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SUElSTI[TUl'IOlN REACTIONS OF D I C I I Z O ~ O ( E T H X L B ~ I E ~ I ~ ~ E )  PLATE\JUI~(II) " 
. . . .  . - . 

Ronald Franlc Co2.e~ 

Viaex- the  supervision of: )?on S ,  Mwtin, Jr, 
fiox %he Dopashent of Cha$istyy 

Iowa S ta t e  UXliversiLy of Scimcs and Technology 

'. Kinetics and equ.ili.bpia fop the  successive aquation reactions of 

dichloro(ethy1.~~1ediam3fie)~1a-i,~1~~() have beat sLudied spactr~pholomo%~ic- 

a l ly  and by means of t i t r a t i o n s  of the  acidic protons on the H2Q Ugands 

f onmed according t o  the  reactions : 

Titrat ions of equilibrium solwbions were peri'orind over the range of 1 0 ~  M 

, t o  10-3 '1 t o W  complex concentration a t  an ionic  strength of 0,318 1 f o r  

2 . 5 ' ~ ~  30" and 335'~. For 25'~: K, = 2.19 k 0.1 1 x 10'3 M; AHO! = k . ,  k c a l  

molem1 and K2 = 1.43 2 0.11 x 1 od) M; Iio2 = -1 kcal molem1. Values f o r  

k and km2 ware detenained spectro~~hotometsicaUy from tho rolaxaLion -1 

periods when high chloride concentrations were added t o  equilibrium sobu- 

lo-' set"' 1 ~ 1  Values f o r  kl were determined spectrophotometrically and 

froin pH-stat studies in basic soluti.ons. Fron the values f o r  the  concan- 

t r a t ion  equilibrium quotient and the  spec i f ic  r a t e  constant for  anation of 

* 
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the  diaquo species, the rate constant k2 was evaluated. At 25'~: kl = 

3.4 f O,4 x 10-5 sec-'; % = 4.45 :'-. 0.61 x 10-5 sec"' with the associated 

ectitvztion parameters: AH' = 21 k c d  molem1; AH" = 8 k c d  mole"'; 
1 2 

As'':1 = -16 0 ~ ;  QS12 = -51 eu, 



. . I, INTRODUCTION 

A. Nature and Purpose o f . t h e  Research 

The subject of t l i s  h v e s t i g a t f ~ o n  i s  the successivs aquation roact ioi~s 

of dichloro ( e ~ b h y l e n 6 d i ~ e ) P ~ a t i n ~ ~ m ( ~ ~ )  [ ptc12 (en)] , and tho chloride an- 

s t ion  of the  resul tant  aquo complex~s. Tha chemical system of in t e r& may 

be described by the reversible reaction sequence: 

1 
. [ ~ t C l i ( s n ) ]  M2° --'. [ P ~ C L ( H ~ O )  (en)] " i- CX' ; K1 ; ( 4  

.k - 1 

This research has as its m i n  objective the  deterdna'cion of the  spec i f ic  , 

r a t e  constants, kl ,  kmI, k2' and k_2t and of the  related conceatration 

equilibrium quotients, K, 2nd K2. 

B o  ~a,ck&ound Pertaining t o  Spectra 

Since many of the  kinat ic  studies which were conducted during the  

course of t h i s  vmsk involved u t i l i za t ion  of the electronic absorption 

spectra of the  complex species, and since cer tain fascinating spec t ra l  

phenomena 1.ese observed by t h i s  worker, it seems pertinent, and ' interest ing 

in i t s e l f ,  t o  br ie f ly  outline the  development of the  thsory of. such spectra 
- . .. --. - 

,.; .:7: .. ,. 
. - . : as related to square-planar compl&ces of plnt)num(~I) .  Such complexes have 

been known t o  ex i s t  a t  l e a s t  since 1828 &en ' ~ a ~ n u s  (1 ) prepared the  deeply 

colored, green s a l t  .which i s  now kno~m t o  be [ P C ( I J H ~ ) ~ + ] ( P ~ C ~ ~ ] .  , The pos- 

s i b i l i t y  of the square-planar configuration, as an a l te rna t ive  f o r  the  

tetrahedral '  configuration, was M r s t  proposed by ALfred b7eriier (2) i n  4893, 

One of the f i r s t  steps towards the description of electronic absorption 



.spectra was an e lec t ros ta t ic  or  Crystal Field 'Theory (cFT) such a s  t h a t  

dnich u t i l i zed  by Bethe (3 ) ,  Il,se and Hatraann (4), and others,  applied ' 

CFT t o  coordination cornpourads, TA i t s  original  foxrfl, CFT considered t h a t  

' the  ligands seemed t o  provide'an e lec t ros ta t ic  field s.rMch perturbed tho 

o rb i t a l s  of a ceiatral metal. ion, C o n s q u a ~ t l y ,  bondiag, especially tho CO- 

valont contribution t o  the  bonds, was igno~ed,  Then applied t o  coordina- 

t ion  complexes i n  solution, t he  thoo.ry i s  usually ter?ncd Ligand Field 

Theo~y (LFT), 

An a l te rna t ive  treatnion-t u t i l i zed  techniques developed by Hiiekel (5) 

f o r  conjugated organic systems t o  provide a lgolecular o rb i t a l  (NO) descrip- 

' t ion f o r  coordination corapounds, This method involves l i nea r  combinations . 
J of a t o n ~ c  o rb i t a l s  (LCAO), Wolfsberg ancd Helmholz (6) used such an extended 

Hiicltel model jn applications t o  some tetrahedral. ions, Their approach i s  

sometimes ~efer reol  t o  as  the MuUikenW?7olfsberg-Hew012 (lflfi~) method, The 

PIW)I method has been modified by Ballhausen and Gray (7) and subsequently 

appl ieci to  a nunber of t rans i t ion  metal coniplexos. Some authors have 

questioned the  r e l i a b i l i t y  of the  PkTd method i n  such appl-ications, and con- 

siderable con1;roversy has appeared in the  l i t e r a t u r e  among the  opinions of 

Gray, I)alLhauaei~, et al. (7-1 0 )  ; Cotton, Herrio, & &a (1 1-1 3) 1 a d *  
1 

, Fenske, & &, (14-16), 

Util izing e i ther  NO o r  LFT one can attempt t o  explain the  electronic  

absorption spectra of ~ ~ u a r & - ~ l a n a r  complexes, such as [ P t C l & ]  2oe For pur- 

poses of the follordng discussion, the  bigands have been chosen t o  l i e  

along tho x and y axes of a right-handed Cartesian coordinate system with 

the  platinum atom located a t  t h e  origin, Such square-planar conplexes, 

with four equivalen'c'ligands, belong t o  the point group Dltho Considering 



the  If0 'approach, i f  one used a s  a basis  s e t  the  (n-4 )d, ns,  e.nd np illeta1 

a t o ~ c  o r b i t d s  (AO), .and the  ns and np ligand AO, using group t h e o s e t i c d  

principles ( 1  7), one can obtixin . the  !!,~;gmmetry-ada~%e~~ L i g a ~ d  rnalsc~alar 

o rb i t a l s  (LYO) ad. t he  l~symme"cy-adaptscll~ mstnll, ataxic o ~ b i t d s  (NAO), . The 

one-electron MO% f o r  the  co:~~plex a r e  then constmcted a s  Jinoar combina- 

%ions of "che .TbiO s a1d the  1UQ s , d1esei.n s p ~ e t r y  considerafxions prohibit  

combbat-ion of coiliponents which belong t o  d i f fe rent  hreducible  rapres eiiz- 

t a t ions  of the  group, 1 

I n  terms of LFT, t he  absorption spectra from t rans i t ions  within 

the  metal dl-orbital levels.  According t o  FFIO,theory, those t rans i t ions  

occur among the 140 bevels ~d l i ch  a r e  predominantly metal d-orbital  char- 
. . 

ac ter ,  Thus, it i s  qual i ta t ive ly  correct t o  correlate  the  MQ l eve l s  ~ 5 t h  

the  LFT d-orbital  leve lso  

Again, i n  t e m ' o f  LF'T, t h e  ac tua l  ordering of the d-orbital  leve ls  i n  

such complexes can be approximated frorri a simple e lec t ros ta t ic  approach, 

Thus, i f  one considers forining a sq~we-p lana r  e lec t ros ta t ic  f i e l d  by re- 

moving Lle charges from along t h e  z-axis of an octahedral field, one ex- 

pects a progressive s h i f t  i n  t h e  dl-orbital energy leve ls  a s  indicated % 

f igure  I ,  K t h i s  f igure,  the  e f f ec t  has been indicated a t  three stageso 

The question rernains f o r  experiment and theore t ica l  calculations t o  deter- 

.mine which coiiiguration of Figure I applies t o  square-planar coinplexes, 

The s t a t e  of the  theoiy i s  such t h a t  it i s  not possible t o  provide a dis- 

t inc t ion  betwean the possible ordsr:i.ngs of Figure 1, 

In the  past,  various m r k e r s  have proposed ordering A ,(.I 8). .Others 
- .  

have proposed .configuration B ( B 9  193. S t i l l  others have suggested that . .. . . .- .- . - - -. - . 

configuration C best reprosents the physical s i tua t ion  i n  square-planar 



f igure  1, Qual i ta t ive e f fec t  on the  d orb i t a l s  a t  various'stages of re- 
moving the  charges from aloilg. t he  1;-axis of an octahedral. . f i e ld  

complexes (10, 12, 20), The question of energy. l eve l  ordering f o r  the  

[ptc$l2- ion was not resolved u n t i l  low temperature spectra using pol&- 

ized l i g h t  were andysized f o r  s ingle  crystals  of.  I ( z [ P ~ c ~ ~ ]  (21 ). Such 

. . spectra, when considered i n  conjunction with tho magnetic c i rcu lar  dichro-' 

i s m  s tudies  of Martin, -- e t  al, (22), l a t e r .  corroborated by licCaff ery, Scha'te 

and Stephens (23), have provided r a the r  decisive support f o r  the  ordering C 

of f igure  1, Mason and Gray (24) have recently reported r e su l t s  of spectra 

f o r  square-planar coniplexes recorded i n  non-aqueous iaaedia r..hi.ch they inter- 
. . . . 

.. . 

preted according t o  ordering C, It now seems t h a t . t h e  l a t t e r  ordering of 

figure 1 i s  comnody accepted a s  the  best  approxinlation t o  .the physical 

r ea l i ty  ffo [ P ~ c & ] ~ - .  



A Gaussian analysis of the  spec t rm of [ R C ~ J + ] ~ P  in aqueous solution 

shorss two moderately intense bands which are  associated with tho si.ngl&t- 

2 '  s ing le t  xy 4- 2 - y  and (xs , y z  ) -. x2-y2 .kransit.ions. ma -bm c ~ ~ ~ ~ s p o n d i n p  

spin-forbidden t rans i t ions  are assrigized t o  the  .-i;~.zo loss tmtenso pcaks a'c 

longer wavelengths. Presumably, t he  spin-allowed z2 4, x2-9 tl.ansition 

energy is -such tbxt the  associatad band i s  &ked by tho in tens i ty  of kha 

charge t ransfer  band. 14a"ason and Gray (24), for exibvlplc, on t h e  basis of ' 

t h e i r  mrk i n  non-aqueous media, have assigned the  z2 -> Pwy2 band in the 

-region o f , t h e  charge t ransfer  band, . . .. . . 

Chatt, Gamen and Orgel (20) s t a t e  t h a t  since the  positions of the  

absorption bands fo r  the e n t i r e  se r i e s  of Pt(11) chhoro-&ne complexes 

show regular s h i f t s  t o  shorter wavelengtl~s a s .  the  chloride hlgands axe 

successively replaced by anunonia ligands, one can generalize the  descrip-,  

t i on  used f o r  [PtCl,+]2m onto the  en t i r e  series.  These workers continue by 

s t a t ing  t h a t  t he  lor,rer s p n e t r y  of some of the  complexes i s  expected t o  

only s l igh t ly  modify the  character of the  o rb i t a l s  involved, Thus, they 

conclude, the approrrin~te description of the  d - i d  t rans i t ions  r e t a ins  i t s  

meaning, In fac t ,  however, t he  differences may not be a s  subt le  a s  the  

aLuvo slattuuull; L q ~ l l u s .  Cui~sic lur ,  f u r  exa~~pla ,  cir;=[RCl,(i~11 ) 1. ~ d ~ i c h  3 2  
has CZv symmetry. For iuch a  complex^ the  qoordinate system of Figure 2 i s  

acceptably consistent with t he  convention of taldng the  z-axis as  the  major 

ro ta t iona l  a A s ,  Such a choice of axes r e su l t s  in a correlation between 

the  d o rb i t a l s  in and CZv symmetries a s  indicated by the  diagrzm of 

Table I.  As one can see, t h e  description of t rans i t ions  i n  CZv spmetsy 
- . . 

i n  t e r m  of the related d 4-d t rans i t ions  i n  Dbh symmetry i s  indeed approx- - - .- . - . . . . . - . 

imate. It d s o  seam pertinent t o  note t h a t  tho nietal p,, py m d p Z  or- 



F'igure 2, ' Coordinate systau f o r  square-phnzr PL(II) cci~lplex tfi'th CZv 
sgmmetx~y, For t he  discussion herain present&, A = IH3 

Table 4 ,  Correlation betmen d orb i t a l s  in Dbh and 62, synmetpies 
- -- -- -- 

Dbh representations and orb i t a l s  CZv representstions and orbithas 

, . 

b i t a l s  transform a s  b l ,  b2 and a l ,  respectively, i n  C2v syrmletryo T h i s  

r e su l t s  i n  some mixing of p and d o rb i t a l s  which should provide a rcchaaxism 

f o r  band in tens i f ica t ion  even without invoking vibsonic coup-Ung, In f ac t ,  

the i n t e n s i t i e s  of the  bands f o r  & - [ R c ~ ~ ( N H ~ ) ~ ]  are soiordmt greater  

than the  observed in t ens i t i e s  of the  [I%cl4l2- bands (20 ) .  h r th&more .  

one can predict  the polarization of e l e c t r i c  dipole t raas i t ions  under CZv 

symmetry, Using the  two hole formalism.for R(II), one can eas i ly  derive 

the  select ion ru les  of Table Z 0  Thus, i f  one were fortunate. enough t o  have 

available s ingle  c rys ta l s  i n  which the molecular plane was.. oriented perpen- 

dicular  t o  the c rys t a l  surface, s tudies  of absorption spectra using polar- 



Table 2. Selection rules  f o r ,  e l ec t r i c  dipole t ransi t ions for gt(11) com- 
plexes of C2, symetry 

Traxlsi.l;%on x , Y z 
- 

Bl i AI , . allowed . f srbiddsn forbidden 

182 + A, f osbidden fo~biddoit f osbid-den 

B2 -? kl forbidden aUowed ' forbiddon 

. ised l i g h t  could provide v&ablo infornitxion p o r t i n a t  t o  the  assignment , 

of absorption bands, 

C. Background Pertaining t o  Kinetics and.' Elpi.Ubapia 

A very la rge  nuinber of Idnotic s W e s  of subst i tut ion reactions ~f 

square-planar P t  (11) co~nplexes has beera reported i n  the Literature,  The 

development of such work has been presented i n  review a r t i c l e s  'and tex'cs 

(25-28). I n  a recent review a r t i c l e ,  Martin (29) has outlined t h e  devel- 

opment of theories related t o  ligand subst i tut ion reactions of square- 

planar complexes of platinu~(11). 

It i s  now generally a c ~ & ~ t e d ~ t h a t  Pt(11) conplaxes undergo bigand 

sub$titution by an associative nucleophilic displacen~snt process involrilag ' 
, 

a . five-coofiinated t rans i t ion  s t a tg  of roughly t r i g o ~ i d  bipyramidab conf ig- 

uration, A s  indicated by the  reactions of Quat ions I and 2, such ligand 

substitution, processes may be reversible,  resul t ing in the  establishment of: 

equilibria. To shnplify the t r e a t ~ ~ l e ~ l t  of the  kinetics,  it is  eonunon t o  

study sucta Jigand substi tution reactions under pseud.0 first-orclcr condi- 

t ions,  Such u t i l i za t ion  of a la rge  excess of the  nucleophile may drive the  

ligand exchange near enough t o  colnpletion t o  pernlit the' neglecting -of the 



8 . . 

I I 
reversibi l i ty ,  Then, i f  the  r a t e  of replacelnent of  a solvent ligand by tho 

I nucleopkile . i s  suff.iciently rapid, the  concentration of solveiit-containing' 

species may be held insignific,mt,  Under sucla conditions, one obtains the 

r a t e  lar.7 f o r  ~dnat i s  considered t o  be the  norulal mode of l i g m d  ctibs.titu- 

t i o n  reactions fop Pt(11) comnplexss, namely: Rate = courlplex (lc -+ k Y). 
1 Y 

The constant k, is tlie specif ic  r a t e  constant fo r  ligand subst i tut ion by 

solvent ~.ahich i s  then ~ rap i .~ ly  replaced by the  nucleophile; t h e  caris-tmt k 
Y 

r e f e r s  t o  the  d i r ec t  subst i tut ion by the  nucleophi2e0 

. - The question of ~dnether o'r.not substi-tution reactions of square-planar 

coslplexes of p l a t i n u m ( ~ ~ )  involve a t r igonal  bipyramidA interniediate has 

been discussed by Langford a ~ d  Gray (28), These authors propose the  oxis- 

tence o f s u c h  an intermediate since the  resultant mechanism i s  able  t o  

account f o r  a l l  available dataB 

Seelcjllg an o d e r i n g  of nucleophiles i n  ternis of t h e i r  r eac t iv i t i e s ,  

and desiring t o  observe the e f f ec t  of changins the  substrate platinum com- 

plex on r eac t iv i t i e s ,  Belluco, -- e t  a l ,  (30) defined a nuclleophilic reactiv- 

i t y ,  npt. a s  log (%/kl ) f o r  t r ~ n s -  [PtCIZ(py)Z] (py = pyridine) i n  incthanob 

a t  3 0 ~ 0 ~ ~ .  They noted t h a t  f o r  several other neutral  substpates the  data 

was tiell represented by the  expression: b g ( k y / k l  )i = sinpt + 

where si was cal led the  nucleophilic d i s c r ~ n i n a t i o n  fac tor  f o r  t h e  i t h  

substrate,  Their ordering of nucleopl~iles was i n  agreement xJjlt!i t he  "hard 

and softt l  concept of acid and bases which had been proposed by Peasson 

(31 ). For e ~ m p l e ,  ligand replacement by hydroxide, which i s  norlnally con- 

sidered t o  be a strong nucleophile, i s  immeasurably s1or.r f o r  the  "softt1 

Pt(I1.) coriplexes when colnparecl with the solvation process in aqueous media, 

, Finally, it niust be noted tha t  several exceptions t o  the I1normalH 



lbjigand replacement beharlor have been observed i n  isotopic exchange studies, 

Psotop3.c exchangs'of Ligmds i s  usually consids~ad t o  be only a s p e c i d  

Case o;? Aigauci ex~hangs ;  h.or.?cveLe , hlvos'tf gatkIki',s ~i?.'i;sid~ th8 ]CI\GGZT$O f i~8 ' t -  

(32-34) 0 

Concen.l;ra.i;ioxb equXLib8-l.m1 quotiszats assocfa-tsd r l ~ " J 1  I . i gad  substi tu- 

t i o n  reactions which few q u o  species haw benn d b l c r b d  by a variety of 

methods, Grinberg and Shagisdtanova (35) utilkeed t i t r a t i o n  of - b h ~  aqua 

. coapbexes wi-C;k hydroadds, a s  did Nikobeva and Fastukhova (36)0 &I the' - --- . '  

application of a tietrimetric method, Grantham, EXIei113.n and P k r k i n  (37) 

,found tha% it I.SS necessary Lo correct t i t r a t i o n  d a b  f o r  the amourat of 
. . - - 

hyClBPoXys%s which had o c c w d  during the t i t r a t i o n o  kkr.tin & &, (37A2) 

have -used this method f o r  the  e n t i r e  chloroammins ser ies  of Pt(11) compbexes, 

as w e l l  a s  f o r  some bromo eonplexes (33, .43). A radiochemical technique 

provided I%rtira and Bahn ('4-4) with a d i r e c t  measuponant of the equklibr im 

quotient f o r  the aquation reaction of [ ~ ~ r ( d i e ~ ) ] "  (dim = d ie tk~y lens t~h-  

mine),  Elding and Leden ( k 5 )  have u t i l i zed  syset~ophotometsic measurements 

with the  subssquent zpfiicat'lon of the  method of cossesponding solut io~as 

(46) Lo determine the concen-tration equf l ibr iu i  quotients fox. the aquation 

reactions of [~1~1~]'-, They also de terdned the  constant f o r  tho second 

s tep  from~spectrophotorfietric measuremmts foUo~&g anion exchange separ- 

a t ion of negatively charged species from unchargsd spseieso Their value 

fo r  t h e  cozicentration qu i l ibp ium quotient f o r  the  %bst  aquation react ion.  

agreed well. with the  r a t i o  of the  fomiard and reverse r a t e  constants which 

they indepexbclently measured. WpicaUy, such determhations have fielded 

values fo r  concentration equilibrium quotients with errors  of the order of 



ten percentt. Possibly the spe&t~Okl~o~ometr ic  method of deiennining succes- 

sive fom- t ion  coistants described by Ne~~rman and Hutno (47) deserves sorne 

a-t'ten.tion, 
. . 



The method described by B?.solo, Bailer and. Tars (15.8) m s  usecl., i n  a 

s l i g h t l y  modified Sow, to prepare [Pt~l~(en)]. Onc lnodification cons'is'ced 

of dissolving the  s ta r t ing .  material, K ~ [ P ~ c L ~ ] ,  i n  00,5 51 HCL, ra ther  thzn 

,in water, and adding enough 5$ aqueous e'chylenecaiamjlle t o  both ne\a'Lr&ze 

the  acid a d  effect 80$ coziversion, h s t e z d  of adding p&ttions of the 

. . ethylsnediamine and occasion;rlly s t i r r i n g ,  the  ethylonedinmine i ~ a  s allorred 

t o  slowly d r ip  frofil a buret te  i n t o  the  K ~ [ P ~ c L ~ ]  solution over a period of 

several  hours with constant s t i r r ing ,  The process was interrupted every 

hour o r  so and t he  procluc.t was collected, . Usuall.y, the last f r ac t ion  con- 

t a ined  the  cooldination polymer. [Pt  (en)2] [Pi;C14], and w a s  theref ore dis- 

. carded. The yield of small, yellowgreen crys ta l s  was typical ly  about 60$. 

The product from such preparations was recrys'tallieed, in s m a l l  por- 

t ions ,  from water t o  which chloride had been added, A satisfactory, a l -  

though slow, r e c r y s t ~ z a t i o n  procdure consisted of adding about 0,5 gram 

of t h e  compound t o  a bealcer containing 200 ml of 0,05 M HC1 and warming t o  

65'~ i n  a water bath with constant stirring,  enpe per at uses much greater  

than 7.5'~ resulted i n  decomposition, a s  evidenced by the  deposition of a 

I 
platinum mirror on the  beaker,) After one or  two hours, the  solut ion was 

rapidly f i l t e r e d  through a stearn-heated Biichner furuiel, poused i n t o  a p e t r i  

dish and covered, Crystall ization proceeded rapidly a t  first, then more 

s l o r ~ l y  ' f o r  the next several days, The resu l tan t  bright y e U o ~ ~  needles Irere 

collected by f i l t r a t i o n ,  washed with 0.05 $1 HC1,  alcohol and ether,  respec- 
. . 

t ive ly ,  The recrys ta l l iza t ion  yield was also about 60$, 

The [I%cl2(en)] which vras used f o r  the studies described in t h i s  ~ ~ m r k  



came from t r ~ o  preparationso The analyses f o r  these preparations ' a r e  given 

Table 3, Resu2ts of elemental analyses f o r  'the two preparations of 'Ule 

complex, [ ~ t ~ l . ~ ( e n ) ] ,  used f o r  s.tudLos described i n  this K Z ~ O ~ ~ C O  . . 

Analyses were performed by Clark Microanalyticab Laboratory, 
' 

. Urbana, I l l i n o i s o  The listed analytical. resu l t s  f o r  the  recrys- 

taULzed product 02 the  first preparation ace average ~ a l u e s  f o r  

two determinations of each element 

Element . $ analy'cicd $ analyt ical  $I calculated 
(crude product ) ( recrys ta l l ie  ed ) 

Platinum 59044 
Carbon 7054- 
Hydrogen 20 57 
Nitrogen 8,22 
Chlorine 21.99 

Platinum 60.16 59035 59,82 
Carbon . 70 53 7042 70 37 
Hydrogen 2,43 2,49 z047 
Nitagog en 8,66 8,89 80 59 
CMosho 21 083 22,06 21 .71+. 

fithough, t o  w i t h i n  the  accuracy of such analyses, one could say t h a t  . 

t he  complex was recrystal l ized t o  constant composition, it i s  recognized 

t h a t  one main impwity i s  a coordination polymer and therefore .would be 

und.etectiblc by. elemental analysis, I n  cases such a s  '%his, perhaps the  11x7 

absorption spectrum provides a be t t e r  c r i t e r ion  of purity than does the  

elemental analysis, Since the  absorption a t  a valley i n  such spectra i s  

highly sens i t ive  t o  impurit ies,  it i s  customary t o  use the r a t i o  of absorb- 

ances, nieasued a t  a m ~ n w  and a t  a m i n i m u m  ' ( the pealc t o  val ley ra t io) , ,  

a s  a c r i t e r ion  of purity. For [ ~ t ~ l ~ ( o n ) ]  , the  peak (300 hm) t o  val ley 



(245 nm) r a t i o  increases rnarkecUly upon rec rys td l i za t ion ,  I n  some cases 

t h i s  increase amounted t o  a fac tor  03 two o r  three. A peak t o  va,lley r a t i o  

of appl~oxLsaate1y seven has been aec ept r d  by this worker a s  repres en'cative 

of pure [gtCl2(en)] (>gg$). 

The ethylen&iami.ne rd~ich was used i n  the .preparations of the  complex 

had been freshly d i s t i l l e d  using a fractionating column packed with 418 

inch g lass  helices; The boiling point range 02 the  orgmic f rac t ion  rzlich 

was collected from such d i s t i l l a t i o n s  was 4 16~5-11 7 ,0°~ ,  Tne 5$ aqueous 

e t k j ~ e n e d i m l n e  so1ui;ions were prepared as soon as possible a f t e r  d is t ib-  

bation since such d i l u t e  solutions wese mora resis'i;ant to~aazd decomposition 

t'nan was the pure organic, 

The K2[PtC14] was prepared froin iridium-free ~ ~ [ P t c l ~ ]  (39) b y  reduc- 

t ion  with freshly prepared SO2 solution according Lo tne method of KeUer 

(49) 0 

ALL other reagents were analyt ical  reagent grade c l ~ & c d s  which were 

ce r t i f i ed  t o  meet A. C, -S. standards, A l l  water was drawn from tlae labor- 

atory d i s t i l l e d  water tag, r ed i s t i l l ed  from a l k d i n e  pennanganqtg and a g a h  

d i s t i l l e d  through a fractionating column, 

Weighings of s e l t s  used f o r  ionic  strength adjustment were p,erfonned 

on an Ohaus llCmt-O-Gsamll t r i p l e  beam balance, Nodel 311, This i s  a 311 

gram capacity balance calibrated t o  0,01 gram units,  %@a precise weighings 

of small quant i t ies  were desired, such as  v~eighings of the co;nplex, a Sar- 

t o r ius  s ingle  pan analyt ical  balance, llodel 2404, was used, This device i s  

a 100 gsani capacity, f ive  place, d i g i t a l  read-out balance with a precision 

(standard deviation) of * 0,04 mg. 

The acid-base t i t r a t i o n s  and the pH-stat studios were conducted using 



a Radiometer SBBC/.ABU~ C / T ' G A ~  automatic recording t i t r a t i o n  apparatus i n  

conjunction with e i the r  a 2,500 ml buret te  wit11 an accuracy of 2.5 ,p1 .k 
0.5$ o r  a 0.2500 ml bure t te  with an accuracy of 1 /.Ll + 0,?$. Tho t i t r a t i o n  

vessel xas equipped ~~xit11 a vater jacket f o r  teapgra.i;ur@ cbntspob and ~ d k h  a 

gas i n l e t  tube f o r  atmosphere control, In all. such studies,  a s l i g h t  posi- 

t i v e  .psrossure was nidntained i n  the  vessel by bubSLing grade tlA1t pu-a.5fied 

nitrogen through the  solution 4 a l l o i h g  the gas t o  escape through tho 

declrocle and gas i n l e t  f i t t = ~ g s .  Pr ior  t o  admission i n t o  the  vessel,  tho 

nitrogen was passed through a tower containing Ascarniteo -- - .- . -. . 

The coiistant temperature baths were Sargent water baths controlled by 

Sargent nlicro-set thernloreg~daioss, relays and coinbina.Lion circu2ating- 

heating to.wers, . FOP 25,0°c and 3 0 ~ 0 ~ ~  a cold -tap prater cooling c o i l  was 

a lso  employed, The desired temperature was s e t  t o  match the  corrected 

reading on a O,lOc thermometer which had bean calibrated by the  National 

Bureau of ~ t k d a l d s ,  A t  25. OOC and ~ O . O ~ C ,  t he  temperature var iat ions i n  

the  baths  were l e s s  than 2 o , o ~ ~ c ,  a s  measured by a B e c k  six degree d i f -  

f e ren t i a l  thermolneter which was cal ibrated i n  0,Ol OC uni ts ,  A t  35,0°c, tho 

temperature was controlled ' t o  within 2 0,08°C, as measured by a 0,1 OC ther- 

Spectra and absorbance .measurements were ' recorded using a Cary 14 

spectrophoto~neter with the hydrogen lamp l i g h t  sourco, All spectrophoto- 

metric c e l l s  had s i l i c a  optical, windows aad knotm path lengths, Reference 

solutions contained a l l  e lectrolytes  and reagents, except the  complex, in 

the same concentrations as  the  sample solutions, Absorbance data  were 

always h d e  r e l a t ive  t o  base l i n e  which had been recorded using the  appro- 

p r i a t e  reference solution i n  both the  sample and the reference c e l l s ,  



Stopped-flow experiments ut i l i zed  a Durrarn-Gibson stoppeal-flow spec- 

trophotometer i n  conjunction with a Tetronix, type 5&, s torage o sc i l l o -  

scope, PhoLogrzphs of oscil loscope t r a ce s  were made with a Polaroid Land 
.- . . . 

camera, 
. -  . . .. .- 



Tho qual ioa.  concewt~alion q,uiIib~.xiun; quo"b6nt s vrero dot omriain& v& 

potentioraetric ' t i t ra t ions of quiLibrimti soluLiofis, &C each L m p e ~ ~ s t u r e  

studied, solutions of six di f ferent  t o t a l  csinpbex concentrations xiere 

ti tra ' ted.  The ionic  strength was m x i a t h e d  a t  0,318 PS by the  addition 02 

NaCa04; the  contribution t o  tlia ion ic  strength of the  various conplex 

p s e i e s  bras neglected, H a h g  been p ~ e p a r d  by tho conca t sa t& sodiwn 
.. . . .-,. . , -.. . . -- -- -- . . . . - . -. -- .- - - . - .- 

h y d r o ~ d e  rtiethod (SO), the  NaOH titraaat ~72s ca~bonate-f~sa, .  The t B t ~ a n C 6  

was stored under nii;rogen, andl a72 titra't;ions were perfoxwed under a ni t ro-  

gen akaosphere, Standardization of the  NaOH r.ms acco~plishcd by t%'crat-ing 

solutions of primary standa.ledl potassf ram acid ph thab te  (KIP) of colacm- 

t r a t ion  s imilar  t o  t h e  acid cosacentratio~ or" the  most concerxt,~ated qu%- 

. l ibrium complex solution, t h a t  is, about I x 10-3 M. The standard KHP 

solut ions were prepared by &ssolvb~g a weighed quan~ty  of tho soljid, 

primary standard KHP in the  same 0.318 M NaCL04 solution which rvas ussd to 

prepare 'the complex solutions, 

Tho complex solutions were prepared as follows: The solution of m a -  

h u m  concen t ra t i a~ ,  1 x 10-3 M, was prepared by placing a yeighsd quantity 

of so l id  [Pt~l~(en)J i n  a one l i t e r  volumetric flask and f i l l i n g  t o  the  

mark with 00.3'18 I$ NaC104 solution, A teflon-coated, magnetic s t i r r i n g  bar 

was iwtroducec', and the  f l a sk  was coveped rJiJ& 0paqu.e .'ape t o  exclucls 

l i gh t ,  The flaslc was then sealled ~ 5 t h  tape atad p l a c d  on a mecl~u~icd.= . 

magnetic s t i r r e r  a t  room temperature. To rninjlnize heating from the  elec- 

t r i c  s t i r r i n g  motor, two. layers  of 1/16 inch asbestos sheet 1~0re placed 

. , 



between tho f l a s k  and the  s t i r r e r  plateo Solutions reage s t i r r e d  f o r  a t  

l e a s t  12 hours, ( ~ o l ~ b 5 ~ l i t y  s tudies  had indicated %ha% this mouaa-b of 

tin1.e .ras' c a t  least  one and one-half .times t h a t  rqtxird t o  dis5olv~ all ' the 

amloved from tho s t i r ~ ~ e r  akd aJaos.red t o  cool fop a.t Least me houro !&0 

so l~i t ions  of lo~qer t o t a l  eonlplex concentrations. were. then'. prepared - by place 

in& aliquo.ts of the  1 , x 1 0-j M complex solution in 250 1113. volunret~.ic flasks 

and di lu t ing  t o  the  inark Kith the  0,318 # NaClQ4 rolu.tioil rjllch had bacn 

used t o  caksso%ve t h e  c o m p l ~ ,  The six f l a s k s  containing the complex solurn . 

'%ions were then covered rd th  opaque tape, sealed, placed in a cons-Laxla& 

temperature bath, and allor.Jad Lo equi l ibrate  fos I8 Lo 24 hours, 

Six complex solutions, together with a standard KHP solution, were 

t i t r a t e d  in sets ,  A s e t  of t l tratior2s consistsd of t ~ m  o r  three  standard-, 

izaLion t i t r a t i o n s  a d  two t i t r a t i o n s  of each compZex solut;ion, Such sets 

of t i t pa t ions  were repeated periodicaUy oves a 25 to 30 hour period until 

each'complex solution had been t i t r a t e d  abou3 t e n  timos, o r  until sa~inples 

were exhausted, The technique of simultaneous standardization %he 

temperature of measurement ( the  standard KliP having been kept in the con- 

stmt temperature bath a lso)  s e v d  t o  compeisate f o r  minor changes .in HaOH 

concentration, f o r  i n s t m e n t a l  drift, arad f o r  small v o l w  ~.YPOFS resul t -  

ing  from the  d i f fe rent  temperatures which'were studied, A l l  such s d  

er rors  were neglected, as were the  changes resul t ing from any ternperaturo 

deviation during t he  time in te rva l  between sample removal and . the end-point 

of the  t i t r a t i o n ,  The small, e r rors  resulting.from hjdrolysis  during t h e  

t i t r a t i o n  were a l so  ignored, The h t t e r  errops were, i f  f ac t ,  made neg2.i- 
. . . . 

gib le  by performing. the  t i t r a t i o n s  as rapidly as possible the  thhermo- 

, 



s ta ted  t i t r a t i o n  vesselo The t o t a l  time from sample atemoval t o  t h e  end- 

point of t h e  t i t ra , t ion was l e s s  than. three miav.tes, The ac tua l  t i t r a t i o n  

time required to reach the  cad-point was less '&an omo minute .ha a U  cases, 

Since, in tho pastD work~rs  :'~n this l abo r~ ,%o~y  had sbsemwd the e f fec t  

'of hydrolysis during s lorae~ t i t r a t i o a s  (371, i 'c seemed advisable t o  deman- 

..s%raLe %ha-t the .ti.-trztions perf om& by this worker rimre indeed rapid 

enough-to make such a c o ~ r e c t i o n  unnecossaqr, As. a check, therefore, some 

. t i t r a t ions  rfere perfomed a% a toJ68'b Litra.'Cfon tble of 2pproXiXIatd.y %T.,jcs 

t h a t  fi~entioned previously, The end-points of these slower kitratioas were 
. . 

in agseenent with the  rapid t i t r a t ions  t o  well a&thi.n one standard devi- 

a t ion  in a U  cases, Thus, the  epror introduced by hydrolysis during tho 

t i t r a t i o n s  performed by t h i s  worker has been shotm'to be':.negligible, 

B, Aquation Kinetics 

The aquation of [ ~ t c l ~ ( e n ) ]  was studied by two methods, both being 

subject t o  the same d i f f i cu l ty  - dissolution of the  compound, mema when 

ground t o  a fine powder, t he  compound is d i f f i c u l t  t o  dissobvo, A solu- 

b i u t y  study indicated that ;  a t  room temperatur&, the  mximm solubiajity 

of the  complex i s  d .5 x 10-3 M, Although 2 x 10-3 M solutions are yre- 

parable wL lh vigorous s t f ~ ~ i n g  for sevekial hours; such i s  the r e s u l t  OF the  

greater  so lubi l i ty  of the  aquo complaxes formed by the  hydrolysiso Mdit ion 

of ch lor ide , to  such solutions, wit21 the  subsequent reversal of t h e  aquation 

reactions, resu l t s  in precipi ta t ion of the  diehloso complex, Solubi l i ty  

s tudies  a l so  indicated t h a t  1 x 10-3 14 solutions wero at ta inable  within 

minutes, however, t h i s  did the  experbentor  no good slslco the  l a rge r  par- 

t i c l e s  of sol id  complex ranained undissolvsd, Apparently, . the soUd, pow- 

dered [PtC12(en)] i s  very r e s i s t an t  t o  wet t ing  a id  the unavoidable lumps 



which .f o m  in t he  poxder require several hours of s t i r r h g  f o r  d i s so lu t i  on, 

It trsas, P,hesefore, impossibLe t o  weigh a specif ic  a m ~ ~ m t  of tho compba, 

rapid.1.y dLseo1vo it, w r l  s.i;ucIg tho s u b s ~ q k n t  caqif-~tim, 

For: t h e  above reason, a ;rapid dissoJuk%o,r % S C I ~ L ~ ~ L I O  vas employed ~ Q P  

t he  aquation studies, This L e c h n i q u ~  consisted of ~ d h g  excess so l id  
. -- . . - - . . . 

[~t~l~(en)] t o  a so lu t ion  of i n e r t  .electroXyLe, 0.3'1 8 M HaC1Qk0 shaking 

for about 15. secoa~ds,, evad filtering, A saniple of t h e  f i l fc ra ts  f rorfi. such 

preparations was rapidly withdra~.m using a pipet  avad placed i n  t h e  spec- , 

trop11ottjmet~j.c CQU- ~b--~~~~-'~h~-~b~-L;FaL~on'~'vesssl~ depending upat tho. "exper- 

iment ts be conduc%sd, Such a method requixes., of course, a meax? of de- 

%ermLning the  complex concentra%ion, TQ accomplish Lhls end, solutkor~s of 

various [ ~ t ~ l ~ ( e n ) ]  concentrations wore prepared in 0,318 M KC1 and their  

spectra recorded, The Ugh chloride concentration mp1oyed f o r  these 

solutions essent ia l ly  suppressed the aquation reactions of Quat ions I a d  

2, Thus, such solutions provided a basis  f o r  the  spectropho%omnetric debs- 

mination of the  concentration of -5;h~ complex, The spectra of solutions 

varying i n  [ P t ~ l ~ ( e n ) ]  concentration in 0.318 If 1(C1 &e sham in Rigure 3. 

A p lo t  of the  absorbance at 300 nq exhibited by those solutionzs, versus 

the  concentration of Che complex, i s  show kn Figure 4, From such data, 

was calculated a value of 230 1 ~ '  dl f o r  the  molar e x t h c t i o n  coeff ic iai% 
- -  

of [ptc12(en)] a t  300 nm. This value was used f o r  the  spectrophotometric 

determigation of the complex concentration in solutions which were prepared 

by the  rapid dissolution technique, 

In the spectroEhotonietric method f o r  studying the  aquation, a sample 

prepared by the  rapid dissolution technique was placed i n  t h e  water-jacketed 
. . 

spectrophotometric c e l l ,  and the  spectmun was recorded periodically,  Since 



Figure 3. Absorption spectra of solutions of [ ~ ~ l ~ ( e n ) ]  in 0.318 1 KC~. 
h e  spectra were recorded a t  25.0'~ using 5.00' cm cel ls .  The 

base line was recorded with the 0,318 M KC1 solution in both 

reference and sample cel ls  
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[Ptc12(en)] concentration (14 x 103) 

Figure 4. Absorbance a t  300 m versus [Ptc12(en)] concentration. Data 

taken from the  spectra of Figure 3, Mote the  excellent adher- 

ence t o  Beert s law, whence: E = 230 f 2 IVY'~ cnml 



t h e  decrease in absorbance - a t  -300 m during 'the aquation was- ljvlear w i t h  

t i n e  . fo r  appa-oxknately , tlze P'irst hour of reaction, e,drap!l.tion t o  "e ero " 

-tf~:ie and- detorn~walion of an ini l fab slops were not &.:t%isWc, 1.b va,s 

possible Lo bsgin t h e  2irst s p e c . t ~ a l  rscoeding dal;hin s5.x ~niaau'tas aPLer 

~ s s o l u ' c i o n  of the complex, a'hQ circula.tioh of rprater froa the  themos ta t i c  

bath -i;hrough the c e l l  jacket estzbl.ished terporatura sqwiaibration of ' h e  

sample within f i f t een  1:I'hutes end kept "the t e u q e r a ~ u m  deviaa%i.ons during 

reactions t o  l e s s  than 0,1°6, 

.. - . . - -. - . . . - - - .- .- . aZa0 otherxmethod f o r  studying.-the &quation u t i l ized  a pH-s'cat'tech- 

liique, Xn these experiments, a sample which hscl been prepared by tho il'dp5.d 

dissolution technique was placed in the  water-jacket& t i t s a t i o n  vessel 

within three mirutes a f t e r  d isso lu t ionand rras allo~red t o  t h e r d y  quil- 

ibra te  f o r  ten  minutes. The vesse l  was pre-heated by iDlmersiori i n  the  water 

bath, and the  ten minute equi l ibrat ion period r8sas shoesn t o  be qu i t e  ade- 

quate, The pH-stat control was then begun by simply turning on t h e  instru-  

ment which had been s e t  t o  maintain the  d e s i ~ e d  pH, The t i t r a t o r  then 

effected the  addition of NaOd t o  neutral ize the  weakly acidic aquo spyA.es, 

as  they were formed, i n  order t o  m a j n t a i n  tho pH a t  the  pre-selected value. 

f f  was found that., a t  a pH of 8, both chloride ligmds t r ~ u l d  not be cum- 

,p le te ly  replaced by hydroxide. A t  pH values of 1 4 os 12, apparently inore 

then two equivalents of hydroxide per platinum were consuned, T h e . h t t e r  

f ac t  can only be explahlerl i n  te rns  of hydroxide reaction with t h e  ethyl- 

enediamine ligand since no apparent decomposition was observed, A t  a pH of 

9 #  two hydroxides per platinum rhreso quant i ta t ively co~~sumed. halepandent 

of the ' f i na l  s t a t e  of such pH-stat studies,  one can obtain a v d u e  f o r  the  

specif ic  r a t e  constant f o r  the  f i r s t  aquatioil reaction of [ ~ t ~ l i ( e n ) ]  if 
. . 



23 - -  - . 
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t he  i n i t i a l  complex concentration i s  lanorm, For 'the experiments which pro? 

ceeded t o  an tmknow~ squillbriwi condition, the complex eoncantra'cion was 

determined spectrophotometPi~aIly, as described ear lie^, by sknullaneausly 

petqforxing a. spe~trophoto:?r_etr1e d&omlj.aa'ciow f o r  the  sane s a t i p l ~  T h i s  

was, in fac t ,  t he  nethod rakich was used Lo vasify Vna't Vno seac-t5.a.n proceed- 

..& qutbaatitativoayy Lo the dihyd~oxa species a-t, a pH of 9, .That is, by 

.. . 
assmiltag t h a t  "crso hyclroxrbdas per platintun had been consumed a t  pH 9,' uno 

could calculate  the co:nplex concentration from the f i n d  voluine and con- 

centration of the  cousmied NaOH, Such calculated couplex concat ra t ions  

agreed with the spectropho%ometricalIy detemined conce~t ra t ion ,  at a pH of 

9, t o  within f i v e  percent, 

Conducting tr-TO independent measuserne~ts of the specif ic  r a t e  constant 

f o r  'the f i r s t  aquation r.eaction on the  saiu,le sm-ple and obtaining congmous 

values f o r  both the coraplex concent~at ion and the  r a t e  constant is,  of 

course, gyatifying, Mope such experixt~ents would have been p ~ f o m g d  w e ~ e  

it not f o r  t h e  f a c t  t ha t  one can actual ly  predict  %he value f o r  tho  rate 

constant f o r  tho quatiom reaction from tho concentration equilibriu~n 

quotient and the  reverse r a t e  constant t o  well within tho experimental 

Co h a t i o n  Kinetics f o r  the Diaqu~ Species 

The rap id i ty  of thess  reactions made conventionarl.speet~.ophotome~ric 

methods inapplicable; thwefore  stopped-flaq spcetrophotometry was cmployd, 

Tne changes in absorbance during reactions, having been recorded a s  voltage 

changes on the  oscilboscope screen, wel-e subsequently photographically re- 

corded, By u t i l i z ing  water from a constant tenporatWe bath, ' k t  was pos- 

s i b l e  t o  .control the temperatwe of the  nixing chamber, rhich includes the 



a 

trm--driving syr-hges, mixing j e t ,  and cuvette, Lo w i t h i n  0,l OC of the de- 

s i red  ttifiierature, 

All of these reactions r.rex-e concluc~Led a t  an ionic  strength of 0.32. N, 

The ionic  strength was adj~lsted rA?:i..Lh IiNCL0,4,, t h a t  is, com~lca  ims ol'ig- 

inally dissoLved in t h e  003Z Pi HCIOy. Ihp?mployme~t of eiLhor 0.31 8 11 NaCl 

o r  .of a 50150 voImle nixturs o f .  the 0,318 M N a C 1  snd the  0,32 M HCIOIC prom 

vided Lhs consLanL ionic  strength during the  Reaction Mti- 

a'sion was accoilplished by the  s ~ u l t e n e o u s  injection i n t o  the  cuve0i;-to 02 

. - ~ u a l  volmes of a complex..solu>&on and a chloride solu'cion, ... . . 

.FOP" each experiment, two sweeps of the  ten ceatbiieler oscilloscope 

sca le  were recorded. The sr~resp ra te ,  in a l l  cases, was trio seconds per 

centimeter, The absorbance was recorded a t  285 Om t o  avoid any contrii- 
/ 

bution from the  successive anation reaction, A t  'chis wavelength, the  niono- 

aquo and diaquo species exhibit  an isosbest ic  pointo 

Having obtained values f o r '  t he  specif ic  s a t e  c o n s t a t  f o r  'anation of 

the diaquo species based on a la rge  number of sinlilar experiments, it 

seemed advisable t h a t  one provide a verjifying experiment which rms based 

upon a d i f fe rent  technique, .After a l l ,  it would indeed be d i s t ~ e ' s s f u l  if 

the  stopped-flow studies  had actual ly  been conducted on s o w  reaction other 

. .  than the  assumed anation of the  diaquo species, To appease the  pessimism 

of this r.rorlter, a corroborating experiment was conducted under second-order 

conditions, This experiment u t i l i zed  a solution of the dihydroxo species, 

[P t (o~)Z(en)] ,  which ~ r a s ' t h e  r e s u l t  of a pH-stat study of the  r a t e  of 

aquation, By the  addition of a minute v o h e  of concentrated HC104 t o  this 

solution, rapid and cornplete conversion to' the diaquo species was effected, 

The resul tant  solution contained [ P ~ ( H ~ O ) ~ ( : ~ ) ]  " a s  'the predominant coi~rplex 



species, The return t o  an equilibrium condition with respect t o  the  re- 

actions of Equation I and 2 was observed spec t rophoto~r .o t~caUy with the  

sample ~ J Z  t h e  '~.:ater-jacketed spectso~d~o-toms'cPic col l ,  E ~ p ~ h e ~ j 3 a L a Z 3 ~ y ~  %he 

technique vinicla was explayed m s  essen'i;iaLZy the  oalne as t h a t  usd 2'07" 

spe6trophoto~netric studies of t h e  anation of tho nlonoaquo spocies. 

B. ha , t ion  Kinetics f o r  .Lha Monoaquo Species 

'Thes~'reastions were studiecl spectrophotometricaZ3_g then, chloride ~ m , s  

added %o solutions which Frore a t  equiU.briun with respect t o  tho zpeacti.o~s 

--.--of - Equations 1 and 2. ---~rj .or--to-the-start  of a--reactioili-a--i5.0~ sample - - - - .  

of a complex solution ( in  0,318 M N ~ c ~ o ~ )  was placed in a small polyethylenci 

bo t t l e  a d  the  bo t t l e  was placed in a. constant temperature bath, A 15000 1.nl 

sample of 0,318 >I NaCl, o r  of a 50/50 spoltune mixture of the  '0,318 M NaCk 2nd 

t he  0.318 II NaC1O4, was placed i n  a s imilar  bo t t l e  and t h i s  b o t t l e  was a l so  

placed i n  'the water bath The water- jacketed spectrophotometric c e l l  was 

.placed i n  %he Cary spectropholometo~ and watek from the  bath was pump& 

through the  c e l l  jacket, 

To begin a react ior~,  one romoved t h e  trm bo t t l e s  from the  bath and, a t  

"zero" ~ t b e ,  t h e  contents of one was poured i n t o  the  other rihile s i m u l t a n a -  

eously s t a r t ing  a timer, The resu l tan t  solution was poured from one bo t t l e  

t o  the  other ttm more tfnies with srsfi.rling b e t ~ ~ e o n  .pours, A spout was 

quickly f i t t e d  om the  bo t t l e  containing the  solution; the  b o t t l e  was in- 

verted; the  first f ow m i l l i l i t e r s  of solution were discharged i n t o  a waste 

beaker; the  c e l l  was f i l l e d ;  and the  spectrophotonister was turned on, Tho 

in t e rva l  between time 'Ize~o" and the  f i r s t  spec ' t rd  recording varied from 

0.45 t o  0075 minutes, For the  f i r s t  t e n  n l i~u tes  of reaction the  absorbance 

a t  300 nni was recorded as a function of time, After ten  nunutes, t he  



e n t i r e  uv spec'cm was periodically recorded until-approximately ten  reac- 

t i on  half-times had elapsed, 

The half-times of such ~ e a c t i o n s  from 'c?ro ' t o  ten afiu-Les de- 

pending upom the t eupera.ture a d  chloride gonc en.i;raL~.omz, Undel* s41n i~r  

conditioaxs, the  mat ion  of the  diaquo species proceeded with ~ a a c t i o s i : h ~ ~  

t i n e s  freoiu sevm t o  t w e n t y i n e  seconds, sespaclive~y, T.he first data  . 

point f o r  anation of the  monoaquo s p k i e s  was ~dcax &t".ono rd.nute a f h ~  

mixing; thus conversion of the diaquo species t o  the  monoaquo spocies VBS 

essent ia l ly  corapleted pr ior  t o  t h i s  time, Th6- high ekdoi-ide t o  coapl6x-'- "" ' 

r a t i o s  which were ailployud during these stud5es assuredl one of essent ia l ly  

colnplete conversion t o  the dfchloro cornplex, It should ba noted, laor,wvos, 

t h a t  de f in i t e  and reproducible evidence of a minor ( <'I$) reaekion was ob- 

served during these studies, Thus, one could continue t o  observe slow 

increases i n  absorbace a t  300 nm f o r  several, days, a t  which t h e  the  spec- 

t ra of such. $ol*ti'onq, agrsad with those of solutions of [ ~ t ~ 1 ~ ( e n ) ]  which 

had been dissolved h 0,348 14 KCl, to '  within' the  accuracy of .spectrophoto- 

metric measusei-aents, It was p a r t i a l l y  f o r  t h i s  reason, andl pas'cially f o r  

convenience, t h a t  the " inf ini te t t  time readings f o r  these s tudies  of the 

anation of the monoaquo species were taken at approximately t en  reaction 

half -timeso 

A corsoborating s e t  of experiments tes performed using complex solu- 

t ions  which were prepared in 0.32 1 HC10,+ rather  than in 0.318 EI NaC104. 

Such experi-ments served t o  establ ish the p!I ind.ependence of these reactions 

over the pH range of 1 t o  5, The r e su l t s  of these four  experiments were 

not used i n  the calculation o f . the  specif ic  r a t e  constant f o r  anation of 

the nionoaquo species, but such r e su l t s  a re  l i s t e d  with the others i n  Table 



23 f o r  comparison purposes, As can be seen from t he  values l i s t e d  t h a t  

table, thsse f ou r  experi~nenh pprkidd  a1 average value fop kobsd o r.rhich 

agreed trith t h e  average value f ron  twelve indepmdcuat expesbaennl;s t o  rd~thjua 
- . . . ... .. --* .. . - . . . -. - 

t h e e  pepcent, t h a t  is, 'Lo w1Lhi.n one s-Laqdard deviation, ' .  



IV, TRUTlJ i JT  OF EXPEii13~JTAL DATA 

& Aquation EquLIibria 

The r e su l t s  of t i t r e t i o m  of equilibrium solut icns of [PeC12(en)J i n  

water at o, ccrnstant ionic  strength a r e  used t o  cal@d.a.l;e t h e  concen%ratiota 

equilibx5um quotients f o r  both the  first and t he  second successive aquation 

reactions, A t  the  ~ u t s e t ,  it i s  assumed that the dissolution of the  corn- 

plex in,  ~ m t e ~  11.osCis in t he  es'tablislunent sf t h e  siri~sl.te.raeous equi l ibr ia  

of Quat ions 1 asla 2, 

It has been shown t h a t  t h e  products of such aquation reactions involv- 

ing similar  platiraum(11) complexes aro weak acids, t i t r a t a b l e  with NaOH (35- 

43), The existence of t h e  spec i f ic  product species jybdicatecl i n  Elpations 

1 and 2 has ' been demonstrated by o'tl~er workers '(51 ) o  

For the  purpose sf fur ther  development, the  fo2lo~Jing symbols are de- 

fined : 

a = t o t a l  complex concentration i n  mi  units; 

x = equilibrium concentration of the rnonoaquo species i n  mlf e 
u n i t s  ; 

ye = equilibmgium concentration of the diaquo species in ml.I units, 

A s s u m i ~  t h a t  ens hydrogen of each wator ligand is  titratable with PJaOH, an 

additional symbol, ca l led  t h e  q u i l i b r i u ~ n  t i t r e ,  i s  dofinod by: 

T = equilibrium acid concentration i n  raM units, 

If the  a c t i e t i e s  of the  various species a r e  given by the  symbols: 

a0 = a c t i v i t y  of [PLClp(en)] ; 

a+ = a c t i v i t y  of [ % C ~ ( H ~ O )  (en)] +: 

a 23. ' =  a c t i v i t y  of [ ~ t ( ~ ~ 0 ) ~ ( e n ) ]  2+; 



a_ = ac t iv i ty  of C&"; 

than t h e  therniodyn&c equilibrium constants f o r  the reactions depicted i n  

and 

In terms of ac t iu i ty  coeff ic ients  and concen'cra'tions, @uaLions 3 and 4 

become : 

(Y+,(xe)( y_) be 9 2s 
KO, = 8 0 

The a c t i v i t y  coefficients may be isolated,  and'Equations.5 and 6 may be 

m i t t e n  as: 

where'the additional symbols a re  defined by: 



and 

htrodu.ction of the correspond-bg coi~conlrc?.i;ion guilibrixun quo'ciexl'cs, I$ 

and K2, i n t o  %pations 7 and 8, folloried. by rsarrangement, yields  : 

and 

With the  introduction' of the def in i t ion  of the  equilibrium t i t r e ,  T, the  ' 

product of K1 and K2 may be rearranged t o  y ie ld  a cubic equation i n  T a s  

follows: I n  terms of t h e  quif ibr ium t i t r e ,  Equations 11 and 12 may be 

written as:  

and 

,the product being: 



. . - . -  - - .  . 
iihich, upon ' reaFra i igem4 giires : 

Further use of tho d e ; ~ h k l i o n  of tins equiUbx-.iurn 'ci'tPe enab1.a~ m e  to rmi'te 

Equation 14 i n  the form: 

. . 
which, upon rearrangement, yields  : 

.-----. .- %T =. -. (y - 9. (.~-+-21<~-) i ,.- . (-1 6 )  - e 

Solution of Equation 18 f o r  the  equilibrium concentration of the diaquo 

species gives : 

, '  

Substitution of the right-hand s ide of &pation 19 i n t o  q u a t i o n  1 6  then 

y ie lds  : 
. . 

K ~ T ( T ~  - I ( , K ~ )  
(a - T ) K ~ K ~  = O 

(T. + 2K2) 

Clearing Quation 20 of f ract ions and dividing through by 1C2 yields: 

which may be m i t t e n  as:  

(a  - T)TK1 + (2a - T)KIK2 = '13 . (22) 

I n  the past, worlcers i n  t h i s  laboratory have u t i l ized  Quat ion  22 t o  

evaluate the concentration equilibrium quotients by the determination of the 

equilibrium t i t r e ,  T, f o r  two  di f ferent  values of t o t a l  complex concentra- 



- t i o n ,  a ,  \.nth the  subsequent solution of the  resul tant  pa i r -  of simultaneous 

equations i n  the trm unlmo~ms, K1 and K, K2 (37-43). The values of K, and 

K2, so detcrmineclv have then baen used t o  predict  values of the  equilibrfuq 

t i t r e s  f o r  solu-i;ions of other t o t a l  co:liplsx concant~~ations,  Tkre agreement 

between s u ~ h  predicted values and the experirnent23 v'd.ues f o r  T has been 

used a s  an i nd imt ion  of the consistency of the dotermined -values for K1 

and K2 over the complex concentration ranges which had been s~ud ied .  Typ- 

i c a l l y ,  the  agreement between such cakcula.ted and experimentally determined 

~ - a u e s - ~ o ~ + a s - - b  e-en- dthinnaa-f eTAT- Percent--of .th -o-c haat.& value -. 
0 

. . 
'It seemed t o  be a t  l e a s t  i n tu i t ive ly  obvious t o  t h i s  worker t h a t  the 

values f o r  Kl and 15 would be be t t e r  defined i f  the  method of t h e i r  calcu- 

l a t i o n  u t i l i zed  all experimentally determined (a, T) data points, Quat ion 

22 i s  a function of the  t~q variables,  a and T, and of the  two pararfleters*, 

a and p, t h a t  is, Quat ion 22 may be written i n  the form: 

and 

The form of Quat ion  23 suggested t h a t  a generalized l e a s t  squares 

analysis,  such a s  tha t  described by 1Ventworth (52), patterned a f t e r  the 

treatment. of Deming (53) , trould be applicable, To acco~nplish this end, a 

, computer program was written t o  perfom the l e a s t  squares adjustment. The 

quantity which was minimized was the sum of the r~eigi~totl squares of the  

differences between the ex.perimentally determined and the l e a s t  squares 



adjusted values f o r  T o  The a values were assumed t o  be exact, a simplifi-  

cation well jus t i f ied  by the f a c t  t h a t  the errors  i n  a values were an order 

of magnitude s~raU.er t h m  the errors  i n  T vabues, ( A  x5.gorous d-evelopmen't 

of the  theory of l e a s t  squares adjustment as applied -to the function of 

Equation 23 i s  given i n  the Appendix,) The program was twit.ten Lo output 

the  values of K, and X2 with t h e i r  associa'ted sta.nd-3rd deviations, Also, 

by u t i l i z a t i o n  of an Iowa SLate University Computation Center l i b r a r y  sub- 

routine which employs a Ner.rto1-i-Raphson i t e r a t i v e  technique, the progran 

solves the  cubic Quat ion  23 f o r  the  values of T-. a t  -.each experimental value- --- -. .- - - - .- 

of a using the  l e a s t  squares values f o r  Kl and K20 The percent differences 

between such calculated values i'or T and the, experimentally determined T 

- values were l e s s  than one percent of the  c a l c t i ~ a t d  values i n  i s sen t i a l ly  

a l l  cases. The program a lso  genekates a p l o t  of calculated T values versus 

a values and superimposes the experimentally determined (a,T) data  points. 

'The required input information consists of the ( a , ~ )  data  points, the  stan- 

dard deviation of each T value, and i n i t i a l  estimates f o r  Kq and K2, 

The calculation of T from equivalent volume t i t r a t i o n  data  i s ,  of 

course, t r i v i a l  and need not be outlined herein, Ho~~ever, cer ta in  comments 

related t o  the  calculation of the  standard deviations of the T values a r e  

pertinent,  The standard deviation'of each T bras calculated using the usual 

formula f o r  the propagation of e r rors  ignoring the higher order and covar- 

iance terms (53). For a function of three variables,  ~ ( x , y , z ) ,  t h e  appro- 

p r i a t e  equation f o r  the  standard deviation of the  function, %, is:  

crG = [ ( 8 ~ / 8 x ) 2 ( c ~ "  (8 G / S Y ) ~ ( C ~ ) ~  -+ ( S G / ~ Z ) ~ ( C J - ~ ) ~ ] *  . (26) 

The t i t r e  i s  a function of the  molarity of the base, of the equivalent 



volunie of the  base, and of the  sample volume. The standard deviation of 

the  sample volume was taken as the  manxtacturer" tolerance of the  pipet 

used t o  ~1Lhd.saw the  sanple, The s-ta~dard devia"ci.o~z of the  qui-i~a1en.t 

volume was calculated from tlae experimental values according t o  the  defin- 

ing equation : . . 

where Ve i s  the  i t h  experimental. v d u e ,  $ i s  the  mean value, and N i s  the  

-. 
i 

number of measurements, The standard deviation of the concentration of the 

NaQH was calculated from an equation of the  form of Quat ion 26 since,  a s  

determined, the  concentration of the NaOH was a function of tho concentra- 

t i on  of the primary standard acid, of the volume of the primzry standard 

acid solution, and .of t h e  volume of the  base quivahent  . t o  tho volume of . 

t h e  p r h y  standard acid, Once again, the  standard deviation of the vol- 

ume of the  base equivalent t o  the volune of the  primary standard acid rms 

calculated from the experimentally determined .values according t o  the defin- 

ing. equation ( ~ u a t i o n  27), Tho standard deviation of the  volume or" 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 
. . 

t he  primary - - - -. . . . standard . . - acid - . - - solution . - . . . was . .. . -. calcda-l;ed -from an equation of the 

f o m  of Equation, 26 ,' since t h i s  concentration was a function of the  meas- 

ured weight of the acid,  of the  molecular weight of the acfd,.and of tha  

volume of the f l a sk  which was used t o  prepare the  solution, Finally,  the  

standard deviation of the  volume of the  f l a s k  was talten as tho manufacture. 

e r ' s  tolerance; the standard deviation of the  n~olecular weight was taken a s  

2 i n  the last  place of the  published value (54.); the standard deviation 



of the  measured weight was taken t o  be the  balance manufacturer's published 

standard deviation, 

Thus, tlao col?lpat er technique elliployd by this rmrcko~ providd. a com- 

p le te ly  rigorous propagation of - errors  from Piss'L; t~e igh t  and volw~ie measure- 

ments through t o  the  experimentally obtained.values f o r  the  equilibrium 
\ 

t i t r e s ,  The values fcir tlie s t n q d d  deviations of these t i t r e s  were used 
. . 

t o  determine weights f o r  the  l e a s t  squares adjustmsn'l; according'to the  

usual def in i t ion  which s t a t e s  t h a t  weights a r e  inversely proiortionsl .to 

the  square of the errors'(53). The output errors  f o r  the  concentration 

equilihsium quotients were those based on the  ~ ~ g o o ~ e s a  of fit" of the data 

t o  the  theore t ica l  q u a t i o n  23 (53)0 
. .  . 

B, -Aquation Kinetics 

Spectrophoto;netric experii~lents were awalysed by an i n i t i a l  slope 

treatment, Since the  reactions' were i n i t i a t e d  by dissolving complex, 
C 

the  i n i t i a l  . r a t e  of the  reaction i s  given by: 

(axldt), = k,a , 
. . 
where: 

x = the  molar concentration of the  monoaquo species; 
2 

kl = the  specif ic  r a t e  constant f o r  the  first aquation of t h e  * 

dicUoro species i n  secm' uni t s ;  

a = the  i n i t i a l  t o t a l  complex concentration in  r o l a - u n i t s ,  

The absorbance, A, of such a s o l u t i o ~ ~  i s  given by: 

A = €$(a-x) + E l l x  = E + ( E ,-E O)Lr,. (29 ) 

+ere : 

E O  = the molar extinction coeff ic ient  of the  clichloro species i n  

1 cx-1 uni t s ;  



II = t he  spectrophotoinetric, c e l l  path length i n  cni; 

E l  = the  molar extinction coeff ic ient  of the xonoaquo species in 

ldwl 1 units. 

Dif f orentiation of Ecju.a"i;on 29, f oUowed by svduatiori  time zero, gives : 

which, when combhed r.rL.th Quat ion 28, yields  : 

. . . . . . . . . - .- . . . 
Thus, the  specif ic  r a t e  constant niay b6 ~'Zva1uc9.ted froiii spec56photometric 

data according t o  the  equation: 
.-. 

provided the  extinction coefficients of both species a r e  lmom f o r  the 

wavelength of measurement, 

. The value of 230 f 2 K" cm4 a t  300 nm f o r  the coeff ic ient  

of the  diclzloro species PJZS, a s  mentioned e a r l i e r ,  obtained from solutions 

of the  corapliex i n  0,318 Pi I{Cl0 Knowing t h i s ,  and the  values f o r  the  con- 

centration equilibrium quotients,  one can evaluate ihe  extinction coef f i c  ent 

f o r  the  monoaquo species from the  spectra of aquo-equilibrium solutions of 

known total.complex concentrations. From the -equilibrium studies,  several. 

such spectra were available and some of these a r e  shown in Figure 5, The 

value fo r  the extinction coeff ic ient  of the  monoaqu9 species a t  300 nm was. 

calculated t o  be 92 2 4 brl ~ m - ~ , ,  A, a r e s u l t  of such calculations,  a 

value of 87 2 18 M-' ciao' f o r  the extinction coef f ic ien t  of the diaquo 

species a t  300 run was also obtabed,  The silnilar values f o r  the two aquo 



Figwe  So Absorption spectra  of solut ions  of [ ~ t ~ l ~ ( e n ) ]  in O . j I 8 '  M NaC1UbO 

The spectra  were recorded a t  2r0o0c using 5,00 cm cells ,  The 

base l i n e  was recorded. wi th  the  0.318 M l?aC104 so lu t ion  in both 

reference and sample ce l l s .  Notice t he  e f f e c t  of t h e  g rea te r  

amount of aquation i n  t h e  more d i l u t e  samples 



species i s ' o f  benefit  in the spectrophotmetric study of Yne aquation a t  

300 mi because small amounts of tho successive aquation of "ce rnonoaquo 

species in tho early p a ~ t  of t he  study vfi.3.l causo 8.n iulde.i;ecJcibLe ei"fec,i;, 

It i s  a lso  ve'iy convenient, of coull2se, t h a t  th.e naagnPtudo 02 the quantity 

. . 
, (E , - E O) is as large as  it i s  (138 cmmq) because t h e  inherent error  in 

the  difference becoaes Less important. a s  'che ugn i tude  of the cliff erence 

increases. Nevesthe~ess, the  res7.dtant value f o r  Ifl does r e l y  On t he  value 

of , t h i s .  d i f f  erencs i n  exhincttion coeff ic ients  which, i n  turn,  i s  dependent 

a. , . ... - - 
on the  values of t f i 6 - e 6 n c e ~ r a t i o n  equilibrium quotiients, Even -though th i s  

., 
worker believes tha t  K1 and 1% a r e  ra ther  w e l l  definexi, it i s  recognized 

t h a t  calculations of equilibrium concentrations. of three species fsom such 

concentration equilibrium quotients i s  not very precise, Consideration of 

this, together with the  f a c t  t h a t  the absorbance changes during t he  l i nzm-  

changa.portions of such reactions were typica l ly  only about two tenths  of 

an . absorbance . unit ,  leads one t o  the expectation t h a t  the  resu l tan t  k, 19ll 
not be r~eI.2. defined, Such expectation is, i n  f a c t ,  borne out by th.e ob- 

served experimental. sca t te r ,  

The pH-stat experiments were a l so  begun ~ 5 t h  a solution of p w e  

[.ptQ2(en) J . Any i n i t i a l  aquo species for i~ed during the  sample preparation 

and thermal. equilibration period have no influence on the  observed r a t e  of 

h y d r o ~ d e  , coisuniption, Assuming the acid-base neutral izat ion h~volved t o  

be effect ively instantaneous, one observes the  reaction sequence: 

[ ~ t ~ l ~ ( e n ) ]  11,0 - [P~c~(H,o) (an)] + + Cl- ; (33) 

[ ~ t ~ l ( ~ ~ ~ ) ( e n ) ] + +  O H - L ! . % K [ P ~ C ~ ( O H ) ( ~ ~ ) ~  +H20 ; 
f a s t  

(9) 



[ ~ t ( 0 ~ ) ( ~ ~ 0 ) ( e n ) ] '  + OH' % % % [ P ~ ( O H ) ~ ( ~ I ) ~ .  +. H20 . 
f a s t  

( 3 6 )  

Tile above lreaetion sequence i s  based on 'Lhs h.01~1 f a c t  t h a t  the .  sulx.titu- 

t i o n  of chlor ide  by hydroxide in aqueous media occurs t h e  aquation 

mechanism c51 ), Obviously, t h i s  I-rorker a l s o  observed tho  hydroxj.de :J.nde- 

pendence, I n i t i a l l y ,  t h e  r a t e  of react ion i s  given by .Equation 28 ..r.7'n.ichp 

f o r  these .  experiments, i s  r ~ r i t t e n  a s  : 

What one nieasures i n  t h e  pH-stat ,experimerit i s  tine amount of hydroxide re- 

quired t o  o f f s e t  t he  decrease i n  hydroxide concenlsa'cioa~ caused by t h e  

' react ions  of Equations 34 and 36 a s  a function of time, Thuso i n  terms of 

more convenient experimental va r iab les ,  the solutioia of Equation 37 f o r  t l ~ e  

spec i f i c  ra te  constant is: 

where : 

'N~OH = t h e  volume increment of NaOH added t o  maintain pH-stat 
condfi.t..j.ons in nil. units; 

IfNaoH = t ho  concentration of Ule NaOH i n  molar un i t s ;  

vsample = t h e  voluli~e of t h e  coinplex s o l u t i o i  in lid. u n i t s  ; 

a = t h e  i n i t i a l  t o t a l  complex concentration i n  molar ~ t s ,  

In  both types of experinlent, one requires  a value f o r  an i n i t i a l .  s lops ,  

t h a t  is, f o r  t h e  i n i t i a l  r a t e  or" chauge of sonlo measurable with time, h e  

can obtain such an estimate by p lo t t i ng  t he  observablo.versus tiixe and 

graphical ly  evaluating t h e  s lope of t h e  l i n e a r  port ion of t h e  curvo, This 



worker chooses t o  avoid the estimation of any number from a hand-drawn p lo t  

because one invariably introduces human bias. In' these cases, however, the 

expeilinrental. sca t te r  was so -large tha t  it did not soem t o  x~~at'cer i f  the 

slopes were obta-ind by t h i s  crude nrethod, That is, althou.gh the data from 

each expe~imerat. def i n d  an i n i t i a l  s t r a igh t  l i n e  some~?lat s a t i s f ac to r i ly  , 
, . 

the.:agseemeiit ,beheem exyerkney?'cs was qui to  wsatisfac.tory, The rosu l t  .of 

t h i s  sho-r~s up as  a ' l a r g e  standard deviation associated r.Pi"ch, the  determined 

value f o r  the r a t e  constant. Once one has obtained values f o r  ( d . ~ / d t ) ~  or  

( d ~ ~ ~ ~ ~ / d t ) ~ ~  the  calculation of k, from Quat ion  32 o r  38, respsc.bive&y, 

i s  s t ra ight f  onra~d.  u 

Because of the  small volurne increments involved i n  the  pH-stat exper- 

iments, such expel-Lnents were not expected t o  yield r e su l t s  of much more 

accuracy' than the spec'crophotoi3etric experiments, Hence, the r e su l t s  froln 

a l l  experhen-1;s a t  a given terqere.ture were averaged together without 

weighting and a standard deviation was calculated, 

C, h a t i o n  IGnetics f o r  the  B iaqu~  Species 

Th,a [ R f t ~ l ~ ( ~ " ) ]  solutions q t i l i zed  in these reactions had been allo~red 

t o  reach equilibrium p i t h  respect t o  the  reactions 'of Quatiolis 1 and 2, 

Upon i n i t i a t i o n  of a rgaction by mixring such an equilibrium solution with a 

chloride solution, chloride ions  replace aquo ligands i n  an approach t o  a 

new equilibrium condition f o r  these reactioiis, By observing the  absorbance 

change a t  285 NII, an isobest ic  point f o r  the  reaction of Quat ion 1 ,  one- 

can eliminate any ef fec t  due t o  anation of the  lnonoaquo species, The f a c t  

t h a t  the chloride ion concentration was always a t  l e a s t  150 times the t o t a l  

complex concentration assured the existence of pseudo f i rs t -order  condi- 

t ions,  Since the observed pseudo f i rs t -order  r a t e  constant f o r  the  anation 



of muation 2 i s  two orders of magnitude la rger  than the  f i r s t -order  r a t e  

constant f o r  the  aquation reaction of Ruat ion  2, one can neglect the 

le . t tor  tema i n  the r a t e  expression* ( ~ t  might a l sc  be note3 t h a t  t he  

observed pseudo first-order rate coiastzn't fo r  thu ana"cion of tho diiaquo 

species i s  at l e a s t  one order of magnitude greaLsr than th9 observed pseu-do 

f i r s t -order  r a t e  consta~t;  f o r  t h e  anation of the  monoaquo species,)  Thus, 

under the  experimeitaZ conditf ons , .these reac.l;ions. a re  a d q u a t  s l y  governed 

by the  r a t e  l a w :  

where : 

y = t he  molar concentration of the  diaquo species; 

5 2  = t he  spec i f ic  r a t e  c o n s t a n t f o r  anation of the  diaquo species 

in sec-1 1 units; 

[~l"] = the  molar concentration of chloride ion; 

. kobsd. = t he  observed pseudo f i rs t -order  r a t e  constziat f o r  anation of 
, . 

t h e  diaquo species i n  seco1 units. 

The observed r a t e  constants were deternined according t o  t'ne method of 

-V ) versus to In  Guggenheim (55) from the  slopes of p lo ts  of log(Vt+st 

i ts  application here, (Vt+st-Vt) i s  t h e  ve r t i ca l  difference betrreen the  

successive oscilloscope sweeps, t he  recorded voltage st any time, Vt o r  

V t + s t p  being l inea r ly  related t o  the  concentration of the diaquo species. 

All  data  was f i t  by a l e a s t  squares analysis t o  the  equation: 

kobsd, t + constant 0 l ~ ~ ( v ~ + ~ ~ - v ~ )  =- -- 
. . In(l0.0) 

with the  subsequent evaluation of kobsd from: 
0 - -. 

= - ( s l o ~ e ) l n ( l o , o )  0 kobsd, . 



. For' the purpose of error  propagation, an er ror  of * 0,02 (a rb i t ra ry  

un i t s )  i n  each V rsas assunid and then propagated unto tho q u m t i t y  

log (Vt+ st-vt) Calculat5-on of vieights w s  based on t h e i r  assig~ment  , 
accord-ing Lo the  defini t ion,  a s  Inversely' proportional .to the square of the 

error ,  Since the t b e - a A s  of aaz osciPLoscope i s  rather  preciso, the  

assumption t h a t  t was eract seeined j u s t i f i d ,  *hdi&di~ab v&v.os f o r  tho  

observed r a t e  constant, calculated from Quation & I ,  viere assigned weights 

based on the  Itgoodness of f i t t 1  of' the Guggenhekn plots, Since t h e  accuracy 

of -such .experiments.-was expec-bed- t o  decrease .as - the-.haI3.de -ion concentration 

was decreased, a weighted avekage value f o r  kObsd ~ m s  calculated. f o r  each 
0 

te~nperature and halide ion concentration . From such weighled averages, 

the associated errors were calculated from the  defini t ion of a standard 

deviatioa? by replacing the average value i n  the defini t ion with the exper- 

imentally determined weighted average value, 

Specific r a t e  constants were czllculated from the observed r a t e  con- 

tan ts  by means of the relationship contained within Quation 37, In cases 

where, a t  a given teniperature. two average values f o r  with ' t h e i r  re lated 

'errors were determined, a grand mean ( 5 6 )  and i t s  associated error  were 

evel,l~.at'.sd., 

For t h e  c ~ r ~ o b o r a t i n g  experiment, performed under second-odor oondi- 

t ions,  a solution of known t o t a l  conplex concentration, a ,  was f o r c d  t o  

completely dihydroxo complex by means of a pH-stat experiment, A s m a l l  

amount of concentrated acid i a s  then added and tho approach t o  an q u i l i b -  

rim condition was observed according t o  t he  reaction: 



I f  the  successive stop, t he  conversion of the monoaquo species t o  tho 

dichloro species; i s  ignored, the  pati of the  reaction of Quatioii  143, is 

. . given by: 
, . 

d ~ / ~ t  = kW2(a-x) (28.-x) . - k2x , 
. where: 

' .. 

-k2 = the specifLc r a t 6  ,e.ons.tanL fo r  aquatioh of the  nionoa,quo 
. . 

species in  sac**' uni t s ;  

and t h e  othep t.tonns.a~e as previously defined, Since t h e  value f o r  the  

concentration equilibrium quotient, K2, i s  lmo~.m, tlze rate expression of 

Equation 43 may be used t o  determine the  dosirsd specif ic  r a t e  constm'c, 

Thus, upon subst i tut ion -of t he  expression: 

in to  the  r a t e  expression, one has: 

. \ 

Separation of the  variables yields:  

P t e g r a t i o n  of %Lation 46 from (0.0) t o  (x , t ) ,  f6llorud by rearrangemaz-k, 

yield : 

5 .  

The above expression may be simplified by in'troducing the  equilibrium 



concentrations. At. equilibrium, dx/dt = 0, thus, form Quation 45: 

xe 2-(3a+~2)xe+2a2 = 0 (49 1 

which gives f o r  the quil . ibriun concentration o f  t h e  nioioaquo .speci.os : 

where it . em s a s i u  be slaotri t h a t  onl.y..the ixinus sign has physical signif-  

icance? Substitution of the equilibrium value from Quation 50 i n t o  the  

r a t e  expression of a u a t i o n  4-7 gives: 

Now, f o r  spectrophotonetfic data,  we have that :  

A = E21(a-x) + E l l x  

thus: . 

where : 

E2 = the  niolar e x t h ~ c t i o n  coeff ic ient  of the  diaquo species i n  
M"' c r 1  units; 

and the  other teams a r e  as previously defined. Substitution of the  right- 

hand s ide of Equation 53 in to  Equation 51, followed by the coUection of 

ftrst-o.rder and of second-order terms, gives: 



-. . . J(AoaAe) ((A-Ae) - 1 , ' 

- A  (x0-xe ) 
In -- - olc A(twtO) 0 

Thus, by plot t ing,  on semi-bog paper, t he  value of ' the quant-i'ty on. the  

left-hand s ide  of Equation 'j4 versus ('c-to), one can obtain a value for the  

spec i f ic  r a t e  constant from: 

where t~ is the half-time, 
2 

D, h a t i o n  kinet ics  f o r  the Monoaquo Species 

' Since the amt ion  of the  diaquo species was essent ial ly  comple-bed by 

the  time data  was taken f o r  anation of. the  monoaquo species, it .was neces- 

sary t o  consider only the  reversible  reactions of Quat ion 4 in t he  anal- 

ysis ,  The r a t e  of the  ~bserved  reaction may ba expressed as:  

k = the  specif ic  r a t e  constant f o r  anation of. t he  monoaquo 
-1 - 1 species ' in sec-' M. uni t s  ; 

and a l l  oiher terms are a s  previously defined, The r a t e  law of Equation 56 

may be written as: 

where,, f o r  these reactions, t h e  observed r a t e  constant i s  given by: 



Equation.58 m y  be wri t ten i n  the  form: 

The variables nay now be separated and the  quat iof l  intsgr,ated as: 

Equation 61 i$:mo~e convenient when written in terns of t he  equilibrium 

concentration ',of the monoaquo species, A t  equilibrium, dx/dt = 0, thus, 

from Quation 57, we have tha t :  

. . k,a = kobsdeXe 0 

Substitution of Elpation 62 i n t o  Equation 61 yields:  

In terms of the  measured absorbance, A , ' ~ h i c h  i s  d i r ec t ly  proportional t o  

the  colzcentration of the  raonoaquo spacies, Equation 63 becomes : 



which, in  terms of the f rac t ion  of the  t o t a l  clnal~ge, F, is: 

h(1-F)  = -kobsd*(t-to) . (65) 

where F . i s  defined by: 

As mentioned ea r l i e r ,  t he  f i r s t  data  point was taken. a t  one minulo 

a f t e r  mixing, This time delay a l lowed  for  essent ial ly  complete conversion 

of diaquo species t o  monoaquo species and provided f o r  re-establishment of 
. . . - - . -. . . - . . -. . . - - . . . . . . .. . -. , . . - - 

themil. equilibriunl. The ab;&bance readings (recorded a t  300 nm) and the  

corresponding values f o r  At ( A t  rfleasured f r o i n  one minuts a f t e r  mixing) 

were t n e  raw data, An er ror  of ?; 0,005 i n  absorbance readings was assumed; 

the  tixie in te rva ls  were taken t o  be exact s ince the  time-a;ds drive of the  

recopder was a rather  precise device, Such data  were used as input  f o r  a 

computep program which c ~ c u l a t e d  the  colprespo~~db~g log ( 1 -F) values, pr.op- 

.agated the  assumed error ,  calculated weights, and performed a l e a s t  squares 

adjustment t o  f i t  Quat ion 65. The output values f o r  the  observed r a t e  

constant were calculated froin: 

where the slopes of the  p lo ts  o f  log(1-F) versus at resulted from l h e  

weighted leas t ' squares  adjustments, The er rors  assocj.ated with t h e  slopes 

were those based on the  llgoodness of f i t H  and such errors  were then prop- 

aga.1;t-d unto the values f o r  the  obser'tred r a t o  constant, These resu l tan t  

e r rors  f o r  kcobsd values were u s 4  only t o  determine weights fo r  the  cal- 
0 

culation of a weighted average value f o r  kobsdoo The standard deviations 

from .such weighted averages were then calculated from the def in i t ion  of a 



standard de~r is t ion  by replacing the  average value in  t h a t  dofil l i t ion with 

the  r.reightd avel*age value, 

F h  Equatioa 58, . . since kl i s  lmocm from the  results of tho aquation 

studios,  the  vdue f o r  k_, :is calculated qs: 

Prors wera propagated unto k-l vLLues, and e grand mean was evaluated a t  

each temperature studied, The errors  associated wLth theso grand means 

were those  given by the defini t ion ( 5 6 ) 0  



A, Aquation Equilibria 

'&picaL.t i t ra t ion curves fo r  25,00 m l  samples 0% q u i l i b ~ i u r n  aqueous 

solutions o f  [PtC12(en)] a re  shown in F?igu&c 6 .  The equivalent volume rras 

I taken a s  the  volume a t  the inf lec t ion  p o h t  of such c m e s ,  The knflection 

points were' located by l inea r  interpolation of the  secoiid d i f f e ren t i a l  

change, t h a t  i s ,  by l inea r  in.terpolation of the  quantity: A ( ~ ~ H / A v ) .  In 

the  application of t h i s  method, the volwfle increments a t  ighich "ins pH r,ras 

read were t ~ m  percent of the t o t a l  volutne of the  burette, The same method 

was employed f o r  standa.rdization of the NaOK; however, s iace the t i t r a t i o n  

curves f o r  the  standardization of NaOH ~ r i t h  KHP were steeper near the  

equivalence points, the pH was' read using one percent. volume increinents, 

This worker highly recoinmends the method used f o r  d e t e m b i n g  the  M l e c -  

t ion  points of t i t r a t i o n  curves since it i s  easy t o  employ ai~d does not 

require the plott ing of any data,  I n  t h i s  worker's opinion; any method 

which employs the plot t ing of data introduces a natural  bias  because one 

subconsciously plots  data  t o  give the  l e a s t  mnoun'c of experimental sca%ter 

a s  i s  possibly allowable by the  plott ing technique, Whenever t h i s  worker 

has been forced t o  use a graphical method of determining a desired quantity, 

a l e a s t  squa.res f i t  has been employed, 

The resu l t s  of equilibrium studies a re  given i n  Tables 4 through 10 

wherein the calculated t i t r e  values a re  the l e a s t  squares adjusted values. 

Figure 7 shows a typical  l e a s t  squares p lo t  of Quation 23 with t h e  (a,'i') 

data points superimposd. Table 11 l i s ts  the  l e a s t  squares determined 

values f o r  the  concentration equilibrium quotients together w i t h  the  



Figure 6. Typical t i t r a t i o n  curves f o r  25.00 ml sa.raples of equilibrium 
aqueous solut ions  of [ ~ t ~ l ~ ( c n )  J , 

a = curve f o r  one of t h e  t i t r a t i o n s  used t o  determine t h e  t i t r e  
f o r  0,20021 mL\I sample a t  30,0°c 

b = curve f o r  one of t h e  t i t r a t i o n s  -used t o  determine t ho  titre . . -  

fo r  0,40056 &i sample a t  2 5 , 0 ° ~  



Table 4, Results of.  f i r s t  equilibriun? study a t  35. O'C 

i l  T '1' Percent 
( expsrirnental) (calculated) dif %elqence 

- . - - . . - . - . . - . 
Table 5. Results of second equilibrium study a t  35.0 '~  

8 T 
(experimental) 

T Percent 
(calcvrlatd.) difference 

Table 6, Results of t h i r d  equilibrium study at 33,0°c 

T Percent 
(calculated) dif f ererace 



Table 7. ~ e s ' u l t s  of f i rs t  equilibrium study a t  30,0~C . 

Table 8, Resu1,ts of second equilibrium study at 30~0'~ 

T a Percent 
(experimental) (calculated) df f f ermce 

Tabbe 9 ,  ' Results of f i r s t  equibibriun study a t  25,0'~ 

. T T Percent 
(experimental) ( c d c d a - t e d )  diff srencg 



Table 10, Results of second equilibrium study a t  25,0°c 

E T T Percent 
( experheatd ) (ca%cuL.b ed ) dif f e r e ~ c e  

weighted average ,valueso 

51 the  cdculat iow of a weighted average, tho nmbars which a r e  aver- 

aged a r e  e i ther  s t a t i s t i c a l l y  consistent or  s t a t i s t i c a l l y  inconsistent;, 

The.same formafia i s  valid in both cases, namely: 

wherein i s  the  weighted average; wi i s  the weight of the  i t h  value, taken 

t o  be inversely proportional t o  the  square of the  e r ror  of the  i t h  value; . '  

% is the  i t h  value. The er rors  associated with such weighted averages are,  

hosmver, not  given by a s ingle  equation,  h he reader i s  referred t o  any 

texb t h a t  t r e a t s  the  s t a t i s t i c a l  adjustment of data  f o r  ver i f ica t ion  of tho 

above statenents.) For weighted averages given in t h i s  work, both ways we& 

us& t o  calculate  the errors  and the larger errors have been l i s t e d  i n  a l l  

CaSBSe 



4 e o o  

Figure 7, L a s t  squm'es plot of Equation 23 with the (a,T) data points 
superimposed for the data of Table 6 



Tabbe 1 1 0  Swnmry of r e su l t s  f o r  the'concentration q u i l i b s i m  quotients 

~fatd ,  avo, .= 2049 OeI.I. I .43 001 

Bo Aquation Kinetics 

Sme of the spectra which were recorded during a ty-pical spactrophot- 

metric study of the aquation are shown in E g w e  8, A p lo t  depicting the  

change i n  absorbance a t  300 n m  during the earby portion of t h i s  experhene 

may be found kn M g w e  9, A l l  pertinent data  froui such sxpeaeiments ape 

l i s t e d  in Table 12, In t h i s  table ,  a r e  included the  values f o r  the spocific 
-- 

r a t e  constant calculated acaording t o  Equation 32, 
I .  

The data from pH-stat experiments a r e  listed in Table 13, In Table 13, 
I 
I 

a re  included the values f o r  k, calculated, i n  t h i s  case, from Equation 38. 
I 

A p lo t  of the r a t e  of hydroxide consumption during a t y p i c d  pH-slat exper- 

iment appears i n  Figure 10, From dba, aquation eq!serhents, an average value 

f o r  kl was calculated a t  each temperature studied and appear in Table 14, 



F5,gure 8. Spectral  changes during aquation or" 0,323 lnkf sample of 

[ Ptc12(en)] in 0.31 8 M NaC104. The spectra were -recorded a t  

30,0°C using '10.0 m ce l l s .  ' The base l i n e  rms recorded with 

the  0.31 8 M NaC104 solution in both ref  orence and s a p l e  ce l l s .  

a  = recorded 6 rninites a f t e r  dis iolut ion 

b = rooordod 2 hours n f t c r  dissolution 

c = recorded 4 hours a f t e r  dissolution . . 

d ' =  recorded 22 hours a f t e r  dissolution 



9. Change in absorbance a t  300 run during t h e  e a r l y  por t ion  of t h e  
experii~ien'c from wflj;ch.the spec t ra  of Figure 8 were taken. The 
values of ( d ~ / d t ) ~  were datemined from p l o t s  such as this 

. , 



Table 12, Sun1nary of r e su l t s  from spsctrophotometric studies of aquation 

kinetics. dbU absorbance data was taken a t  300 run ~ d ~ e r o :  

( E  l -EO) = 138 I4-I an-' 

Table 13. Surama.ry of resul ts-  from pH-stat studies of aquati.0r-i kinetics. 

The sarnple volunie was 25,00 ml in all e'xperknents 



At (hours) 

Figure 10. Hydroxide consuniption during hydrolysis  of [ ~ t ~ l ~ ( a n ) ] .  The . 

values of ( d ~ ~ ~ ~ ~ / d t ) ~  were determined from o r ig ina l  recorder 

p l o t s  o r  from da t a  taken from t h e  d i g i t a l  read-cut of t h e  

automatic bu re t t e  as a function of t b i e  



Table 44, Sununary of the experimentally deterinin& rieightecl average values 
f o r  tho spec i f ic  rate constant f o r  aquation of the dichloro 

. . species 

C, h a t i o n  Kinetics f o r  the Diaquo Species 

Typical. r e s u l t s  froin a slopped-flow kinet ics  experiment are :'haZustra- 

ted by the  photograph of: an osciUoscope t raco  shorm i n  figure 11 and by 

the  a s ~ o c i a t e d  data  of Table 4 5, The corresponding Guggahsim p l o t  i s  t o  

be fourad in Figure 42 ~rlae~ein ' the so l id  l b e  i s  the  l e a s t  squares l ine and 

the  ex-perheiataJ. data  points a r e  superjunposed, 51 Tables 16, 97 and 4 8, 

t he  r e su l t s  of all. such exparhsnts  a r e  tabulated; the  resuAk11t weighted 
0, 

- average values f o r  kObsd are included, The values for k,2s togother r.dth 

t h e i r  weighted averages and errors ,  are l i s t 4  in Table 49, 

The spectra a t  various times during the  second==order experbent  are 

shown i n  Figurel3. wherein the  first recorded spectrum should very closely 

. approximate that .  of pure diaquo species, These spectra were recorded a t  

30.0~~ and the d a b  used f o r  t h e  calculations rue,ra taken a t  255 mi. From 

~ M J  expeybcuit, tlre value f o r  the specific rate  constant f o r  vlation of the 

diaquo species was calculated .Lo be: 3,95 x 10ml set-' PI-'. The agreement 

with the  weighted average value of 4., 18 x 10"' secw' ~ i i " ~  obtained from 18 

~toppsd~f1or.r experiments i s  somer.rha't for tui tous,  especially in consider- 
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~graph of osciUoscope trace for 
e 16 (sweep rate = 2 seconds/cm) 

the first 

Table 15. Rsu data as reed from the photograph of figure 11 for the first 
experiment sf Table 16. The V in th is  table is  an abbreviation 
for (Vt+St-Vt) b. 

Weight 



0.00 8,OO . 92,OO 20,OO 

A t  (seconds) 

Figure 1 Z 0  Guggenheim p l o t  f o r  the d a b  of Table 15 corresponding t o  the 
first experiment of Table 16, The solid line is the beast 
squares l i n e  and the  points a r e  experirnenta3, data, The \r of 
this f igure  is an abbreviation f o r  (vt+St-vt) 



... Table 16. , Sunroary of r e su l t s  for  anation of the diaquo species a t  3 5 . 0 ~ ~ .  
In t h i s  and the foa-lorAing trm tables ,  the errors  l i s t e d  f o r  the 
observed r a t e  constants are those based on the  "gooduloss of fi'i;'! 
of t h o  Guggenheiin plots,  Such errors  were used only f o r  rlreigla'b- 
i n g  in the  calculation of tile 1.isted. r\ro-ighi;ecl avesages, The 
errors  associa'ixd with t he  weighted average vd-ues aro standard 
deviations 1~1hic11 r.rore c~2c1iLat;ed f roni t he  def ini t ion 

Complex 

( d d i )  

Chloride . 

Weighted 'average = 

Weighted average = 



Table 17. Summary of r e su l t s  f o r  anation of the  d i ~ q u o  species a t  30;0°~ 
- 

Complex. Chloride kobsdo a; lo7- CT x lo2' 
kobsd. 

(~~14 )  (PI) (scc-1) (sec-I) 

Weighted average = 6,67 0, 53 

Ihighted average = 3030 0,61 

# .  

a t ion  of t he  assumptions involved in t rea t ing  the  second-order data, 

Nevertheless, tlie experiment does of fer  valuable support t o  the  f a c t  that 

one had actual ly  observed anation of t he  diaquo species in  both cases, 

D o  Anation Kinetics f o r  the  Ilonoaquo Species 

The raw data Eroln a typica l  experiment, togetherwith t he  associated 

calculated values and - the i r  errors ,  a r e  l is t 'ed i n  Table 20, The corres- 

I pending log(1 -Xi') p lo t  appears in Figure 14, All pertinent data and resul- 
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Table 180 Summary of r e su l t s  f o r  anation of t h e  diaquo species at 25 ,0°~  . 

kobsd, x lo2 O-k x lo2 
obsd, 

(s ec-1 ) (see-1 ) 

. . 
0050032 00159 589% Oe17 

- . -. . . -. ......--.---.-.-a -5--3-2-.- 
' 0,14 - 

5.85, Oe10 
5.35 0.40 

. . bo&l ' 0 ~ 0 7  
4,445 0014 

' 5.25 0.18 

. . .- . . . 
4,65 4 9 . . " . - -- - 

Q.11 
0,18 

; 4i31 0013 
0,20012 5010 0,12 

5.37 . -. 0005 
4,lO 0.08 
4*87 Oo08 

.4; 83 O e 1 O  

'weighted average = 4095 0055 

. - 

Table 19, Summary of the  experimentally determined values f o r  t h e  specif ic  
r a t e  constant f o r  anatioii of the  diaquo species and t h e  weighted 
average values, The first entry a t  a given temperature i s  the  
value obtained from experiments with a clil.or5.de ion concentra- 
t ion  of 0.159 H, The second e n t ~ y  a t  a given temperature i s , t h e  
value obtained from experiments with a chloride ion concentra- 
tion of 0.0'395 M 



Figure 13. Spectral changes during anation of 0.51 2 mE:I sa~p1.e of the  

diaquo species. [ P t ( ~ ~ o ) ~ ( e n ) ]  '+. The spectra were recorded a t  

' 3 0 . 0 ~ ~  using 10.0 cm cel ls .  

a = recorded 0.67 minutes a f t e r  addition of H C l O 4  

b = recorded 8.33 minutes a f t e r  addition of HC104 

c = recorded 20,3 minutes a f t e r  addition.of HCLO4 

d - recorded 35.3 mnilnu.tes afbl;er addi'tfon of H C l O 4  
e = recorded 85.3 minutes a f te r '  addition of I-IC10,+ 

f = recorded 233. minutes a f t e r  addition of HC104 



Table 20. Raw data f o r  the  f i r s t  experiment of Table 21 

t a n t  kobsdo valueso t h e i r  weighted averages and exrors are given in Tables 

24, 22 and 23. Table 24 lists the c a l c u l a t d  kms values, their  rieighted . . 

averages and errors, 



0.00 1 .OO 2,OO 4,OO 

A t  (minutes) 

Figure 14. ~ o ~ ( 1 - F )  p lo t  fo r  the  data of Table 20 correspbndb~g t o  the.  
first experiment of Table 21 The so l id  l i ne  i s  t h e  l e a s t  
squares l i n e  imd t h e  points a re  e q e s h e n % d  data  poigts 



Table 21. S u r n ~ ~ r y  of r e s u l t s  f o r  anat ion of t h e  monoaquo species  a t  3 5 . 0 ~ ~ .  
In t h i s  and t h e  following two t ab l e s ,  t h e  e r ro r s  l i s t e d  for t h e  . 

observed r a t e  constants a r e  those based 'on the "goodness of fit" 
of t h e  log(1 -I?) plo t s ,  Such e r ro r s  were used only f o r  rgeigh'ting 
in t h e  calcula t ion of t h e  l i s t e d  r,reighted. averages. Tlle e r r o r s  
associa ted ~ r i t h  t h e  raeiglited average values are stand-ard devi- 
a t i ons  r&ich were calcula'ted f ron t h e  def-ini'Lion 

Chloride ti 
2 

k ~ b s d ,  l o  3 . .a, x 103 
obsd, 

Weighted average = 

Cfeighted average = 



Table 22. Stmlary of  r e s u l t s  f o r  anation of t h e  monoaquo species a t  3 0 . 0 ~ ~  

Weighted avepage = 

lfeighted average = 



Table 23. Sw.ziary bf r e s u l t s  f o r  anation- of t h e  monoaquo species a t  25. oOc. 
'me last four experiments l i s t e d  in t h i s  Lab!-e were conducted i n  

HC104 so lu t ion  ( ra they than ~ a ~ 1 0 ~ )  t o  ve r i fy  t h e  pH independence 

of t h e  seact,ioni The r e s u l t s  fyom-.'these few sxper:in~oi?'ts i.rere 
no t  used iii calcula,titlg -i;ile spec i f ic  r a t e  co~ls'ca.n'i; 

CoxpZex . - Chloride . t ~ .  I;obsa; -. x 1 0 3 ~ .  -X -1 0 3 
-ckObsdO 2 

(d-~) (H) (r71j.n) (sec-1) (secwl ) 
- -- --.- ---me- - - 
Oo50070 Om1 59 4074 ~ ~ 4 ' 4  O o O I  1 

4.51 2,56 0.008 
, . . + 4.64 .z,lcg .- 0,009 

4*.61 20 51 0.010. 
4,66 2,48 ! 0,005 
4, 57 z0'53 o O O O 8  
4.60 2, 51 0,007 

0,40056 40 77 2,4Z 0000.5 
0.30042 4,68 :' 2,47 0,005 

4.62 2.50 0,083 
0.20028 4075 2,43 0,105 

-4.88 2.37 0,085 

Weighted average = 

1,Jeighted average = 2 0 . 5 5  0,05 



. . 

Table 24, Sumwy of t h e  experimentally determined values f o r  the  specif ic  
r a t e  constant f o r  anation of the  monoaquo species mcl t h e i r  
weighted average values. The first entry a t  a given tenperatwe 
is the  value obtained from oxperbents with a chloride ion con- 
cenls~ation o f  0,459 M, The second e n t ~  a t  a g i v m  Leapo~~ature 
i s  the value obtained fronl experiments s,d'Ll~ a cUosi.de ion con- 
centration of 0,079j M 



VI . DISCUSSION 

A, Spectra 

A Gaussian analysis vws pe~fopiled for  'take s p e ~ t ~ ~ 5  of a sol~rLi-on of 

t he  comples i n  high chlorideo It i s  interbst ing t o  note the  remarkable 

- s imi lar i ty  between .the locations of the  absoyp.Lion bands i n  the  v i s i b l e  u~d 

ultrairj-olst regions f o r  [ptc12(en)] .-.. and -- c i s - [ ~ t ~ l ~ ( l ~ ~ ~ ) ~ &  Such a. cornpar-, 
. . 

ison i s  given i n  Table 25, Qually in te res t ing  i s  tne f a c t  -t;i~a'i. the  bands 

. . . - . - . - .. .- . - 
4 Table 25. F'requency of m a  (V  x 10 ca-l), axtinction coefficianLs a t  

t he  lllz?xkm (k IT1 cmal ) and half-widths of the bmds ( V +. x 1 0 
4 

cne1) in the  Gaussian analysed spectra of aqueous solu-Lions of 

c i s - [ P t ~ 1 ~ ( 1 ~ ~ ~ ) ~ ]  and [ ~ t ~ l ~ ( e n ) ] .  The values fo r  the  a m h e  - 
complex a e  those of Chatt, g& do (20) 

f o r  the ethylenediar~li_lze complex a re  a l l  a fac tor  of two t o  f i v e  more intense 

than the  corresponding b,mds f o r  the d i m l i n e  cornplex (considering both 

extinction coeff ic ients  and half-vidths), This i s  believed t o  be a r e s u l t  

of ' the  lower symmetry of the former compared 115th t!lat of -t!le l a t t e r ,  The 

Gaussian a~alyssci spectrui  i s  si1or.m in. Figure 15, 



Figure 15. ' ~ a u s s i k  analysed spectrum1 of [ ~ t c l ~ ( e n ) ]  in 0.318 Y chloride 

solution. The sum of the ~ a u s s i k  peaks was essent ia l ly  iden- 

t i c a l  t o  t h e  observed spectrum 
o = Gaussizn peaks 
A .= sum of the  Gaussian peaks 



.- - - - --- This-worker has observed. a, strong- dependence -of the  .absorption .of - 

plane-polarized l i g h t  upon the  or ie r ta t ion  of singlo c rys ta l s  of [~t~l~(ei l ) ] .  

The ex3,reies a r e  recorded ~Xi-bkl  l i g h t  polarized parallel t o  and parpei~dj-c- . 

uLar t o  .the ~ ~ e e d l e  axis of the  cry.s-ta1, For t'ne orien2;a"con r~ki.c1?- yields . 

min&nu':n absorption, o m  recoids 'a spec-trun s b d l a r  Lo both the  solution 

spec.tr~o. aqd c ~ j s t z l  spectra using unpolarizect l i g h t  i n  the  region between 

18,000 cm-1 and 36,000 cne'3. A t  higher energies, the c rys t a l  shorvs in- 

creasing absorption r.he:ress the  absorption in solution decroasos ~ u i t i l  a 

- - minic1unl i s  reached - at-40,800 cmyj ;---- 13eyoid. - th i s  region,. one -observes the 

intense charge t ransfer  i n  solutionb The c rys t a l  exhibits a strong dichro- 

isla so tha t  with the c rys t a l  o r i e n h t i o n  of ~ ~ A ~ U I I I  absorptioil a t  room 

temperature, the  absorption i s  a t  l e a s t  a fac tor  of three higher i n  the  

reg ion  between 10,000 c n ~ ~ l  and 30.000 cjl-l. Beyond 30,000 cmll, the  

c rys ta l s  in this orientation exhibited absorbaiices beyond the l i~a i t s  of Llie 

spactrophotometer. Recently, ~ u n t e r '  has recorded spectra of several th in  

c rys ta l s  of [ptc12(en)] a t  low temperatures using polaria-d l igh t .  He has 

successfully obtained polarized spectra through t rans i t ion  energies a s  high 

a s  35,000 cm". One in teres t ing  feature of Hunter's r e su l t s  i s  t h e  appear- 

ance of a proiiounced shoulder on the  long travelength s ide of .the band a t  

34,200 cmn1 i n  the polsriention of maximum absorption. It soems lilccly 

t h a t  the  complexity of Vne absorption phenonena i n  t h e  region betr.ree9 

20,000 cm'l and 30,000 cm"1 rriU necessi ta te  a description i n  terms of 

t rans i t ions  t o  several ligand f i e l d  s t a t e s  related t o  t r i p l e t  s ta tes ,  Un- 

fortunately,  I - Iul te~ 's  data a r e  unable t o  provide corrobora'tion f o r  t h i s  

' ~ u n t e r  , L. Do, iimes, Iowa. Spectral  data. Private comnunication. 
1969. 



worker's proposal of t he  existence o f a  low in t ens i t y  band i n  solut ions  a t  

A skrAlar analogy, betveen t h e  spectrum of + r a ~ s - [ ~ t ~ l ~ ( ~ ~ ~ ) ~ ]  2nd 

t h a t  of -%- t r a ? ~ s - ' [ ~ t ~ l ~  { ( ? C ~ H ~  ) 21?f1r2 1 has b e e n  noted by Cl~att, & &. (20). 

Ira t i r i s  coniparison, ho~.~ever, one f inds  sicllilari.ties in both band loca,tions 

f 
. - 

and i n t e n s i t i e s ,  If one compares tho  spectrum of [ ~ ~ l ( d i e n ) ]  (dieh = 

diethylefietriamiae) with t n a t  of [ R C ~ ( N H ~ ) ~ ] '  t h e  analogy again appears. 

Such comparisons a r e  i n t e r e s t i ng  but pror ide  l i t t l e  n;eanbgfurl informalion 

concernbg t h e  assiglment of absorption bands i n  ternis of spec i f i c  t r ans i -  

t ions .  This ~ ~ o r l c e r  i s  anxiously awaiting t h e  coi~lplstion of Hunter's work. 

FLnaUy, it i s  1~ort11 noting t h a t  E l i s  worker has obtained spec t ra  of 
.. . 

: :  ; 
so lu t ions  rd1erei.n t h e  p ~ i m z r y  absorbing spacies was [ ~ t ( ~ ~ 0 ) ; ( 6 n ) ]  , . Such 

.-. 
so lu t ions  5ie1-e obtained by t h e  addi t ion of HC104 t o  samples containing 

pr&ciply t he  dihyclroxo(ethylenediamine)pla~~~tm(~l) compla,  The l a t t e r  

resulte 'd fro31 pH-stat s tudies  of t he  hydrolysis  of the dichloro cou~plex in 

bas ic  solutions,  Since t h e  spectrum of e s sen t i a l l y  pure [PLcl2(en)] was 

a l s o  ava i lab le  f ro in  tho so lu t i o l~s  of t h e  conpound in high chlor ide ,  it was 

poss ible  t o  ca lcu la te ,  by di f ference,  t h e  spectrum of 't'ae monoaquo species. 

According t o  t h e  prasentation i n  sect ion I V ,  A, t h e  concentra.tion of t h e  

diaquo species in solut ions  ~r'nich a r e  a t  equilibrium rcith respect  t o  t h e  

react ions  of Equations 1 and 2 i s  .given by Equation 19. Subs t i tu t ion  of. 

t h i s  value i n t o  Q u a t i o i ~  44, followed b y ' r e a r r ~ ~ e i n e n t ,  gives f o r  t h e  

q u i l i b r i w i  concentration of t h e  monoaquo species:  

For t h e  purpose of t he  follor-ring discussion,  tho symbol E tot. i s  defined 



f o r  equilibrium solutions by the expression: 

The right-hand side of this express5-on 111ils-t obey the  'dationship: 

thus : 

!he values f o r  EtotaJ were evabtui%ed from the  spectrum of 'chs solut ion 

corresponding t o  the  f i r s t  ontry of Table 10,  o or t h i s  rocordingo 1 = 

5.004 cm. ) For the  evaluation of E 2, data  were t k e n  f rox  t h e  first 

spectrum of Figure 13. In the calculation of the equilibrium concentrabions 

of the  three  species, the Least squares adjusted v a h e s  f o r  T ('00857 mE.I from 
. - 

Table 9) and K2 (1.43 x 1 odb. M from Table I I ) were used, Tho resu l tan t  ' 

values f o r  the extinction coefficisnts of tho three species are l i s t e d  in 

Table 26 and the  associated spectra a r e  shor;m i n  Figure 16, ELletraul, 

Reishus and lrmtin (38) have reported the'spectrun of a solution which 

contained [l)tc12(H20) ( N H ~ ) ]  a s  the  dominant species. Their solu.tion was 

obtained by passing en aged solution of [ P ~ c ~ ~ ( N H ~ ) ] -  through an anion 

exchanger, thus a m a l l  amount of [ P ~ c ~ ( H ~ o ) ~ ( B H ~ ) ] '  prabably a l s o  con-ixib-' , 

uted t o  the  recorded spectrum, Other than t h i s  case, spectra of R(U) 

complexes containing aquo ligands a r e  generally unavailable in t h e  l i t e r -  

a tureo  

B, .I(anclios and EquiPib~ia 

The values for  a U  the constants associated rd th  the  reactions of 

Equation 1 a r e  l i s t e d  in Table 27, Apparently, the previously reported 

vduc of 5*3 r l o m 5  s ~ o " " ~  fo r  k, at. 8 5 ' ~  (51) i s  som&;lt,hi.ghe 
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Table 26 .  ~ 1 o l a r  extinction coefficients (PI-' cmml) as a function of wave- 
: length f o r  the  three coll~plex specics discussed in t h i s  work 



figure 16, Spectra of t h e  three  cornplex 'species discussed i n  -this work, 

o = spectrum of [ ~ t ~ l ~ ( a n ) ]  



Table 27, Summary of experimentally determined values f o r  the  constants 
associated with the  reactions of Equation 1 

C .  

It was not  possible, by the  methods ernployed by t h i s  rsorker, t o  expel.- 

inrentally determine the  r a t e  of the second aquation reaction, Tho m a h  

reason f o r  t h i s  is  the similar i ty  of the  r a t e s  of the  t ~ r o  successive 'aqua- 

t ion  reactions. However, having determined I$, and kap0 one can eval-uate 

k2 according t o  the expression: 

The values fo r  the co i~s tan ts  associated with the reactions of Quat ion  2 

are listed in Table 28, (The formulas ih i ch  ..were used t o  calculate  weighted 

averages and the i r  associated errors ,  and the  formulas f o r  propagating 



Table 28, Summary of experknentally detemurirmeal values, and, i n  t h e  case of 

k2 the valu.es calculated from experknsnAdy de t  ormind values 

f o r  the c o ~ s t a n t s  associated rd th  the  ~ a a c t i o n s  of &Au.~-bion Z 

er rors  and other formulas which were used in the  s t a t i s t i c a l  acljusbnmt of 

data ,  other than those formulas listed in this work, may be found 3,n the 
, . 

text  by kJorthhg and GefRier ($), ). 

From tlie values f o r  the  concentration equilibrium quotients a t  various 

tanperatures, the  enthalpies of the aquation reactions can be estitnated, 

The temperature dependence of the  themnodynamic equilibrium constant i s  

given by the  famil iar  expression: 

d ( l n P ) / d ~  = AHO/RT~, 



where, a s  previously defined, we have tha t :  

thus: , 

d(ln@')/dT = K d r / d ~  i. r ~(LIK)/~T . (77 

If one adopts tho ra ther  common assumption. t2;lla.t aclixrity cosfficieia-ts are 

. func.i;ions only .of the ionic strength and of t he  mnagnitude of tho charge on 

the ion, the f o U o ~ i n g  relationships a r e  acceptable a,ppro;bmations: 

]Furthermore, it w i l l .  be asswnd, as i s  usually done, that :  

In cognizance of Equation 80, Equation 75 is adequately approanat& by: 

a(rur)lar = DHO/RT~ 
which, upsn i n t e g r a t i o n ,  yj.eIrls : 

log  K - A EO + c o i ~ s t m t  , 
-.- T 

Thus, the enthalpy of reaction may be obtained from the slope of a p lo t  of 

log  K versus 1 /T according Lo: 

A P  = - ( S ~ O ~ ~ ) ~ ( I O ~ O )  o (@+) 

The enthalpies of the  aquation reactions were estimated fro21 Quat ion 84 

u t i l i z ing  the r e su l t s  of l e a s t  squares adjustments t o  Quat ion 83, (Admit- 

tedly,  a l e a s t  squares f i t  t o  three points i s  somewhat superfluous; however, 

frm the. available l e a s t  squares program and error  estimates, one obtains 
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proper weighting of the  points ' v e q  conveniently, ) 

The standard f r e e  energy change associated x i t h  a reaction i s  given by 

t h e  f undtarflci~kl the,~nodynwajc relntiolaship s 

wherein, it might be a rather  poor opproxirmtion t o  assum 'chat . . t h e  ~~lnr 
terra i s  essent ial ly  zero, The value f o r  Yl was "cuBa~ equal, to Y+ U f 02 , 

hytjrochlorfc acid in potassi.um chloride solutions of the  sme ion ic  

strength (57). Values of WB quantity 'YC 2-/YHC -yaw wirich were 
-. .-.- --- . 2 4  2 16 

indicated i n  the  potentiometric determination of K2 f o r  o d i c  acid ((58) 

were plot ted as a function of ionic  strength, A value f o r  Y2+ was corn- 

putad from t h i s  by multiplying values taken from t h i s  curve by Yl 2? 

A t  an ionic strength of 0.31 8 14, Y1 a t t a ins  the value of 0.725 and 

Y2/Y1 has a value of 0.493 (assuining negligible differences betwean 

mobarities and molaLities) , Thus, f o r  the  aquation reactions hesein des- 

' cribed, the following approximations were used: 

and : 

The standard f r e e  energy changes associated with the aquation reactions 

were then calculated from q u a t i o n  85, Tne related entropy. changes were 

cdculatecl f r ~ i i  the f r e e  energy changes and the enthalpy changes according 

t o  another fundamental thernodynatnic lDelationship: 



The enthalpy and entropy of activation associated with the various 
t 

reactions were estimated from t r m s i t i o n  sta.be theory (39) accorci:hg t o  tho 

h = Planck's constant; 
. . 

kg = t he  Boltzmaola constant; 

R = t h e  gas .constant, 

For the  purpose of eva~uatjblg the  enthalpy of a c t i ~ ~ a t i o n ,  the relationship: 

AH* = EA - RT 9 (90 ) 

was invoked, foUorLvlg the  e s t i ~ ~ i a t i o n  of the h r h m i u s  energy, EAs from the  

slope of a p lo t  of the  logarithm of the  specific r a t e  constant versus I / T ~  

A l l  of the reaction and act ivat ion paranieters which were evaluated 

appear in Table 29. since the  specif ic  r a t o  constants which were used PAW 

Equation 89 were those fo r  r a t e  expressions r .nit ten in t e r m  of concentra- 

t ions ,  the  ascrepancies  betr.reen the  differences i n  entropies of act ivat ion 
. .. 

and the  entropies of reaction were not unexpected, 

I It i s  in teres t ing  t o  compare the  values of the  concentration equilib- 

i .' rim quotients and of the  r a t o  constants obtained a s  a r e s u l t  of t h i s  - work 

with the  values obtained by other workers f o r  related complexes of ~ t (11) .  

Such a comparison i s  presented i n  Table 30. Tucker, Cokin  and 1vIsrti.n (60) 

have noted the  systematics f o r  the concentration equilibrium quotients of 

I '  the  chloroarrimine se r i e s  of Pt(I1) colllplexes. Apparently, t he  charge on the 

I species has no primary ef fec t  on the  r a t e  constants. Thus, the  observed 

r a t e  constants Tor the f i r s t  aquation, i n  which a chloride ion i s  l o s t  from 



Table 29, Activation and reacti'on parameters, evaluated a t  25, O'C, fo r  the 
reactions of Equations 1 and 2 

'.) 

Constant 

species ranging i n  charge from -2 t o  +I ,  d i f f e r  by l e s s  than a fac tor  of 16, 

A comparison of the act ivat ion parameters i s  given in Table 31, Such 
? 

aquation reac'tions of Pt(11) complexes generally involve substant ial ly  neg- 

a t i v e  entropies of activation, TypicaU-ys t h e  act ivat ion edthabpy 9s about 

20 kcal mole-'. 
-- .- . . 

The la rge  difference between the  entropies of the  successive aquation 

reactions of [Ptc12(en)] cen be predicted. Both reactions can be repre- 

. sented by: 

f o r  which /\SO = -02 eu. This entropy change *.as calculated using the 

values (in eu.) of 8,1 for chloride bound t o  a diposi t ive metal ion, 1607 .for 



-Table 30,. Concentration equilibrium quotients and r a t e  constants f o r  t h e  

acid hydrolysis of the  chloroammine ser ies  and related coluplexes 

of plat hum(^^), The xralues fo r  t h e  chloro,unie  se r i e s  a.re 
. . 

those of Tucker el; 21, (60) ~&o.re the nan'oel-s i n  p ~ e n t h e s e s  are 

estimated from a value 'for kmcL/ ( ~ C _ ~ ~ + I C _ ~ ~ )  of 0.06 a t  20'~. 

The values f o r  the  d i h  conlplex a re  those of Gray (61) 

Eirs-L Second first Second 

[ ~ t c l ~ ] ~ -  - -- 

[ P % c ~ ~ ( ~ H ~ ) ]  ' - t rans 

c i s  - 
c i s - [ ~ t ~ l ~ ( l ~ ~ ~ ) ~  1 
7 

[ ~ t c x , (  en ) 1 
t r a n s - [ ~ t C l ~ ( ~ ~ ~ ) ~  1 - 
[ R C ~ ( N H ~ ) ~ ] +  

[ ~ t ~ l ( d i e n ) ]  ' 

H20(1), 9.4 f o r  bound H20 and 13.2. f o r  Cla(aq), Theso values were talcen 

from Latimer (63) and niust be considered a s  approximations in t h e i r  appU- 

i cation here; ho~~ever ,  they should provide the  magnitude of the change 

involved. To complete the prediction, one must al;o consider the a f fec t  

of the  change in charge on the  comrplex0 For t h i s  estimation, the values 

given by Latimer and Jo l ly  (64) fo r  a1uninu.m-fluoride complexes were used, 

For the  reactions of q u a t i o n s  92 and 93 on the follor.ring page, they l i s t  



Table 3Ie Activation a rme te r s  fo r  the acid hydrolysis reactions of some 
platinum(1I 7 complexes, Values 0 t h ~  t11an those resul t ing from 
t h i s  S r k , ,  taken from BeUuco e t  ale (62) arad references c i t d  
therein, and f,rom PkxrLin (29) 

C O ~ P ~ X  A a" A s" 

cis - 20 - 9 

trans- [ R C ~ ~ ( N H ~ ) ~ ]  - 
{ P ~ c ~ ( ~ J H ~ ) ~ ] +  

charge ef fec ts  of 3 and 12 eu, respectively, The changes in charge f o r  the 

reverse of the  above reactions correspond t o  the changes involved in.Lhe 

aquation reactions of [ ~ t c l ~ ( e n ) ] ,  Thus, on tile basks of such approld- 

mations, one estimates the values a s  -5 and -44 ou, respectively; f o r  the 



aquations reactions of t h i s  work, A s ignif icant  difference in t h e  entro- 

pies of these.reaet ions i s ,  therefore,  t o  be expected, 
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M, APPENDIX 

The de~relopiuent presented herein f oUor%m close1,y that  o-f bIen ~ P J C J ~ ~ L ~ I  
-'- 

( 5 2 > e  

Experknentally, n pa i rs  of i i~e~smmlents  of the variables a r e  mads 
- . -. - - - . 

vloich will be designated as (aioTi); i = 1. O " no A s ingle  function, F, 

r e l a t e s  these variables and the L r ~ o  parameters, CL end P, f o r  which one 

wishes estbmtes,  Tho function is: 

Estimates of the  parameters may be found, rhich  rill be designated by 5 
. . 

and p, based on the pr inciple  of l e a s t  squares. The l e a s t  squares ad jus t= '  

ed values of the  var iable  T wil l  be designated by Ti. The a variable  rxi,U. 

be assrarned t o  be exact, The res idual  of the  i t h  measurement i s  given by: 

' 

' Assuming t h a t  sa t i s fac tory  f irst  a p p r o b a t i o n s  f o r  the .  parameters, 
3 

a and Do, are  obtainable, t he  differences between these f i r s t  approxi.- 

mations and the l e a s t  squares values are given by: 

and . 

The mathematical statement of the l e a s t  squares problem i s  t h a t  one 

des i res  t o  obtain a loinimization of the  sum of the  weighted squares of the  

residuals,  t h a t  is ,  one seeks a nlinimization of:  



subject t o  the  r e s t r i c t ing  equations : 
- 

\ 

The 1.reigh.i;~ are defined by: 

where Ci i s  t h e  standard dovi.ation of the  iLh li~easuremsnt of T; md C 
' 

J 0 : 
is ,  by definit ion, the standard de~riat ion of a measured, value of mfP, 

weight. In practice,  horrever, uo2 i s  an arb i t ra ry  constant which is 

chosen t o  make the  magnitud-e of the  weigh-bs coi3vcizi ento - - a ~ d  which n0.b 

e f fec t  the value of any quantity determined by the  method, 

The solutioq of tho problem is  simplified consid6rably i r ^  t he  res t r ic -  

ting Quat ions  99 a r e  b e a r  with respect t o  both variables and parane%s~s,  

( O f  course, Ekpation 94 i s  l inea r  i n  the  parameters and could be t reated a s  

I a f u ~ c t i o n  of the f orin: y = p x  + a ,  Such a t r e a h m l  woubcd, ho~rever, in- 
I 

I -, volve variables of l i t t l e  physical s i g n i f i c a ~ c e ,  ktherl t lore ,  both vari- 

ables  ~rou ld  be functions of T which would- force one t o  consider both x xnd 

y subject t o  error  - a problm of considerable coa~lexi ty . )  To s i m p l i e  

I the r e s t r i c t i n g  equations, one expands in a Taylor ser ies  about the  point 

( a i 9 ~ i 9 ~ 0 9 P 0 )  and truncates the  se r i e s  a f t e r  the  f i r s t  order tentis. The 

I , Taylor se r i e s  expansion of the r e s t r i c t ing  Equations 99 i s  .of the  form: 
- 

F ~ ( B ~ . T ~ ~ E . ~ ~ )  - F~~ (a. ,T., ~ Q . P o )  -I- F. LT (T. 3. 'T. 1 ) 



h tei-uls of the r e s i d u d s  of. Equation 95, all of tho tEifs"orences of Equa- 

t ions  96 arid 97, Equation 104 becomes : 

which y ie lds  t h e  reduced r e s t r i c t ing  equations: 

Now, .in o d e s  f o r  S of Equation 98 t o  be a minjuil~ilg, . .. .it i s  necessary 
. . 

t ha t  : I. 

1 

or, it must be that :  

Combhation of Equations 107 and 108 yields:  

. . The variat ions in  the  residuals,  dVi, must s a t i s f y  the  d i f f e r e n t i a l  of the 

r e s t r i c t ing  Equations 106, thus : 

The solution'  of the problem .is now one of 'satisfying Equation 109 subject 

t o  the  r e s t r i c t ing  Equations 110, 



Introduction of n arb i t ra ry  nu l t ip l i e r s ,  -A , ". -AnB and m u l t i -  

p l icat ion 'of each times Equations I 1 0 yields  : 

Addition of Qua.tions 1 1 4 and. Quations 1 09 f6Ilorc3d by col lect ion of 
. . - -  

c o e f f i c i e ~ ~ t s  . of . the  ... di f ferent ia l s ,  gives: 

. . In order t o  hive a modningful solution of Quation 412, t he  coofficisn'c of 
- -. . . -. . . - . . . - . - . .. . . .- 

each d i f f e ren t i a l  must equal zero, t h a t  is: 

Equations 11 3 can be solved for  the residuals,  yielding: 

Substitution of these values in to  the r e s t r i c t ing  Quat ions 10.6 gives: 

Introduction of the definition.: 

i f o l l o ~ r d  by i t s  substi tution in to  Quat ion 147, yields,  a f t e r  rearrange-: , . . 
1 .  .. 
I ment : 

. . 
. . 



The hi c a n  bo ~ l i ~13~1a tBd  by subskitution of Fquztion 119 i n t o  Equations 

These a r e  the  no~mal  equations and a r e  simply a pair of l i nea r  equations 

which can be solved f o r  and np. 
For the  purpose of continuing, Equations 120 and 121 a r e  nstr w i t t e n  

as:  

and 

The corresponding e lmen t s  of the  matrix inverse t o  tho coeff ic ient  matrix 

I f o r  Equations 122 and 123 are given the  symbols: duo F m m  the  inverse 

' matrix, it can eas i ly  be s l~o~~rn  tha t :  
% 

I .. 
and 

I * .  
.The desired parameter. estimates a r e  then calculated from Equations 96 and 

I * 97. The u t i l i t y  of the inverse matrix solution r e s t s  i n  the  fact t h a t  the 



variancss of t h e  parameters are s b ~ p l y  given by: 




