NaOH to neutralize the weakly acidic aguo species,
as they were formed, in order to maintain the pH at the pre-selected value.
It was found that, at a pH of 8, both chloride ligands would not be com-
pletely replaced by hydroxide. At pH values of 11 or 12, apparently more
than two equivalents of hydroxide per platinum were consumed. The latter
fact can only be explained in terms of hydroxide reaction with the ethyl-
enediamine ligand since no apparent decomposition was observed, At a pH of
9, two hydroxides per platinum were quantitatively consumed., Independent
of the final state of such pH-stat studies, one can obtain a value for the
specific rate constant for the first aquation reaction of [PtClz(en)] it
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the initial complex concentration is kmown. For the experiments which pro-
ceeded to an unimown equilibrium condition, the complex concentration was
determined speétrophotometrically. as described earlier, by simultaneously
performing a spectrophotometric determination for the same sample. This
was, in fact, the method which was used to verify that the reaction proceed=-
od quantitatively to the dihydroxo species at a pH of 9. That is, by
assuming that two hydroxides per platinum had been consumed at pH 9, one
could calculate the complax concentration from the final volume and con-
centration of the consumed NaOH. Such calculated complex concentrations
agreed with the spectrophotametrically determined concentration, at a pE of
9, to within five percent.

Canducting two independent measurements of the specific rate constant
for the first aquation reaction on the same sample and obtaining congruous
values for both the complex concentration and the rate constant is, of
course, gratifying. More such experiments would have been performed were
it not for the fact that one can actually predict the value for the rate
constant for the aquation reaction from the concentration equilibrium
quotient and the reverse rate constant to well within the experimental
accuracy involved in such studies.

Ce Anation Kinetics for the Diaquo Species

The rapidity of these reactions made conventional spectrophotometric
methods inapplicable; therefore stopped-flow spectrophotometry was employed.
The changes in absorbance during reactions, having been recorded as voltage
changes on the oscilloscope screen, were subsequently photographically rew
corded, By utilizing water from a constant temperature bath, it was pos-
sible to control the temperature of the mixing chamber, which includes the
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two driving syringes, mixing jet, and cuvette, to within 0,1°C of the de-
sired temperature.

All of these reactions were conducted at an ionic strangth of 0.32 X,
The ionic stremgth was adjusted with HGIOu. that is, the complex was orige
inally dissolved in the 0.32 M HC10,. Buployment of either 0,318 M Nall
or of a 50/50 volumo mixture of the 0,318 M NaCl and the 0432 X HC10, pro-
vided the constant ionic strength during the reactions. Reaction initi=-
ation was accomplished by the simultaneous injection into the cuvette of
equal volumes of a complea: solution and a chloride solution,

For each experiment, two sweeps of the ten centimeter oscilloscope
scale were recorded. The sweep rate, in all cases, was two seconds per
centimeter, The absorbance was recorded at 285 nm to avoid any contri-
bution frm: the successive anation reaction. At this wavelength, the mono=
aquo and diaquo species exhibit an isosbestic point.

Having obtained values for the specific rate constant for anation of
the diaquo speciss based on a large number of similar experiments, it
seemed advisable that ons provide a verifying experiment which was based
upon a different techmique. After all, it would indeed be disiressful if
the stopped~-flow studlies had actually been conducted on some reasction other
than the assumed anstion of the diagquo species. To appease the pessimism
of this worker, a corroborating experiment was conducted under second-order
conditions, This experiment utilized a solution of the dihydroxo species,
[Pt(OH)z(ern)]. which was the result of a pH=stat study of the rste of
aquation, By the additiom of a minute volume of concentrated HClOu to this
solution, rapid and complsts conversion to the diaquo speclies was effected.
The resultant solution contained [Pt(HZO)z(en)]z"' as the predominant complex
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species. The return to an equilibrium condition with respect to the re-
actions of Bquation 1 and 2 was observed spectrophotomeirically with the
sample in the water-jacketed speciropnotametric cell. Experimentally, the
technigue which was employed was essentially the same as that used for
spectrophotametric studies of the anation of the moncaquo species.

D. &nation Kinetics for the Monoaquo Species

These reactions were studied spectrophotometrically whem chloride was
added to solutions which were at equilibrium with respect to the reactioms
of Equations 1 and Z. Prior to the start of a reaction, a 15.00 ml sample
of a complex solutiom (in 0,318 M NaClO,) was placed in a small polyethylens
bottle and the bottle was placed in a constant temperature bath. A 15,00 ml
sample of 0,318 M NaCl, or of a 50/50 volume mixture of the 0,318 M NaCl and
the 0,318 M NaClOu. was placed in a similar bottle and this bottle was also
placed in the water bath. The water~jacketed spectrophotometric cell was
placed in the Cary spectrophotometer and water from the bath was pumped
through the cell Jacket.

To begin a reaction, one removed the two bottles from the bath and, at
“zero® time, the contents of one was poured into the other while simultan=
eously starting a timer. The resultant solution was poured from one bottle
to the other two more times with swirling between pours. A spout was
quickly fitted on the bottle containing the solution; the bottle was ia-
verted; the first few milliliters of solution were discharged into a waste
beaker; the cell was filled; and the spectrophotometer was turned on. The
interval between time "zero® and the first spectral recording varied from
0.45 to 0,75 minutes. For the first ten minutes of reaction the absorbance

at 300 nm was recorded as a function of time, After tem minutes, the
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entire uv spectrum was periodically recorded until approximately ten reac-
tion half-times had elapsed.

The half-times of such reactions ranged from two to ten minutes de-
pending upon the temperature and chloride concentration, Under similar
conditions, the anation of the diaquo species proceeded with reaction halfe
times from seven to twenty-nine seconds, respectively. The first data
point for anation of the monoaquo species was taken at one minute after
mwixing; thus conversion of the diaquo species to the manoaquo species was
essentially completed prior to this time. The high chloride to complex
ratios which were employed during these studies assured one of essentially
complete conversion to the dichloro complex. It should be noted, however,
that definite and reproducible evidence of a minor ( <1%) reaction was obe
served during these studies, Thus, one could continue to observe slow
increases in absorbance at 300 nm for several days, at which time the spece
tra of such solutions agreed with those of solutions of [Ptc12(m)] which
had been dissolved in 0.318 M KC1, to within the accuracy of spectrophoto-
metric measurements, It was partially for this reason, and partially for
convenience, that the "infinite" time readings for these studies of the
anation of the monoaguo species were taken at approximately ten reaction
half-times.

A corroborating set of experiments was performed using complex solu-
tions which were prepared in 0,32 M HClOb rather than in 0,318 M NaCl0y.
Such experiments served to establish the pH independence of these reactions
over the pH range of 1 to 5. The results of these four experiments were
not used in the caleulation of the specific rate constant for anation of
the monoaquo species, but such results are listed with the others in Table
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23 for comparison purposes. As can be seen from the values listed in that
table, these four experiments provided an average value for kobsd. which
agreed with the average value from twelve independent experiments to within
three percent, that is, to within one standard deviation.
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LV, TREATMENT OF EXPERIMENTAL DATA

4 Aquation Equilibria

The results of titrations of equilibrium solutins of [PtCl,(em)] in
water at a constant ienic strength are used to calculate the concentration
equilibrium quotients for both the first and the seccnd successive aquation
reactions, At the outset, it is assumed that the dissolution of the come
plex in water results in the establishment of the simltaneous equilibria
of Equations 1 and 2.

It has been shown that the products of such aquation reactions involve
ing similar platinun(II) complexes are weak acids, titratable with NaCH (35-
43). The existence of the specific product species indicated in Iquations
i and 2 has been demonstrated by other workers (51).

For the purpose of further development, the following symbols are de-
fined: '

a = total complex concentration in mM units;

x, = equilibrium concentration of the monoaquo species in mM
units;

Vo = equilibrium concentration of the diaquo species in mM units.

Assuming that one hydroger. of each water ligand is titratable with NaCH, an
additional symbol, called the eyuilibrium titre, is defined by:

T = equilibrium acid concentration in mM units.
If the activities of the various species are given by the symbols:

&g = activity of [PtCl,(en)];

2 = antivity af [PEMIIH_ OV an)1T.
—T Tt e —— | S "—\—Z'I\NIJ »

a,, = activity of [Pt(H,0),(en)] 2+,



a_ = activity of C17;

then the thermodynamic equilibtrium constants for the reactions depicted in
Equations 1 and 2 are respsctively given by:

(a)(a )
K°1 = . (3)
(ap)
and
(a, )(a_)
R (1)
(a;)
In terms of activity coefficients and concentrations, Bquations 3 and 4
become:
o - SANYALREIAY 5
(Yoo ==z, =¥,)
and
PN/ A AR AN ©

» -
(Y(=,)

The activity coefficients may Le isolated, and Equations 5 and 6 may be

written as:

(x )(x +2y)
(a-x, -3,)

(y Nz +2y)
R =T .EL_XQ__?LG_ , (8)
2 2 (=,)

where the additional symbols are defined by:

ro- YY)

: 9)
! (Y,
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and
VX0
NG A N

Introduction of the corresponding concentration equilibrium quotients, K1

(10)

and X,, into Equatiaons 7 and 8, followed by rearrangement, yields:

K = /T

_(=)x, +27,)

(11)

(a = xg = g)

=1,
_(3e)xg + 27,)
(xg)

. (12)

With the introduction of the definition of the equilibrium titre, T, the
product of K; and K, may be rearranged to yield a cubic equation in T as
follows: In terms of the equilibrium titre, Equations 11 and 12 may be

written as:
(xo)(T)
K = . (13)
(a =T +y,)
and
(7o )(T)
SLasay (14)
(xg)
the product being:
(y,)(T)?
K1K2 = ’ (15)

(@=T7+y,)
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which, upon rearrangement, gives:
(a = DKE, = (5 (T2 = K1K,) o (16)

Further use of the definition of the equilibrium tiire enables one to write
Equation 14 in the form:
(yoN(T)
= —, (17)
(T - 25,)
which, upon rearrangement, yields:
K,T = (7g)(T + 2K,) . (18)

Solution of Byuation 18 for the equilibrium concentration of the diaqus

species gives:
K,T

° (r+ 2K,)

Substitution of the right-hand side of Equation 19 into Equation 16 then

yields:

2 -
@-mg§=%ﬂr ) (20)
(T + 2K5)

Clearing Bguation 20 of fractions and dividing through by K2 Jields:

@-Tmﬂr+x9=rm2-gg). (21)
which may be written as:
(a = T)IK; + (22 -~ T4k, = 12 o (22)

In the past, workers in this laboratory have utilized Equation 22 to
evaluate the concentration equilibrium quotients by the determination or tne

equilibrium titre, T, for two different values of total complex concentra=
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tion, a, with the subsequent solution of the resultant pair of simultaneous
equations in the two unknowns, Kq and K,X, (37-43). The values of K; and
K5, so determined, nave then been used to predict values of the equilibrium
titres for solutions of other total complex concentrations., The agreement
between such predicted values and the experimental values for T has been
used as an indication of the consistency of the determined values for K1
and K, over the complex concentration ranges which had been studied. Typ-
ically, the agreement between such calculated and experimentally determined
values for T hss besn within a few percent of the calculated value,

It seemed to be at least intuitively obvious to this worker that the
values for Ky and K, would be better defined if the method of their calcu-
lation utilized all experimentally determined (a,T) data points. Equation
22 is a function of the two variables, a and T, and of the two parameters,
@ and [3, that is, Bquation 22 may be written in the form:

Fa,2,q,) = B +ar+ (0 -aa)r-28=0, (23)
where: '

asg, , (24)
and

[ =Kk, . (25)

The form of Equation 23 suggested that a generalized least squares
analysis, such as that described by Wentworth (52), patterned after the
treatment of Deming (53), would be applicable. To accamplish this end, a
computer program was written to perform the least squares adjustment. The
quantity which was minimized was the sum of the weightad squarss of the

differences between the experimentally determined and the least squares
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adjusted values for T. The a values were assumed to be exact, a simplifia
cation well justified by the fact that the errors in a values were an order
of magnitude smaller than the errors in T values. (A rigorous development
of the theory of least squares adjustment as applied to the function of
Equation 23 is given in the Appendix.) The program was written to output
the values of KI and K2 with their associated standard deviations, 4lso,
by utilization of an Iowa State University Computation Center library sube
routine which employs a Newton-Raphson iterative technique, the program
solves the cubic Equation 23 for the values of T at each experimental value
of a using the least squares values for K1 and Kz. The percent differences
between such calculated values for T and the experimentally determined T
values were less than one percent of the calculated values in essentially
all cases, The program also generates a plot of calculated T values versus
a values and superimposes the experimentally determined (a,T) data points.
The required input information consists of the (a,T) data points, the stan=
dard deviation of each T value, and initial estimates for K; and K,.

The calculation of T from equivalent volume titration data is, of
course, trivial and need not be outlined herein, However, certain comments
related to the calculation of the standard deviations of the T values are
pertinent, The standard deviation of each T was calculated using the usual
formula for the propagation of errors ignoring the higher order and covar-
iance terms (53). For a function of three variables, G(x,y,z), the appro-

priate equation for the standard deviation of the function, CTG, is:

—~~ flgnlg Dt . s AND = A2, IQ.—IQ D/ o \21-; FIP AN
Ce = WOHONTL™ + 4 yIRG)" + {06/02)5(T,)"1= « {20)

The titre is a function of the molarity of the base, of the equivalent
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volume of the base, and or the sample volume. The standard deviation of
the sample volume was taken as the manufacturer's tolerance of the pipet
used to withdraw the samplLe. The standard deviation of the equivalent
volume was calculated from the experimental values according to the defin-

ing equation:

i
2

oy =[SV, - T |5/W- 1017, (27)
e i 1

where Ve. is the ith experimental value, V; is the mean value, and N is the
number o; measuremests. The standard deviation of the concentration of the
NaOH was calculated from an equation of the form of Equation 26 sincs, as
determined, the concentration of the NaCOH was a function of the concentra-
tion of the primary standard acid, of the wolume of the primary standard
acid solution, and of the volume of the base equivalent to the volume of
the primary standard acid. Once again, the standard deviation of the vole
ume of the base equivalent to the volume of the primary standard acid was
calculated from the experimentally determined values according to the defin-
ing equation (Equation 27). The standard deviation of the volume of the
primary standard acid solution was taken as the manufacturer's tolerance of
the pipet which was used. The standard deviation of the concentration of
the primary standari acid solution was calculated from an equation of the
form of Equation 26, since this concentration was a function of the mease
ured welight of the acid, of the molecular weight of the acid, and of the
volume of the flask which was used to prepare the solution. Finally, the
standard deviation of the volume of the flask was taken as the manufacture
or'!s tolerance; the standard deviation of the molecular weight was taken as

£ 2 in the last place of the published value (54); the standard deviation
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of the measured weight was taken to be the balance manufacturer's published
standard deviation,

Thus, the computer technique employed by this worker provided a come
pletely rigorous propagation of errors from first weight and volume measure-
ments through to the experimentally obtained values for the equilibrium
titres. The values for the standard deviations of these titres were used
to determine weights for the least squares adjustment according to the
usual definition which states that weights are inversely proportional to
the square of the errors (53). The output errors for the concentration
equilibrium quotients were those based on the "goodness of fit" of the data
to the theoretical Equation 23 (53).

3. A&quation Kinetics

Spectrophotometric experiments were analysed by an initial slope
treatment, Since the reactions were initiated by dissolving purs complex,
the initial rate of the reaction is given by:

(dx/dt)y = kqa , (28)

where:
x = the molar concentration of the monoaquo species;

k1 = the specific rate constant for the first aquation of the
dichloro species in sec'1 units;

a = the initial total complex concentration in molar units.
The absorbance, A, of such a solution is given by:

A= 601(&-1:) + 6112 = Eola- + (61"60)1x ’ (29)
whara:

€ o = the molar extinction coefficient of the dichloro species in
M1 a1 units;
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1 = the spectrophotometric cell path length in cm;

€ 1= the molar extinction coefficient of the monocaquo species in
i) en™! units.

Differentiation of Myuation 29, followed by evaluation at time zero, gives:
(da/dt)y = (€ =€  )L(dx/dt), , (30)

which, when combined with Equation 28, yields:

(da/at)
_—o— = k1a . (31)
(€4-€01
Thus, the specific rate constant may be evaluated from spectrophotometric
data according to the equation:

. (i (32)
8(61"60)1 '

ky

provided the extinction coefficients of both species are known for the
wavelength of measurement.

The value of 230 £ 2 1 en=! at 300 nm for the extinction coefficient
of the dichloro species was, as mentioned earlier, obtained from solutions
of the complex in 0,318 M KCl., Knowing this, and the values for the con=
centration equilibrium quetients, one can evaluate the extinction coefficent
for the monoaquo species from the spectra of aquo=-equilibrium solutions of
lmown total complex concentrations. From the equilibrium studies, several
such spectra were available and some of these are shown in Figure 5. The
value for the extinction coefficient of the monoaquo speciss at 300 nm was
calculated to be 92 £ & M1 em™!, As a result of such calculations, a
value of 87 £ 18 M~! ¢z} for the extinction coefficient of the diaquo

species at 300 nm was also obtained, The similar values for the two aquo
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Figure 5. Absorpticn spectra of solutions of [PtCly(en)] in 0.318 M NaClOy,

The specira were racorded at 25.0°C using 5.00 wm cells, Tae
base line was recorded with the 0.318 M NaClQ, solution in oth
reference and sample cells, Notice the effect of the greatar
amount of aquation in the more dilute samples
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species is of benefit in the spectrophotmetric study of the aguation at

300 nm because small amounits of the successive aquation of the monoaquo
species in the early part of the study will cause an undetectable aifect.
It is also very convenient, of course, that the magnitude of the quantity
(€ 1-60) is as large as it is (138 M1 an~!) because the inherent error in
the differsence becories less important as the magnitude of the difference
increases, Nevertheless, the resultant value for k1 doss rely on the value
of this difference in extinction coefficients which, in turm, is dependent
on the values of the conceatration equilibrium quotiemnts. Even though this
worker believes that K1 and K, are rather well defined, it is recognized
that calculations of equilibrium concentrations of three species from such
concentration equilibrium quotients is not very precise. Consideration of
this, together with the fact that the absorbance changes during the linear-
change portions of such reactions were typically only about two tenths of
an absorbance unit, leads one to the expectation that the resultant ky will
not be well defined., Such expectation is, in fact, borme out by the obe
served experimental scatter.

The pH=-stat expesriments were also begun with a solution of pure
{PbClz(en)]. Any initial aquo species formed during the sample preparation
and thermal equilibration period have no influence on the observed rate of
hydroxide consumption. Assuming the acid-base neutralization involved to

be offectively instantaneous, one observes the reaction secuence:

[PtCL,(en)] + H,0 — [PtCL(H,0)(en)]" + C1™ ; (33)

2

{ PtCL(E,0)(en}]™ + OH™ :i{_z.sﬂé[mcuox)(an)] + H0 ; (3%)
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[Ptcl(oH){en)]  +H,0 — [Pt(OH)(H,0)(en)]™ + C1™ 5 (35)

[Pt(0H)(E,0)(en)]" + 0B JELL (PL(0H),(an)]  +HLQ .  (36)

The above reaction sequence is based on the known fact that the substitu-
tion of chloride by hydroxide in agueous media occurs via the aquation
mechanism (51), Obviously, this worker also observed the hydroxide inde-
pendence. Initially, the rate cf reaction is given by Equation 28 which,
for these experiments, is writien as:

(dx/dt)o = '(d[oﬁ-]/dt)o = k1a . (37)

What one measures in the pH-stat experiment is the amount of hydroxide re=-
quired to offset the decrease in hydroxide concentration caused by the
reactions of Equations 3% and 36 as a function of time. Thus, in terms of
more convenient expsrimental variables, the solution of Equation 37 for the

specific rate constant is:

(aVy_ ~fdt)
i = a0 0 Myacn ' (38)

VSample a

where:

vNaOH = the volume increment of NaOH added to maintain pH-stat
conditions in ml units;

Mysop = the concentration of the NaOH in molar units;
Vsamplev
a = the initial total complex concentration in molar units,

= the volume of the complex solution in ml units;

In both types of experiment, one requires a value for an initial slope,
that is, for the initial rate of change of some measurable with time. One
can obtain such an estimate by plotting the observable versus time and

graphically evaluating the slope of the linear portion of the curve., This
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worker chooses to avoid the estimation of any number from a hand-drawn plot
because one invariably introduces human bias. In these cases, however, the
experimental scaiter was so large that it did not seam to matter if the
slopes were obtained by tkis crude method. That is, although the data from
each experiment defined ar initial straight line somewhat satisfactorily,
the agreement between experiments was quite unsatisfactory. The result of
this shows up as a large standard deviation associated with the determined
value for the rate constant. Once one has obtained values for (dA/dt)o or

(avy aOH/dt)O' the calculation of k, from Equation 32 or 38, respectively,

1
is straightforward.

Because of the small volume increments involved in the pHestat exper-
iments, such experinents were not expected to yield results of much more
accuracy than the spectrophotometric experiments. Hence, the results from
all experiments at a given temperature were averaged together without
weighting and a standard deviation was calculated.

Ce dnatiorn Kinetics for the Diaquo Species

The [PtCl,(en)] solutions utilized in these reactions had been allowed
to reach equilibrium with respect to the reactions of Equations 1 and 2.
Upon initiation of a reaction by mixing such an equilibrium solution with a
chloride solution, chloride ions replace aquo ligands in an approach to a
new equilibrium condition for these reactions, By observiag the absorbdance
change at 285 nm, an isobestic point for the reaction of Ejuation 1, one
can eliminate any effect due to anation of the monoaquo species. The fact
that the chloride ion concentration was always at least 150 times the total
complex concentration assured the existence of pseudo firsteorder condi-

tions. Since the observed pseudo first-order rate constant for the anation



i1

of Equation 2 is two orders of magnitude larger than the first-order rate
constant for the aquation reaction of Ejuation 2, one can neglect the
latter term in the rate expression. (It might also be noted that the
observed pseudo first-order rate constant for the anation of the diaquo
species is at least one order of magnitude greater than the observed pseudo
first-order rate constant for the anation of the monoaquo species,) Thus,
under the experimental cornditions, these reactions are adequately governed

by the rate law:

dy/dt = =k_p(CL7]y = =kpeq ¥ (39)
where:
y = the molar concentration of the diaquo species;
k _, = the specific rate constant for anation of the diaquo species

-2 1 =1
in sec™ M ' units;

[C1™] = the molar concentration of chloride ion;

kobsd. = the observed pseudo first-order rate constant for anation of
the diaguo species in sec™! units.

The observed rate constants were determined according to the method of
Guggenheim (55) from the slopes of plots of hg(vt+8 1_'-Vt) versus t. In
its application here, (Vi St-vt) is the vertical difference between tie
successive oscilloscope sweeps, the recorded voltage at any time, Vt (%
vt+8t' being linearly related to the concentration of the diaguo speciies.

All data was fit by a least squares analysis to the equation:

k
1°3(vt+8t'vt) = —205ds ¢ + constant . (%0)
1n(10.0)

with the subsequent evaluation of k. ., from:

Kopsa, = = (slope)ln(10.0) . (41)
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For the purpose of error propagation, an error of ¥ 0,02 (arbitrary
units) in each V was assumed and then propagated unto the quantity
log(Vt + St-vt). Caloulation of weights was based on their assignment,
according to the definition, as inversely proportional to the square of the
error. Since the time-axis of an oscilloscope is rather precise, the
assumption that t was exact seemed justified. Individual values for the
observed rate constant, celculated from Equation 41, were assigned weights
based on the "goodness of fit" of the Guggenheim plots., Since the accuracy
of such experiments was expected to decrease as the halide ion concentration
was decreased, a weighted average value for kobsd. was calculated for each
temperature and halide ion concentration . From such weighted averages,
the associated errors were calculated from the definition of a standard
deviation by replacing the average value in the definition with the expere
imentally determined weighted average value.

Specific rate constants were calculated from the observed rate con=
tants by means of the relationship contained within Equation 39. In cases
where, at a given temperature, two average values for k_z with their related
errors were determined, a grand mean (56) and its associated error wers
evaluated.

For the corroborating experiment, performed under second~order condie
tions, a solution of lnown total complex concentration, a, was forced %o
completely dihydroxo complax by means of a pH-stat experiment. A smal.
amount of concentrated acid was then added and the approach to an equi-ibe

rium condition was observed according to the reaction:

[Pt(H,0),(en)) %" + @™ = [PtC1(E,0)(en)] ™ + HO . (42)
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If the successive step, the conversion of the monoaquo species to the
dichloro species, is ignored, the rate of the reaction of Equation 42 is
given by:

dx/dt = k_z(a-x)(Za-x) - kx, (43)
where:

k, = the specific rate constant for aquation of the monocaquo
species in sec™! units;

and the other terms are as previously defined. Since the value for the
concentration equilibrium quotient, KZ' is known, the rate expression of
Equation 43 may be used to determine the desired specific rate constant.

Thus, upon substitution of the expression:

k, =Kk, , ()

into the rate expression; one has:
)
dx/dt = k_,(2a%=3axtx®=Kx)

= k_p x2=(3a+K,)x+2a%] . (45)

Separation of the variables yields:

dx = k_ydt . 46
x%=(3a+K, )x+2a2 - e

Integration of Equation 46 from (0,0) to (x,t), followed by rearrangement,

yield:
[ 2x=(3a#K,)=q ][ 2x5=(3a+K,)+q
In el AR (t7)
[ 2x=(3a+K,)+q ][ 2xg=(3a+K,)=q]
where:
q = (aP4eky#0,7)7 (48)

The above expression may be simplified by introducing the equilibrium
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concentrations. At equilibrium, dx/dt = 0, thus, form Equation &45:
x 2=(3a+K,)x_ +2a% = 0 (49)
2] 2/%a ’

which gives for the equilibrium concentration of the monoaquo species:

(50)

3atK, ¥ q
Xg = ’
2
where it can easily bs shown that only the minus sign has physical signif-
icance., Substitution of the equilibrium value from Equation 50 into the
rate expression of Xjuation 47 gives:

(x=x ~q Nxp=x,)

(x=x,) {xp=x~q)

Now, for spectrophvtometric data, we have that:

A= Gzl(a-x) + 611::

= €,la + (€4-€,)Ix , (52)
thus:
A-C€
x= can , (53}
1(€ -€,)
where:

€, = the molar extinction coefficient of the diaquo species in
M1 cmt tnits;

and the other temms are as previously defined. Substitution of the rizht-
hand side of Equation 53 into Equation 51, followed by the collection of

first-order and of second-order terms, gives:



Thus, by plotting, on semi.-log paper, the value of the quantity on the
left-hand side of Bjuation 9 versus (t-to). one can obtain a value for the
specific rate constant from:

04693
k T ey

(55)

where t% is the half«time.
De Anation Kineties for the Monoaquo Species
Since the anation of the diaquo species was essentially completed by
the time data was taken for anation of the monoaquo species, it was neces=
sary to consider only the reversible reactions of Equation 1 in the anale

ysis., The rate of the observed reaction may be expressed as:
~dx/dt = k_,[C17)x - ki(a=x) , (56)

where:

k

1 = the specific rate constant for anation of the monoagquo

species irn sec™! ¥~1 wnits;
and all other terms are as previously defined. The rate law of Equation 56
may be writtem as:

dx/dt = k8 = k0 X, (57)

where, for these reactions, the observed rate constant is given by:
kopsd, = ¥y *+ k_[C17] (58)



46

Equation 58 may be written in the form:

k.a kK.a

d

dt k ObSd. k
obsd. obsd,

The variables may now be separated and the equation integrated as:

k
xd(x- 17 \ t

o)
obsd./ _
. = 'kob sd.dt ’ (60)
0 (x - ! ) 0
kobsd.
whence:
k.a
x - 1
kObSdo
in T - obsd. (t-to) . (61)

) k1a
kObSdo

Equation 61 is more convenient when written in terms of the equilibrium
concentration of the monoaquo species. At equilibrium, dx/dt = 0, thus,

from Equation 57, we have that:

kla = kO‘bSd.xa . (62)
Substitution of Equation 62 into Equation 61 yields:
=28\ e (bet) (63)
= Kobsd, ' 0’
X0 = X

In terms of the measured absorbance, A, which is directly proportional to
the concentration of the monoaquo species, Equation 63 becomes:

[A-4) . .
lnk ‘}= “Kobsa, L T=To) ¢ \oH)

A -
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which, in terms of the fraction of the total change, F, is:
In(1-F) = = obsd. (t'to) ’ (65)

where F is defined by:

-A
pel) (66)

Ag-4,

As mentioned earlier, the first data point was taken at one minute

after mixing., This time delay allowed for essentially complete conversion
of diaquo species to monoaquo species and provided for re-establishment of
thermal equilibrium. The absorbance readings (recorded at 300 nm) and the
corresponding values for A\t (/\t measured from one minute after mixing)
were the raw data. 4n error of & 0,005 in absorbance readings was assumed;
the time intervals were taken to be exact since the time-axis drive of the
recorder was a rather precise device, Such data were used as input for a
computer program which calculated ths corresponding log(1-F) values, prop=-
agated the assumed error, calculated weights, and performed a least squares
adjustment to fit Equation 65. The output values for the observed rate
constant were calculated from:

Kobsd, = «(slope)in(10,0) , (67)

where the slopes of the plots of log(1-F) versus /\t resulted from the
welghted least squares adjustments., The errors associated with the slopes
were those based on the "goodness of fit" and such errors were then prope
agated unto the values for the observed rate constant. Thase resultant;
errors for kobsd. values were used only to determine weights for the cal-
culation of a weignied average value Ior kobsd.' ITne stanaara deviations

from such weighted averages were then calculated from the definition of a
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standard deviation by repiacing the average value in that definition with
the weighied average value.
From Equation 38, since ky is known from the results of the aquation

studies, the value for k__1 is calculated as:

kK, . =k
obsd, . (68)

[c17]

k_-‘ -

Errors were propagated unto k_1 values, and a grand mean was evaluated at
each temperature studied, The errors associated with these grand means

were those given by the definition (56).
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Ve RESULTS

A. Aquation Eguilibria

Typical titration curves for 25.00 ml samples of equilibrium aqueous
solutions of {PtCl,(en)] are shown in Figure 6., The equivalent volume was
taken as the volume at the inflection point of such curves. The inflection
points were located by linear interpolation of the second differential
change, that is, by linear interpolation of the quantity: A(A\pH/AV). In
the application of this method, the volume increments at which the pH was
read were two percent of the total volume of the burette. The same method
was employed for standardization of the NaOH; however, since the titration
curves for the standardization of NaOH with KHP were steeper near the
equivalence points, the pE was read using one percent volume increments.
This worker highly recommends the method used for determining the inflec=-
tion points of titration curves since it is easy tc employ and does not
require the plotting of any data. In this worker's opinion, any method
which employs the plotting of data introduces a natural bias because one
subconscliously plots data to give the least amount of experimental scatter
as is possibly allowable ty the plotting technique., Whenever this worker
has been forced to use a graphlical method of determining a desired quantity,
a least squares fit has been employed.

The results of equilibrium studies are given in Tables 4 through 10
wherein the calculated titre values are the least squares adjusted valies.

Figure 7 shows a typical least squares plot of BEguation 23 with the (a,T)

b mmvemaman A~ mrnt A

M_LY . 44 T2 b U VN am
1) ahO D WiD ADAR W O\ UShh Dw Wl Ve 2ie s e

3. & PNt T ISPy S, |
Uad bl PVLILVY DUPOLVLULNYO G e & AWLD

values for the concentration equilibrium quotients together with the
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Figure 6. Typical titration curves for 25.00 ml samples of equilibrium
aqueous solutions of [PtCl,(en)]

a = curve for one of the titrations used to detarmine the titre
for 0,20021 mM sample at 30,0°C

b = curve for one of the titrations used to determine the titre
for 0.40056 mM sample at 25,0°C



5

Table 4. Results of first equilibrium study at 35.0°C

a T T Percent
(experimental) (calculated) difference
1.0019 0.8913 0.8909 0,042
0.80152 0.7536 0,754 0,101
0.60114 0.6093 0,6066 0,447
0.40076 0.440 0.4435 0.792
0.20038 0.257 0.2562 0.298
0.10019 0o 145 0. 1456 0,420
Table 5. Results of second equilibrium study at 35.0°C
a T T Percent
(sxperimental) (caleulated) difference
1.0261 0.9034 0.9024 0.115
0.82085 0.7622 0.7642 0.260
0.61564 0.6159 0.6146 0.207
0.41043 0,452 0.4495 0.555
0.20521 0.259 0.2598 0.314
0.10261 0,143 0.1478 0.142
Table 6. Results of third equilibrium study at 35.0°C
a T T Percen’
(experimental) (caleulated) difference
1.0079 0,8886 0.8898 0.135
0.80635 0. 7498 0.7512 0.182
0.60477 0. 5999 0.6018 0.308
0,40318 0,442 0.4379 0.945
0.20159 0,249 0.2515 0,997
0.10079 0.139 0. 1427 2.590
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Table 7. Results of first equilibrium study at 30.0°C

a T T Percent
(experimental) (caleulated) difference
1.0060 0.8742 0,8728 0.155
0.80483 0.7426 0. 7424 0.026
0.,60362 0, 5994 0,6003 0.146
0. 40242 0.439 0.4419 0,667
0.20121 0,258 0.2576 0.170
0, 10060 0.147 0.1470 0.011

Table 8, Results of second equilibrium study at 30.0°C

a T T Percent
(experimental) (caleulated) difference
1.0010 0.8749 0.8777 0.314
0.80083 0.7507 0,742 0.868
0.60063 0.6007 0.5995 0,196
0,20021 0.255 0.2545 0.179
0.10010 0.143 0. 1449 1.327
Table 9. Results of first equilibrium study at 25.,0°C
a T T Percent
(experimental) (caleulated) difference
1.0008 0.8589 0.8572 0.196
0, 80064 0.7287 0.7299 0.159
0.60048 0.5882 0. 5909 0.455
0.40032 0.436 0.4357 0,059
0.20016 0.255 0.2545 0.138

0.10008 0,146 0.1455 0.316
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Table 10. Results of second equilibrium study at 25.0°C

a T T Percent
(exporimental) (calculated) difference
1.0014 0.8673 0.8667 0.072
0.80113 0.7321 0.7335 0.196
0.60085 0.5917 0.5895 0.376
0.40056 0,429 0.4306 0.374
0.10014 0.138 0.1415 2,148

wolghted average values.

In the calculation of a weighted average, the numbers which are aver=
aged are either statistically consistent or statistically inconsistent.
The same formula is valid in both cases, namely:

% %

I= , (69)
2 LAY

i

wherein X is the weighted average; w; is the weight of the ith value, taken
to be inversely proportional to the square of the error of the ith value;
Xy is the ith value. The errors associated with such weighted averages are,
however, not given by a single equation. (The reader is referred to any
text that treats the statistical adjustment of data for verification of the
above statements.) For weighted averages given in this work, both ways were
used to calculate the errors and the larger errors have been listed in all

CRS560Te
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Figure 7. Least squares piot of Equation 23 with the (a,T) data points
superimposed for the data of Table 6
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Table 11, Summary of results for the concentration equilibrium quotients

1% 108 Oy = 1008 K xidtH Ty, = 10*
35.00 2,76 0.08 141 0,0
2,73 0,06 1.37 0. Ok
2.96 0,18 1.18 0,07
whtd, ave, = 2076 0.05 1.38 0005
30,00 2.30 0,0% 1.51 0,03
2,55 0,10 1.39 0.05
Whtd, ave. = 2.3 0,09 1,48 0,05
25,00 2,16 0,04 147 0,03
2,60 0,15 1.18 0.07
Whtd, ave, = 2.19 011 143 011

B. Aquation Kinetics

Some of the spectra ;hich were recorded during a typical spectrophote
nmetric study of the agquation are shown in Figure 8. A plot depicting the
change in absorbance at 300 nm during the early portion of this experiment
may be found in Figure 9. All pertinent data from such experiments are
listed in Table 12, In this table, are included the values for the specific
rate constant calculated according to Equation 32,

The data from pH-stat experiments are listed in Table 13, In Table 13,
are included the values for ky calculated, in this case, from Equation 38,
A plot of the rate of hydroxide consumption during a typical pHestat exper-
iment appears in Figure 10, From all aguation experiments, an average value
for k, was caloulated at each temperature studied and appear in Table 1k.
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Figure 8. Spectral changes during aquation of 0.323 mM sample of
[Ptcly(en)] 4n 0,318 M NaCl0y. The spectra were recorded at
30.0°C using 10.0 cm cells. The base line was recorded with
the 0.318 M NaCl0, solution in both reference and sample cells.

= recorded 6 minutes after dissolution

recorded 2 hours after dissolution

= recorded 4 hours after dissolution

= pscorded 22 hours after dissolution

a
b
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Figure 9. Change in absorbance at 300 nm during the early portion of the
experiment from which the spectra of Figure 8 were taken. The
values of (dA/dt)o were determined from plots such as this
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Table 12. Summary of results from spectrophotometric studies of aquation
kinetics. All absorbance data was taken at 300 nm where:
(€:-€o) = 138 17! ™!

T (da/at), Aq a 1 ky x 100
(°c) (10° sec=1) () (em) (sec=1)
35.0 5¢50 0,864 0.376 10.0 1.

66.3 0,98 0.428 10.0 1.
87.k 1.5% 0.670 10.0 9.5
30,0 2,50 0. 742 0.323 10,0 5.6
2:93 0,840 0.365 10.0 5.8
2.73 0.752 0.327 10,0 6.1
3.07 0.930 0.405 10.0 5¢5
3,02 0.919 0.400 10.0 5.5
25.0 1.07 0.588 0,512 5.00 3.0
2¢50 1.25 1.09 5.00 33

Table 13, Summary of results from pH-stat studies of aquation kineties,
The sample volume was 25.00 mlL in all experiments

T (aVy, ol dt)y pH a My 08 k, x 109
(°c) (166 mL sec=1) () (sec=1)
35.0 6.33 8.5 0.313 0.1370 1.

9.83 9.0 0,480 0.1370 1.
7.00 9.0 0.373 0.1370 10.
5,80 8.0 0.238 0.1370 13,
30.0 4,80 8.0 0.323 0.1365 8,1
5,83 8.0 0.365 0.1345 8.6
5.33 8.0 0.327 0.1321 8.6
3,08 8.0 0.405 0.1262 3,8
3.49 8.0 0.400 0.1262 TN"
25,00 10.9 10.0 1.09 0.1082 4.3
3,28 11.0 0.802 0.203% 3.3
3.33 10.5 0.802 0.2034 3.k
2,12 10,0 0.802 0,203 3.2
30]6 905 00802 0.20% 302
.38 11.0 1.00 0,203 345
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Figure 10. Hydroxide consumption during hydrolysis of [PtCl,(en)]. The

values of (dVNaOH/dt)O were determined from original recorder
plots or from data taken from the digital read-out of the
automatic burette as a function of time
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Table 14, Summary of the experimentally determined weighied average values
for the specific rate constant for aguation of the dichloro

specles
Constant Value 7°C
k x 10° sec™! 1., 1, 35.0
6.2 £ 1,7 30.0
3.4 F 0.4 25.0

C. Anation Kinetics for the Diaquo Species

Typlcal results from a stopped-flow kdinetics experiment are illustra-
ted by the photograph of an oscilloscope trace shoun in Figure 11 and by
the associated data of Table 15. The corresponding Guggenheim plot is to
be found in Figure 12 wherein the solid line is the least squares line and
the experimental data points are superimposed. In Tables 16, 17 and 18,
the results of all such experiments are tabulated; the resultant weighted
average values for k

obs
thelr weighted averages and errors, are listed in Table 19.

4, are included, The values for k ,, together with

The spectra at various times during the second-order experiment are
shown in Figure 13, wherein the first recorded spectrum should very closely
approximate that of pure diaquo species. These spectra were recorded at
30,0°C and the data used for the calculations were takemn at 255 nm. From
this experiment, the value for the specific rate constant for anation of the
diaquo species was calculated to be: 3.95 x 101 sec=! M~1, The agreement
wila the welghted average valus of 4,15 x 107 see™' M~ obrained rrom 15

stopped-flow experiments is somewhat fortuitous, especially in considere
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Figure 11. Photograph of oscilloscope trace for the first experiment of
Table 16 (sweep rate = 2 seconds/em)

Table 15. Raw data as read from the photograph of Figure 1t for the first
experiment of Table 16, The V in this table is an abbreviation

for Wt +8t-vt)

At(sec) v log(V) O-log ) Weight
0,00 2.96 0.47129 0. 00440 1.0000
2,00 2,54 0.40483 0.00513 0.736%
4,00 2.10 0.32222 0.00620 0.5033
6.00 1.82 0.26007 0.00716 0.3781
8.00 1.5 0.18752 0.00846 0.2707

10.00 1.36 0.1335% 0.00958 0.2111
12,00 1.14 0.05690 0.,01143 0.1483
14.00 1.00 0.00000 0.01303 0.1141
16.00 0.88 «0.05552 0.01481 0.088%
18,00 .78 «0.10791 0.01670 0.065%
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Figure 12,

Guggenheim plot for the data of Table 15 corresponding to the
first experiment of Table 16. The solid line is the least

squares line and the points are experimental data. The V of
this figure is an abbreviation for (Vi.§,-V,)
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Table 16, Summary of results for anation of the diaquo species at 35.0°C.
In this and the following two tables, the errors listed for the
observed rate constants are those based on the "goodness of rit"
of the Guggenheim piots. Such errors were used only for weight-
ing in the calculation of the listed weighted averages. The
errors associated with the weighted average values are standard
deviations which were calculated from the definition

2 2
Complex Chloride kobs d. x 10 o-kobsd. x 10
(m21) (M) (sec=1) (sec=1)
0.50032 0.159 773 0. 14
6.89 0,22
6.70 0.17
7.46 0.11
7.87 0.17
6.61 0.11
6.80 0.16
7.19 0.15
7.16 0.19
0.40024 8.12 0.29
R 0.14
7.48 0.24
8,46 0.18
7.09 0.09
0.30018 7.87 0.16
9.07 0.12
8.33 0.23
10,52 0.2k
8.62 0.10
Weighted average = 7.73 0.97
0.50032 0.,0795 4,99 0.16
5.47 0.17
4,67 0.81
0.40024 4,73 0.10
k.99 0.12
3.12 0.15
0.30018 5.78 0.10
5.73 0.20
5439 0.19

Weighted average = 5.02 0.79
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Table 17. Summary of results for anation of the diaquo species at 30.0°C

Complex Chloride k. . x 10 o x 10
obsd. Kobsd.
(m) (M) (sec~1) (sec=1)
0.50032 0.159 694 0,08
5,90 0.10
6.20 0.10
6.53 0,07
6.25 0.10
0.4002% 6.63 0.09
6.81 0.1k
7.65 0,12
6,26 0.15
6+35 0,18
0.30016 6.03 0.18
7,58 0,08
7.16 0425
6.62 0,06
Weighted average = 6467 0.53
0. 50032 0.0795 3423 0.16
3.77 0.12
0. 40024 3.40 0,12
2,37 0.16
Welghted average = 3430 0.61

ation of the assumptions involved in treating the second-order data.
Nevertheless, the experiment does offer valuable support to the fact that
one had actually observed anation of the diaquo species in both cases.
D. Anation Kinetics for the Monoaquo Species
The raw data from a typical experiment, together with the associated
Caitulaled vaiues and UNOLr errors, are 1isved in 1a0DL8 ZUe 108 COrres=—

ponding log(1=F) plot appears in Figure 14. All pertinent data and resule
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Table 18. Summary of results for anation of the diaquo species at 25.0°C

Complex Chloride K opsg. X 102 oy x10°
* ObSdo
(mt) (1) (sec=1) (sec~1)
0.50032 0.159 5.92 0.17
5.32 0.14
5.85 0.10
5.35 0.10
.40 0.07
446 0. 14
5¢25 0.18
4,65 0.11
4,59 0.18
4,31 0.13
0.20012 5.10 0.12
537 0.05
L.10 0.08
4,87 0.08
4,83 0.10
Weighted average = 4,95 0.55

Table 19, Summary of the experimentally determined values for the specific
rate constant for anation of the diaquo species and the weighted
average values, The first entry at a given temperature is the
value obtained from sxperiments with a chloride ion concentra-
tion of 0.159 M. The second entry at a given temperature is the
value obtained from experiments with a chloride ion concentra-
tion of 0.0795 M

1 k_, x 10' T, * 10! K, x 10! OF,* 101
(°c) (sec=1 M=1) (sec~1 M~1) (sec=1 M=1) (sec=! M=1)
35.0 4,86 0.61 5,24 0.65
6.32 0.99

30.0 b.10 0.33 1,18 0,30
4,15 0.72

25.0 3.11 0.35 3.11 0.35
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Figure 13. Spectral changes during anation of 0.512 mM sample of the
diaquo species, [Pt(H,0),(en)] 2*, The spectra were recorded at
30.0°C using 10,0 em cells.

a = recorded 0.67 minutes after addition of HC1Oy
b = recorded 8,33 minutes after addition of HClOu
¢ = recorded 20.3 minutes after addition of HClOu
d = recorded 35.3 minutes after addition of Ht‘.!Z!.O,+
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Table 20. Raw data for the first experiment of Table 21

At S0m g (1-F)  Log(1-F) Oy (q)  Weient
(min)

0.00 0.749 0,342 1,000 0,00000 0,00898 1.0000
0.25 0.778 0.313 0.915 =0,03848 0,00942 0.9081
0.50 0,807 0,284 0.830 -0,08071 0,01002 0.8026
1.00 0.858 0.233 0,681 =0, 16667 0.01166 0.5929
1.25 0.878 0.213 0.623 «0,20565 0.01261 0.5070
1.50 0.899 0.192 0,561 «0,25073 0,01389 0.4181
1.75 0,917 0. 174 0.509 «0,293438 0,01529 043451
2,00 0,932 0.159 0.465 «0,33263 0.0167% 0.2877
2,50 0,961 0.130 0.380 «0,42008 0,02065 0.1890
3.00 0.982 0,109 0,319 =0.49660 0,02493 0,1298
3425 0,991 0,100 04292 =0, 53403 0.02735 0,1078
3¢50 0,999 0.092 0,269 =0, 57024 0.,02992 0,0901
3675 1,007 0,084 0,246 «0,60975 0,03300 0,0741
4,00 1,018 0,073 0.213 «0,67070 0,03837 0.0548
4,25 1.024 0,067 0.196 =0,70795 0404207 0,0456
4,50 1,030 0,061 0.178 «0,74870 0,0%4651 0,0373
20,67 1,091

tant kobsd. values, their weighted averages and errors are given in Tables

21, 22 and 23, Table 24 lists the calculated k_1 values, their weighted

averages and errors.
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Figure 4. Log(1-F) plot for the data of Table 20 corresponding to the
first experiment of Table 21. The solid line is the least
squares line and the points are experimental data points
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Table 21, Summary of results for anation of the monoaquo species at 35.0°C.
In this and the following two tables, the errors listed for the
observed rate constants are those based on the ®"gocdness of fit®
of the log(1-F) plots. Such errors were used only for weighting
in the calculation of the listed weighted averages. Ths errors
associated with the weighted average values are standard devi-
ations which were calculated from the definition

Complex Chloride ty Kobsd, X 107 0y x 107
2 obsd,
(M) () (min) (sec-1) (sec=1)
0.50395 0.159 1.82 6.36 0.02
1.81 6.39 0.02
1.78 6.50 0.01
1.79 6.t 0.02
1.85 6.23 0.02
0.40316 1.83 6.32 0,02
0.30237 1.87 6.18 0.02
1.84% 6.27 0,03
0.20158 1.89 6.13 0.03
Weighted average = 6436 0.13
0.50395 0.0795 3.37 3,42 0,01
3.46 3e3k 0,01
0.40316 3,41 3,39 0.01
0.30237 3,38 3,42 0.02
0.20158 Fe 54 3626 0.02

Weighted average = 3638 0.07
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Table 22, Swmmary of results for anation of the monoaquo species at 30.0°C

Complex Chloride ty Kopsg, X 107 T peq, * 103
(m1) (M) (min) (sec=1) (sec=1)
0.50052 0.159 2.89 4,00 0.02
2.89 4,00 0,02
2.91 3.98 0.02
2,88 4,01 0,02
2.90 3.99 0.03
2.88 4,01 0,02
0. 40041 2,86 4,05 0,01
2.95 3091 0.02
0.30031 2.95 3492 0,03
3,01 3.84 0.03
0.20021 3.01 3.4 0.03
3,07 3.76 0,02
Weighted average = 3.98 0.10
0.50052 0,0795 5.47 2.11 0.01
5.61 2.06 0.01
0.50041 5.t 2,13 0.01
0.30031 5.46 2.11 0,01
0.20021 5.70 2.03 0,02

Welghted average = 2.10 0.04
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Table 23, Summary of results for anation of the monoaquo species at 25.0°C.
The last four experiments listed in this table were conducted in
HCL0, solution (rather than NaClQy) to verify the pH independence
of the reaction. The results from these four experiments were
not used in calculating the specifiic rate constant

Complex Chloride ty Kopsd, * 10° Ty peq. X 103
(mi) (M) (min) (sec™1) (sec-1)
0. 50070 0.159 L,74 244 0,011
b, 51 2.5%6 0,008
4,64 2,49 0,009
4,61 2.51 0,010
4,66 2,148 0,005
4,57 2.53 0.008
L.60 2. 51 0.007
0.40056 4.77 2,42 0,005
0.30042 4,68 2.47 0,006
4,62 2.50 0.083
0.20028 L.75 2.43 0.105
4,88 2.37 0.085
Weighted average = 2,48 0.05
0.40016 8.88 1,30 0.006
0.30012 9.13 1.27 0.005
0,20008 10.15 1.14 0,010
Weighted average = 1.28 0.08_
0.50032 0.159 440 2.63 0,006
0.4:0024 L,59 2.52 0.005
0.30018 L,52 2.5 0,007
0.20012 4,60 2.51 0.011

Weighted average = 2.5 0.05




Table 24.
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Sumnary of the experimentally determined values for the specific
rate constant for anation of the monocaquo species and their
weighted average values. The first entry at a given temperature
is the value obtained from experiments with a chlorids ion con-
centration of 0,159 M. The second entry at a given temperature
is the value obtained from experiments with a chloride ion con-
centration of 0,0795 M

T k_, x 102 Ty, 102 k_, x 102 T, = 102
(°c) (sec'1 1) (se«:‘1 Yuld) (sec™! n) (sec™! M“)
35.0 3.93 0.08 4,01 0.09
b.11 0,09

30.0 2.47 0,06 2:53 0,05
2.57 0.05

25.0 1.54 0.03 1.5 0.03

1.57 0.10
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VI. DISCUSSION

A. Spectra
A Gaussian analysis was performed for the spectrum of a solution of
the complex in high chloride., It is interesting to note the remarkable
similarity between the locations of the absorption bands in the visible and
ultraviolet regions for [PtCl,(en)] and c_is_-{PtClz(NHa)z}. Such a compar-
ison is given in Table 25. FEqually interesting is the fact that the bands

Table 25. Frequency of maxima (V x 10% cm™1), extinction coefficients at
the mexima (€ M~! cm™1) and half-widths of the bands (V3 x 10*
em=1) in the Gaussian analysed spectra of aqueous solutions of
_gg-[PtCI?_(NHB)Z] and [PtCly(en)]. The values for the ammine
complex are those of Chatt, et al. (20)

_GE-‘-{PtClg(NH3)2] (PtCL,(en)]

14 € Vi v € Vi
2 2
2.40 3.2 0.16 2.49 12 0,30
2,73 23 0.23 2.73 A 0.3
3.31 128 0.22 3.32 226 0.40
3.72 68.5 0.21 3.69 ol 0.3

3.9 10

L,76 14500 4.3 2000

for the ethylenediamine complex are all a factor of two to five more intense
than the corresponding bands for ths diammine complex (considering both
extinction coefficients and half-widths), This is believed to be a resilt
of the lower symmetry of the former compared with that of the latter. The

Gaussian analysed spectrum is shown in Figure 15.
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200

150

2.00 2.50 3.00 3.50 4,00
V (! x 10%)

Figure 15. Gaussian analysed spectrum of [PtCl,(en)] in 0.318 M chloride
solution, The sum of the Gaussian peaks was essentially iden-
tical to the observed spectrum
o = Gaussian peaks
8 = sum of the Gaussian peaks
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This worker has observed a strong dependence of the absorption of
plane~polarized light upon the orientation of single crystals of [PtCl,(en)].
The sxtremes are recorded with light polarized parallel to and perpendic-
ular to the needle axis of the crystal. For the orientation which yields
minimun absorption, one records a spectrum similar to both the solution
spectrum and crystal spectra using unpolarized light in the region between
18,000 em~! and 36,000 cm=!. At higher energies, the crystal shows in-
creasing absorption whereas the absorption in solution decreases until a
minimum is reached at 40,800 em~1, Beyond this region, one observes the
intense charge transfer in solution. The crystal exhibits a strong dichro-
ism so that with the crystal orientation of maximum absorption at room
temperature, the absorption is at least a factor of three higher in the
region between 18,000 cm=! and 30,000 en=1, Beyond 30,000 em=1, the
cerystals in this orientation exhibited absorbances beyond the limits of the
spectrophotometer. Recently, Hunter1 has recorded spectra of several thin
crystals of [PtClZ(en)] at low temperatures using polarized light. He has
successfully obtained polarized spectra through transition energies as high
as 35,090 cm"1. One interesting feature of Hunter's results is the appear-
ance of a pronounced shoulder on the long wavelength side of the band at
34,200 cm=! in the polarization of maximum absorption. It seems likely
that the complexity of the absorption phenomena in the region between
20,000 cm=1 and 30,000 cm=! will necessitate a description in terms of
transitions to several ligand field states related to triplet states. Un=-

fortunately, Hunter's data are unable to provide corroboration for this

1H1912ter. L. D., Ames, Iowa. Spectral data. Private communication.
1969,
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worker's proposal of the existence of a low intensity band in solutions at
~39,000 e,

A similar analogy, between the spectrum of _'t_.gagg—[PtClZ(I\IH3)2] and
that of M-[sz«g-csaﬂ)zxm}z], has been noted by Chatt, et al. (20).
In this comparison, however, one finds similarities in both band locations
and intensities. If one compares the spectrum of [PtCl(dien)]™ (dien =
diethylenetriamine) with that of [PtCl(NH3)3]+ the analogy again appears.
Such comparisons are interesting but provide little meaningful information
concerning the assignment of absorption bands in terms of specific transi-
tions, This worker is anxiously awaiting the completion of Hunter's work.

Finally, it is worth noting that this worker has obtained spectra of
solutions wherein the primary absorbing species was [Pt(HZO)Z(m)j 2t Such
sclutions were obtained by the addition of HC1Qy to samples containing
principly the dihydroxo(ethylenediamine)platinum(II) complex. The latter
resulted from pH-stat studies of the hydrolysis of the dichloro complex in
basic solutions. Since the spectrum of essentially pure [PtCl?_(en)] was
also available from the solutions of the compound in high chloride, it was
possible to calculate, by difference, the spectrum of the monoaquo species.
According to the presentation in section IV, A, the concemtration of the
diaguo species in solutions which are at equilibrium with respect to the
reactions of Equations 1 and 2 is given by Equation 19. Substitution of
this value into Equation 14, followed by rearrangement, gives for the

equilibrium concentration of the monoaquo species:

12 s
o TT+2K, " \re)

For the purpose of the following discussion, the symbol € total is defined
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for equilibrium solutions by the expression:

Atotal = Ctotar?® (71)
The right-hand side of this expression must obey the relationship:
€iotald = €glla~x,¥,) + €,1x, + €,1y, , (72)
thus:
- a ("xe'ye) YQ
€1 -;e'etotal" xe eocgezo (73)

The values for étotal were evaluated from the spectrum of the solution
corresponding to the first entry of Table 10. (For this recording, 1 =
5,004 cm,) For the evaluation of €,, data were taken from the first
spectrum of Figure 13, In the calculation of the equilibrium concentrations
of the three species, the least squares adjusted values for T (0.857 mM from
Table 9) and K, (1,43 x 10™ ¥ from Table 11) were used, The resultant
values for the extinction coefficients of the three species are listed in
Table 26 and the associated spectra are shown in Figure 16, Elleman,
Reishus and Martin (38) have reported the spectrum of a solution which
contained [PtCl?_(H20)(NH.3)]+ as the dominant species. Their solution was
obtained by passing an aged solution of [PtCl3(NH3)]' through an anion
exchanger, thus a smsll amount of [PtCl(HZO)Z(NHB)]"' probably also contribe
uted to the recorded spectrum. Other than this case, spectra of Pt(II)
complexes containing aquo ligands are gemerally unavailable in the literw
ature,
Bs Kinetics and Equilibria

The values for all the constants associated with the reactions of
Equation 1 are listed in Table 27, Apparently, the previously reported
value of 5.3 x 102 sec™! for k at 25°C (51) is somewhat high.
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"able 26. iHolar extinction coefficients (M~! cm=1) as a function of wave-
length for the three complex species discussed in this work

A (an) €y € €2
400 19 8 L
395 4
390 24 11 6
385 8
380 28 19 10
375 12
370 31 26 16
365 20
360 32 32 i
355 27
350 32 37 32
345 P 37 3%
340 36 39 40
335 iy 39 42
330 59 37 43
325 84 39 45
320 119 37 ks
315 160 42 46
310 205 48 Lo
305 224 71 55
300 232 9% 6l
295 220 125 76
290 196 152 95
285 168 169 114
280 143 178 135
275 126 175 156
270 110 170 174
265 92 159 190
260 73 144 199
255 53 126 203
250 37 103 199
245 30 83 193
240 51 72 207

235 180 4 270
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€ (M“ em=1) A
100

50

]

T
e

400 350 300 250
A (am)

Figure 16. Spectra of the three complex species discussed in this work.
o = spectrum of [PtClz(en)]
v = spectrum of [Pt(ﬂ.(HZO)(an)]"'
8 = spectrun of [Pt(H,0),(en))?"
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Table 27. Summary of experimentally determined values for the constants
assoclated with the reactions of Equation 1

Constant Value T°C
K x 107 2,76 £ 0,05 3540
kl x 105 sec"'1 1. %1,

k_q x 10% sec™! 2! 4,01 £ 0,09

K, x 103 M 2.33 £ 0,09 30.0
Ky x 107 sec™! 6.2 11,7

k_y x 102 sec! it 2.53 ¥ 0,05

K, = 103 M 2.19 ¥ 0,11 25,0
ky x 107 sec™1 34 T ok

k_y x 102 sec=1 i1 1.5+ £ 0,03

It was not possible, by the methods employed by this worker, to exper=-
imentally determine the rate of the second aquation reaction. The main
reason for this is the similarity of the rates of the two successive aqua-
tion reactions. However, having determined Kz and k_z, one can evaluate

kz according to the expression:

kp = Kk pe (74)
The values for the constants associated with the reactions of Equation 2
@i’ 1i5Ued in Table 20, (ine iormulas which were used to calculate weighted

averages and their associated errors, and the formulas for propagating
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Table 28, Summary of experimentally determined values, and, in the case of
ks, the values calculated from experimentally determined valuss
for the constants associated with the reactions of Equation 2

Constant Value °¢
x1 M . - 005 o

o* 1.38 0 35,0

k, x 109 sec™! 7.23 ¥ 0.94

k ,x 10! sec™! 1 5.2% ¥ 0.65

K, x 10% M 1.48 ¥ 0.05 30,0

k, x 107 sec™! 6.18 £ 0.9

k_, x 10! sec™! i1 4.18 T 0,30

K, x10% % 1.43 ¥ 0.11 25,0

k, x 107 sec™! b4 T 0.61

k_, x 10! sec™! 1! 3.11 £ 0,35

errors and other formulas which were used in the statistical adjustment of

data, other than those formulas listed in this work, may be found in the

text by Worthing and Geffner (56).)

From the values for the concentration equilibrium quotients at various

temperatures, the enthalpies of the aquation reactions can be estimated.

The temperature dependence of the thermodynamic equilibrium constant is

given by the familiar expression:

d(1nk°)/dT = AHO/RT2,

(75)
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where, as previously defined, we have that:

R =xl, (76)

d(1nk®)/aT = Kk al'/aT + [" a(1nk)/aT (77)
If one adopts the rather common assumption that activity coefficients are
functions only of the ionic strength and of the magnitude of the charge on

the ion, the following relationships are acceptable approximations:

Yi= Ve Vo (78)

Vo= Vou s (79)

al'fjar=0. (80)
Furthermore, it will be assumed, as is usually done, that:

Vo=1- (81)

In cognizance of Equation 80, Equation 75 is adequately approximated by:

d(1nK)/dT = AR°/RT® , (82)

which, upon integration, yields:

A 1
log K STal00) T + constant . (83)

Thus, the enthalpy of reaction may be obtained from the slope of a plot of
log K versus 1/T according to:

AR = ~(slope)RIn(10.0) . (8%)
The enthalpies of the aquation reactions were estimated from Equation 84
utilizing the results of least squares adjustments to Equation 83. (Admite
tedly, a least squares fit to three points is somewhat superfluous; however,

from the available least squares program and error estimates, one obtains
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proper weighting of the points very conveniently. )
The standard free energy change associated with a reaction is given by
the fundamental thermodynamic relationship:

AF° = -RTInk® = -RTInK + RTIl , (85)
wherein, it might be a rather poor approximation to assume that the RTIn["
term is essentially sero. The value for 71 was taken equal to 7._,. for
hydrochloric acid in potassium chloride solutions of the same ionic
strength (57). Values of the quantity ')’Czouz-/ ')/chou-'}/m_- which were
indicated in the potentiometric determination of K, for oxalic acid (58)

were plotted as a function of ionic strength. A value for was com=

2+
puted from this graph by multiplying values taken fram this curve by 71 2,

At an ionic strength of 0,318 M, /, attains the value of 0,725 and

1
72/ 712 has a value of 0,493 (assuming negligible differences between
molarities and molalities). Thus, for the aquation reactions herein des=

cribed, the following approximations were used:

1"1 =Zt2/_-=712=0.526 , (8)
%
and:
1"2 = Yor) = 722 12 = (0.493)(0.526) = 04259 (87)
Y., 7,

The standard free energy changes associated with the aquation reactions
were then calculated from Equation 85. The related entropy changes werse
calculated from the free energy changes and the enthalpy changes according

to another fundamental thermodynamic relationship:

As® = éﬁ%’f . (88)
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The enthalpy and entropy of activation associated with ths various

seactions were estimated from transition state theory (59) according to the

equation:
k.T * »®
K = _E_ L5 /R AH R . (89)
where:

h = Planck's constant;
kE = the Boltzmann constant;
R = the gas constant.

For the purpose of evaluating the enthalpy of activation, the relationship:
AH* = EA - RT ] (90)

was invoked, following the estimation of the Arrhemius energy, E,, from the
slope of a plot of the logarithm of the specific rate constant versus 1/T.

All of the reaction and activation parameters which were evaluated
appear in Table 29, Since the specific rate constants which were used with
Equation 89 were those for rate expressions written in terms of concentrae
tions, the discfepancies between the diffarences in entropies of activation
and the entropies of reaction were not unexpected,

It is interesting to compare the values of the concentration equilib-
rium quotients and of the rate constants obtained as a result of this work
with the values obtained by other workers for related complexes of Pt(II).
Such a comparison is presented in Table 30, Tucker; Colvin and Martin (60)
have noted the systematics for the concentration equilibrium quotients of
the chloroammine series of Pt(II) complexes. Apparently, the charge on the
species has no primary effect on the rate constants., Thus, the observed

rate constants for the first aquation, in which a chloride ion is lost from
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Table 29. Activation and reaction parameters, evaluated at 25.0°C, for the
reactions of Eguations 1 and 2

Constant A\E keal mole"'1 As eu
ky =34 04 x 1075 sec™ 21 -16
k_y = 1.5 £ 0,03 x 1072 sec™! i~ 17 -10
Difference = &4 -6
K, =2.1920.11x102 ¥ 4 0
k, = 445 t 0,61 x 1079 sec™! 8 =51
k, =311 £ 0,35 x 107! sec! - 9 =31
Difference = « 1 =20
K, =143 %011 x 10% ¥ -1 22

species ranging in charge from =2 to +1, differ by less than a factor of 16.

A comparison of the activation parameters is given in Table 31, Such
aquation reactions of Pt(II) complexes generally involve substantially neg-
ative entropies of activation., Typically, the activation enthalpy is about
20 keal mole™!,

The large difference between the entropies of the successive aquation
reactions of [PtClz(en)] can be predicted, Both reactions can be repre-
sented by:

C1™(bownd) + H,0(1) = Hy0(bound) + C1=(aq) , (91)

for which AS® = =2 eu, This entropy change was calculated using the
values (in eu) of 8,1 for chloride bound to a dipositive metal ion, 16.7 for
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Table 30, Concentration equilibrium quotients and rate constants for the
acid hydrolysis of the chloroammine series and related complexes
of platinum(II), The values for the chloroammine series are
those of Tucker et al. (60) where the numbers in parentheses are
estimated from a value for k_ . /(k_ ot to) of 0.06 at 20°¢,

The values for the dien complex are those of Gray (61)

Equil. quotient Rate constant
Complex M x 107 sec™! x 109

First Second First Second
[Ptcr,, )2 1500 50 39 3.3
[Ptc13(N33)J' trans 1300 0.62 (12,5)

cis 130 b 5.6  (8)

gﬁ-[PtClz(NHB)ZJ 330 40 2.5 343
[PtCl,(en)] 219 14.3 3.4 445
trans-(PtCl,(NH5), ] 32 2 98 5
[PeL(i,),1* 27 2.6
(PtCl(dien))” 37 10,

Hzo(l). 9.4 for bound H,0 and 13.2 for C17(ag). These values were taken
from Latimer (63) and must be considered as approximations in their appli-
cation here; however, they should provide the magnitude of the change
involved. To complete the prediction, one must also consider the effect
of the change in charge on the complex. For this estimation, the values
given by latimer and Jolly (64) for alumimm=fluoride complexes were used.

For the reactions of Equations 92 and 93 on the following page, they list
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Table 31. Activation parameters for the acid hydrolysis reactions of some
platinum(IIgacomplexes. Values other than those resulting from
this work, taken from Belluco et al. (62) and references cited
therein, and from Martin (29)

CompLex Ax* As*
keal mole™! eu
(Ptcy,)?- 21 -8
[ Ptc14(E5)]" trans 15 <30
cis 20 -9
cis=(PtCl,(iH4),] 20 -1k
[PtCl,(en)] 21 -16
trans-(PtCl,(NH5), ] 19 -11
(Ptc1(nHg)5]" 18 -18
(Ptcl(dien))? 20 -10
[PtC14(B,0)]" 25 +2
cls~(PtCL(NH5) (.0} 20 -1
[PtcL(H,0)(en)]* 8 -51
4\15‘2+ +F" = MF(aq) ; (92)
MIF2* + F = AR, (93)

charge effects of 3 and 12 eu, respectively. The changes in charge for the

reverse of the above reactions correspond to the changes involved in the

nnatdanm wanaddama A8 (TDEm (V] M. B P I
e W vis & Mnaw waviaw Wa | & vv-z\w,_). .uuo, Vii wid wasad VJ. auvn ayy&wu.-

mations, one estimates the values as =5 and -14 nu, respectively, for the
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aquations reactions of this work. 4 significant difference in the entro-

pies of these reactions is, therefore, to be expected.
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IL. APPENDIX

The development presented herein follows closely taat of Wentworth
(52).

Experimentally, n pairs of measurements of the variables are made
which will be designated as (a3,T4); 1 =1, °°°, n. 4 single functionm, F,
relates these variables and the two parameters, (I and B » for which one

wishes estimates. The function is:

F(a.T,CL,,G) =0 +QR+ (,G-aa)r - 2a,8= 0. (9%)
Estimates of the parameters may be found, which will be designated by a
and B » based on the principle of least squares. The least squares adjust-
ed values of the variable T will be designated by Ei‘ The a variable will
be assumed to be exact. The residual of the ith measurement is given by:

v, = (1y-T,) . (95)
Assuming that satisfactory first approximations for the parameters,
QA ° and ,8 ©, are obtainable, the differences between these first approxi-
mations and the least squares values are given by:
Aa = (@°-Q) (96)
and
AL = (3L . (97)
The mathematical statement of the least squares problem is that one

desires to obtain a minimization of the sum of the weighted squares of the
residuals, that is, one seeks a minimization of:

5= .wi\l'i . (98)

B M
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subject to the restricting equations:
Fi(ai,'r'i.a.ﬁ) =0 ; i=1, ", n. (99)

The weights are defined by:

a.?

W. = ® (100)
i O--2
i

where Jj 1s the standard deviation of the ith measurement of T; and T,
is, by definition, the standard deviation of a measured value of unit
weight, In practice, however, U 02 is an arbitrary constant which is
chosen to make the magnitude of the weights convenient, and which will not
effect the value of any quantity determined by the method,

The solution of the problem is simplified considerably if the restrice-
ting Equations 99 are linear with respect to both variables and parameters.
(0f course, Equation 94 is linear in the parameters and could be treated as
a function of the form: y = Bx + (C, Such a treatment would, however, in-
volve variables of little physical significance, Furthermore, both vari-
ables would be functions of T which would force one to consider both x and
y subject to error ~ a problem of considerable complexity.) To simplify
the restricting equations, one expands in a Taylor serios about the point
(ai.‘l‘i,(lo.,B°) and truncates the series after the first order terms, The

Taylor series expansion of the restricting Equations 99 is of the form:

Fi(aio-fioavﬁ) = Foi(aioTioaov,Bo) + FiT@i-Ti) +
F, @-a°)+Fr, (3-0° (101)

where:
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B " (SFi/ST)I(ai.Ti'ao"BO) ; (102)
FiB = (SFi/SB)I(ai’Ti'ao'Bo) . o (108)

In terms of the residuals of Equation 95, and of the differences of Equa-
tions 96 and 97, Equation 101 becomes:

Fy(ay,T4,Q .ﬁ) = F°i(ai.Ti,CL°,,8°) - Fy ¥y - By Aa -F A % AL (05

which ylelds the reduced restricting equations:
F°i(ai.Ti,O.°,B°) =Ry Vst FiaACL + Fi,BA’B; i=1, **°, n, (106)

Now, in order for S of Equation 98 to be a minimm, it is necessary
that:
Ss/SVi = 2§i;wivi =0, | (107)
or, it must be that:
ds = (83/8vi) v, = 0. (108)

Combination of Equations 107 and 108 yields:
3ds = zw Vv, = 0. (109)

The variations in the residuals, dVi. must satisfy the differential of the
restricting Equations 106, thus:
Fi dv, + Fi aAa + FileAB =0 ; i=t, **°, n. (110)

'mﬂn en'lnf-irw\ n-“ +'ho pnf\k'lm o) now mran AP asdd alrdurs Daseadt aan 1AO ——ta A e

Waew Wa Uy weea.) smeepy -\1-07‘\'“ Vg WM e

to the restricting Equations 110,
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Introduction of n arbitrary multipliers, -)\1. eee, ->\n. and multi-
plication of each times Equations 110 yields:

ii.ri

Addition of Eguations 111 and Equations 109, foillowed by collection of

A, F, dv,- )\iyiadAa - XiFinAB= 0; i=1, ', m (111)

coefficients of the c¢ifferentials, gives:
(VoA Fy JaV= SN F, dAQ = SAF, 08 =0. (112)
iii 1 iq iiiiCL 11118

In order to have a meaningful solution of Zuation 112, the coefficient of

each differential must equal zero, that is:

wvi-)\iri;o it (113)
)\ F. =0 (114)
21 i
)\iFiB =0, (115)
Equations 113 can be solved for the residuals, yielding:
A\ifs
T
=i i=1, 0, n (116)

Substitution of these values into the restricting Equations 106 gives:

Ay (Fy )2
Foi(ainTivaovBo) = 1T

Introduction of the definition:

+RAa + FiBAB (117)

’ (118)

followed by its substitution into Ejuation 117, yields, after rearrange-

.ment:
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I

The )\i can be aliminated by substitution of Eguation 119 invo Equations

Ay =i (7R A -FiBAB) : (119)

114 and 115 to yield:

F, F F. F F, F°
1~°4 i i~" 3
5 —= CLAG,+ZEL-1—‘QA,B=Z q_ (120)

and
F, AF F, oF F F°i
Z—i%C—LAa + 2—1%:@&.8‘ Z—i%—- . (121)
i ' i M i

These are the normal equations and are simply a pair of linear equations
which can be solved for ACl and AB .

For the purpose of continuing, Equations 120 and 121 are now written
as:

b, A0 + b12A,B = c, (122)

and

b AQ + b, A8 =, (123)

The corresponding elements of the matrix inverse to the coefficient matrix
for Equations 122 and 123 are given the symbols: dld' From the inverse
matrix, it can easily be shown that:

A = dyqeq *+ 4y, (12%)

A8 = dpgeq + dppe, (125)
The desired parameter astimatas ara than ealewlated from Fhuatione 04 and

97. The utility of the inverse matrix solution rests in the fact that the
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variances of the parameters are simply givem by:

g-2=4d

a “O‘OZ (126)

and

T3% = 407 (127)
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