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ABSTRACT

The kíneËícs of Ëhe reacËions of ne(U.ro) O2+ wLttt S-sulphosalicylic

acj-d and 5-chlorosalicyl-ic acid were studied by a specËrophoËometric

sËopped-flow ËechnÍque over the aci.diËy range from 1.58 x 10-4 M to

5.01 x tO-4 l¿. Two competiËive reactígn pathways were idenËified:

2+ Kro 1r- k-
Be(Hro) 4t* * HL- =-l!- Be(nro) 4t*.u- -å= 

ne(nro)2l + I{+ + 2HZo
2-k-rLL

(out,er-sphere -!
ion-pair)

+ --TP | + --.í r'
Be(Ilro)3on' + 

"r, 
jE= Be(Ilro)rott+.Hrl, 

=ki5 
Be(Hro)2L + Hl + 2H2o

K ..
(ouLer-sphere -l-a

ion-dípo1e)

Ãt 25.1oC and an íonic strength of 3.0 M, k. and k.. for Ëhe chelation

of Be(II) with Ëhe 1-igand 5-sulphosalicylíc acid were determined to be

63 sec-l and 6.6 x l-06 "."-1 respectívely. ln the case of Ëhe ligand

5-chlorosalicylic acid, k. and k' were found Ëo be 66 sec-l and

2.7 x 106 "".-1 respecËívely. Fron a Fuoss-Eigen type ouËer-sphere

ion-pair ËreaÈmenË of the experímental- daËa, Ëhe rat.e-determining

sËep ín Ëhe complex formaËion appears Ëo he the loss of the first

water molecule frorn the inner coordínaËion sphere of Be(Il). The

dissocíaËive ( SU1 - IU ) reacËion mechanísn is in agreement with

tþe conclusÍons of other substítuËÍon studj-es of the hydrated -bery_lli-urlhe i.'-r¡:. l.7i;aiJ,,.. t'a a¡.-,:=: ,.j.-¡lf_St;i:::ì2n F,;ir.=,. .:r. *i-.:. ._=,:¡--.--. -.-:_..-,__.i:ìt
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caËion and solvent exchange studies. Activatíon enËhalpies for the

formation of Be(II) -5-sulphosalicylate and BeCII)-s-chlorosalicylate

are L2.23 KcaL/mole and 11.93 Kcal/nole respectíve1y. These values are

slightly hÍgher than the activaËi.an energigs reporËed for t,he formation

of the monofluoroberyllium complex. The difference is discussed in

Ëerms of the solvent effecË proposed by BenneËto and caldin. The

associated activation entropies for the formatíon of boËh complexes

are also reporËed.

: I ::: :.t.r:. . :.t-_.j-:. -t:"
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(A) INTRODUCTION

(1) FAST REACTIONS.

In recent years, Ëhe investigaËion of many fast reacËions has

been made possibl-e with Ëhe advent of new Ëechniques. ReacËíons that 
¡r:,¡,',¡,f..,.
:. .....1,1 1''

r^rere prevÍously regarded as ttinsËant,aneoustt or ttupon-mixingtt can now be

studied by meËhods like sËopped-fl-ow, quenching techniques, 1ow-

temperature experíments, polarography, ion-molecule reactions, shock-

Ëubes, flash phoËolysís, ESR & NMR spectroscopy, and, most often,

perturbation-relaxation meËhods.1-4 Corr"equenË1y, Ëhese techniques have

provided us wiËh a ne\^r time range for chemícal raËe studí"".S PresenË

mÍcrowave specÉroscopy techniques which have been used extensively Ëo

study solvenË or ligand molecule exchange in comple*."6'7 requíre only

a suítable equilíbrium in soluËion before exchange rate constants can

be det,ermined. ReporËed firsË order rate constants range from

104 - 108 "".-1.
Complex formaËíons are generally investigated by either of the

following Èwo meËhods. FasËer substituËions wiËh rate corisËant,s

2 g _1 ::..,::;..:..;;.-:....,..:..

anywhere from 10- - 10- sec - are conmonly followed by equilibriun .,1i;,1.¡'.,,-,;,',;

q R O .::.:.. :

perturbation meËhods.-t"t' These meËhods are essentiall-y rel-axaËion ..,.......,..,,,,,

techniques. An external parameËer of an equilibriun system (e.g. 
ìr rl

temperaËure, pressure, electrical field density or sound absorptíon) is

perturbed rapidly, and its subsequent relaxation Ëo a ne\^r equilíbriun 
.,r.,...-.:,.

,r 1... lr.ì:'ì::'-:ì.

is followed specËrophotometrically, or via conductimetric, polarographic :": r:r"r'j:j'ì

or fluorÍmeËric measuremerrË".5t10t11 This particurar technique has Ëwo

import,ant advantages, (í) it can be applied to study reactions thaË

':,-::::.....
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approach diffusion-control_led rates, (ii) actual chemícal transformation

is not, necessarv.

The other coÐmon technique used Êo study complex formation is the
I'sËopped-f1owt' meËhod, one of the many ttflor,r" meËt¡-odr.Lr2r3 The

mechanism of "stopped-flowt' spectrophotomeËry r^rill be discussed Ín the

1 experimental sectÍon. An outstandÍng advantage of thís method is that

a whole reactíon cycle may be followed very rapidly. rn addÍtion,

reactant consumption proves to be very economical. However, there

are LT¡ro severe líuritations in the applícaËíon of the method, namely,

(í) Ëhe reaction beíng observed musË possess a half-life, ËL12, whích

is much longer Ëhan the mÍxíng time, and (íi) actual chemÍcal

ËransformaËion is absolut,ely necessary. Eigen5 h"" suggested, in

view of Ëhe time factor in mÍxing, thaË the effectíve time range of
flow methods is restricted Ëo reactions wíth half-lives betr¿een

nâ1
10" - l-0' sec-t. NeverËheless, Èhe developement of ttstopped-flowrt

has enabled chemísts t,o elucidate the react,íon kinetics and mechanÍsms

of many complex formations.

(2) KrNETrcs AÀID MEcHANTsMS.L2'L3,L4

Generally, aLL reactíons involving coordination compounds,

except Ëhose of redox processes, carl be classified as substitut,ions.

There are ËT^ro types of substituËions, abbreviaËed ttSrt' & "SEtr.

"S*" rePresents "substitution nucleoph-ilicr', a Ëerm t¿hich Ímp1Íes the

replacement of a ligand ín a subsÈrate by another ligand Ëhat is an

electron donor seeking for a positive cenËer for reacËion, e.g.

...:.r- 
"..ì 

..:.: ...-. :.:
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Y+M_X + M-Y+X (1) (a)

"S-" denoËes "substiÈution electrophilic". It is Ëhe opposite
¡i

of''s..''reactÍonsintheSen.geËhaËitinvo1vesane1ecüron-defícienÈ
^ ..,,.:,.,...-r.,,.,,.-

reagent aËÉacking an elecËron-rich center. Reactions of thÍs sorË

often involve the replacement of one metal by anotherr e.g

M' +M-X +M'-X+M (1) (b)

' ';; .,,'.. ;.',''. 
' 

,

There are various sub-classifications of tts*tt reacËions, and 
,:,,a::,.,:1,.,,,1.,,:

it ís these reactions that consËituËe mosË of the complex formaËíons. :1: : :: : :

Three possible mechanisms are envisaged for nucleophílíc subsËítution

according Ëo Ëhe followíng t'sËoichiometrically" dÍ-sËinct pathway".14

-X +Y
IO(n+x-Y

( D = dissocÍaËíve mode of activaËion, defÍnite intermedíaËe of

reduced coordinaËion number. ) (2) (a)

-1Y
-Y +X

(A = associatíve mode of activation, defíniËe ÍnËermediaËe of Íncreased

coordÍnaËion number.) (2) (b)

ID(n. . . .Y 

-Wrr_lY. 
. . .X

(I = an interchange, concerËed process wÍËh no kinetical-ly deËectable

intermediate. ) (2) (c)

The crucial- facLor ín distinguishing nucl-eophílíc subst,itutÍon

-X+Y
ì,D(n
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mechanisms then, is obviously ttre nature of the inËermediate.

According to the ltughes-ln gotdL4 scheme, react,ion type (2) (a)

corresponds to Ëhe limíting S*1 process. Reactions of Ëhis kind often 
,:,,:,.,.,;

dÍsplay a characËerÍsËic unimolecular rate-determÍníng step. Significant ,i,ì,¡,,.,,',

bond st,retching prior to the format,ion of an inËermediaËe with a reduced

coordinaËíon number is also ímportant. An exampl-e of a recently sËudied

reaction Lhat conforms to a límíËíng Sul mechanÍsm ísr15'16 ,,,':'1,,,,:'
: ::::'-.:;. .:.

)- k1 )- .:.i-...1
co(cN) SHZ0- = :: co (CN) 5- + It2o (3) (a) ,,..,.),1.;:t..

JLkr)L

-I

,--kr?-co(cN)s- +Y - - co(cN)rY" (3)(b)

Assuming the steady-state approxímation for Ëhe inËermediate, i.e.
t-

d[Co(CN) 5- )/at = 0, the followÍng rate expression Ís obtaíned.

t- ,-
(3) (c)

-.t..(.t)r"rtl _ 
krkrlco(cN)rllro- I [Y ]

dË k_r * k2ty-l

,..1 Various forms of the above rate expression can exíst, depending upon ,.:,.,,.:,',

' the relaËive magnitudes of Ëhe rate constants k " and k,, .,,:...
LZ..:::

: -:-.:::_l

The firsË ínsËance would be:

(i) k , s k^.
-I¿

..:. : ir¡- .._

concentration of tY-] . rf [Y-] is kept in large excess so that its 
i:j--i'j:ì'r':

coricent,ratÍon is considered to be relatj-vely constanË throughout the

reacËion and such that krlYl t k_1, Ëhe raËe is pseudo-fírst order ín



the complex, i.e.

-5-

)_
= \Ico(cN)sn20- I C3) (d)

-dlco(cN) slzoz-|
dt

Ilowever, if tY-] ís low enough so ËhaË k_1 t k2IY-], a second order

kineËic expressÍ-on would result.

t- 
-:....,.--ut*(*) IHZO- I krkZ. 2_ -r ¡.c\ /^\ ,

-- 
= 

-[Co(cN)sH2o- 
] ty I (3) (e)

dL k- .:.
-I ..,:,:,,

Consequently, if k_l = k* t}:re raËe obtained should have a second-

orderdepend.enceon[Y-]aËre1ative1-y1-ow[Y-]andbeÍ-ndependentof

t'heconcent'rat'íonandnatureofY-athighertY-].Expression(3)(e)

has íllustraËed that second-ord.er kínet,Ícs do not necessarily '

representanS,2directsubsËíËution.IËiSa1soinËeresËíngtonote

that Ëhe ratio kZ/k_L measures the nucleophílícity of the íncomÍng

ligand Y-.

Another siËuation would arise if reacËion (3)(b) ís fast,, Í.e. ..,¡,.ì

(ii) k,r>> k ". Under thís liníting condition, the rate constant for :z -L ;"t"
the formation of Ëhe complex r¡rould be dependenË solely upon the value

for wat,er exchange and independenË of the nature of the enÉeríng

ligand. 
;,.,..,..

Reactions of type (2) (b) are connonly known as límÍË-ing "S*2tt ','..t,,'

processes. It has been concluded from some platinum complex sËudies

that such an associaËíve (A) nechanism is both st,erícally and



electronically f avoured

fo1-lowing example would

substiËuËion.

PË(PEr3)2(R)C1 +

-6-

ín square-planar CdB) subsËiËuËions.14 rh.

depict the second-order rate law for a t'trr"

Pr(PEr3)2(R) (c1)Py

(a) (a)

k ẑ
+

k1
PYÞ

PË(PEË3)r(n)Pv+ + cl

By assumíng d[Pt(PEË3)2(R)(Cl)Py]/dt = 0r i.e. a sLeady staËe

calculaËion, the following raËe expression ís obtained:

-d [Pr (PEË3) 
2 

(R) cl]
= (kr+krtpyl) [Pr(PEË3)2(R)cl] (4) (b)

kob" = t<, + k, [Pr1 ( ) (c)

The term tr[Pvl[rt(PEtr)2(R)c1] in expressíon (4)(b) ís evídently

second-order dependent, but Ëhe remaining kl[PË(PEt3)2(R)Cl] term

appears to be fírst-order. IË was suggested Ëhat a dual mechanism was

possible with Lhe kl[Pt(PEt3)2(R)Cl] Ëerm representing a díssociatíve

S*1 mode of acËivaËion. Ilowever, 1aËer evidenceslT "".*"d to suPporË

Èhe thesís of a strictly assocíative mechanism wÍth the solvent ínvolved

as reagent in the k, raËe term' i.". \- = kr[SJ. Consequently, the idea

of a partial S*1 mechanj-sm was dÍscarded. lt is expected that a1-1 S^2

reaction raËes are dependent upon the nucleophilícÍty of the enËeríng

ligand. The gradient k, from a plot of kob" vs. the coÍrcenLration of

enteríng lígand, [Y], is a lneasure of the reacËiviLy of Y. ConLrary to

dr
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the SNl mechanism, considerable bond making, instead of bond breaking,

prior to Ëhe actual formation of the int,ernedi.ate Ís sígnifi.cant.

The final mechanism depicËed ín expression (2) (c) is interchange

(I). There are Ëwo major categories, la & Id; both of them exhibÍt no

kj-netically detectabl-e intermediat,es. The l" type denoËes a mechanism

simílar Ëo the S*2 (Not 1-iniËíng) process. According Èo Basolo &

1RPearsonr-" thís would be a process ín whÍch the rate sËep ínvol-ves

abouË equal bond breakíng and bond makíng. The followíng free-energy

díagrams demonsËraËe the íntímaËe dífferences beËween the SN2-(A)

línitÍng and Sr2-(I") not liniËíng mechanisms.

distorted (unsymmetrícal)

trigonal bipyramidal

transiËÍon sËaËe

.:. . .:. .:. - .1. -:. :.4' -a .:,' -4.. :, .:-1- a.1;:.". : t.t a.'

trigonal bÍpyramídal

PtX4Y transítíon

sËate (symnetríca1-)

Þt
ò0

oñ

q)
o
t{

L,rígonal bipyranídal
/l

t.*OI inËermediat,e

(symneËrícal)

PËX4+Y PrX3Y+X

The only apparent !,ray

from Ëhe symmetry of

PÈX4+Y PtX3Y+X

ReacËion Coordinate.

Ëo distinguish,,Ëhe Ëwo inËímaËe mechanísms is

t,he ËransiLion state. Experimental evidence like



-B-

Ërans and cÍs effect,s, enËering and leaVing gToup effecËs, etc. can

sometÍmes aid the elucidation. Kinetical-ly, the rate laws are ídentical

f or Ëhe tr¿o mechanisms.

The IU mechanÍsm has been a subject of controversy because of its

anbíguiËy when cl-assÍfied under the Ilughes-Ingold scheme. ReacËions in

this category would share all the mechanisËic features of an S*1

líniLÍng process if noÈ for the fol-lowing discrepancies' (i) the

characteristíc unimol-ecular íntermediate of reduced coordination

number is absent, (ii) kinetícally, they display a second-order

bimol-ecular rate constant. To resolve thís apparently conflicting

evidence, most authors have adopted the collisíon Ëheory Ín reaction

mechanísms. Concepts such as r¡ion-pair" and "solvenË cage" are widely

accepËed occurences ín thís theory. trlhen a conplex collídes wíth a

lígand, Ëhe Ëwo form a híghly actívaËed, ghort-Iíved "ion-paírrr trapped

ín a "solvenË cagett. Energy transfer ís very rapíd in the condensed

phase, and consequently the compl-ex would receive enough energy to

díssociaËe readíly. The lígand i¿hich enLers Ëhe complex via such a

mechanism does not contribute signifícantly to the activation.

EssenËially it is an "accidental-tt bimolecular process. The characËer-

istíc leaving group effect of an Srl líniting mechanism Ís' as

expected, an ímportariË aspect of the activation. The following

example (Reference L4, P.87) demonsËrates the kineËics of Ëhe

mechanism.

¡.i;':',
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(s) (a)

(s) (þ)

?-L - 
K ?J-

co(NHr) 5oH2'' + x :- co(N[l^) -0H^-' . . .x
(fast)

co (NIrr) 
rottr3+. . .x

k
) Co(Nrrr) ,"'*...oHZ(slow)

The bírrolecular rate expressíon in Ëerms of K, the fornation constanË

of the firsÉ out,er-sphere complex, and k, the raËe consËant of the

conversion of Ëhe outer-sphere complex ínto an inner-sphere complex is:

-d ICo (NII3) 
rottr3+] = kKlco(Nr{3)rorir3+l tx l (5) (c)

Generally, the forroation of Ëhe outer-sphere complex ís very fast and

the formaËion of the inner-sphere compl-ex is comparaËively slow.

Therefore, Ëhe laËËer is the rate-determiníng step for Ëhe overal-l

reaction.

(3) METAI COMPLEX FORMATION.

Most of the subsËiËutions involving octahedral meËal aquo

complexes studied so far have índicated the prevalence of S*1

mechanisms. Eigen & llilkíns9 h"rr. put forËh a general pathway

including the s*l-(D) liníting mechaníçm as \,'ie11 as the sNl-(Id)

mechanism.

dr
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ôJ-
(1) M(H2O)6''

't2o

(krz)

(2) M(H2o) 
sa+

-^zo 
I i*,'

(kg+) 
,i | 

*-r'

¡r(nro) r"*.ro-

rl
ll +r1?o

ll ",,,il

h-+L- Q-:)
=.-..-h-
-1" (b1)

*r,b-ct ro)
=1.-

_t " (kor)

tI
-L)

SubsËituËions can proceed via, (i) rouËe (1) ' (2) , (4) & (5) 
'

(ii) route (1) , (3) , (4) e (5), or possíbly, (iii) a combinatÍon of

both rouËes. IË ís not urireasonabl-e to assurne that kO, ís very large,

í.e. sËep (4) ro (5) ís fast, and hence, would not in any case be

rate deternining. Under thís condiËion, the rate of route (1), (2),

(4) 0 (5) would be idenËÍcal with expression (3) (c) it 1rZ4 ,, k4Z,

and Ëhe alternaÈive rouËe (1), (3) 
' 

(4) & (5) would have a raËe

identical- wíth expression (5) (c) if k34 >> k+2. It is very dífficult

to dísËinguish the fíne mechanism of the reaction wiËhout extensive

data. Various conventional tests of the rate dependence on sËeríc

eff,ects, charge-type effects, isotope effecËs, effects of the change

IICri2o) u"*..0- Cr)

(4)

(k4s)

M(H2o)

(ks+)

(a-b)+a1
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of the leaving group, and Ëhe etrectroníc effect of nonlabile subsËíËuent

ligands introduced ínto Ëhe couplexes' aPpear Ëo have Various degrees of

success depending on Ëhe specificities of Ëhe reacËanËs. An excepËíon

aríses when both reacËanËs involved are of simil-ar charge signs. lË is ,:'lrait,,,._,.:.::t ..:

comonly acknowledged that the formaËion of outer-sphere complexes

under such a conditíon is minimised, and Ëherefore, reacÈion paLhway

(1), (3), (4) & (5) is very unlikely. '.',,.,-',
,'::.,:: 

' 
::

Enteríng group effects are sometímes subËJ-y differenË beËween the
:.,t.':i,1.

Lwo mechanistíc pathways. For an S*l-(D) nechanísm, the influence ::::: '

exerËed by the entering anion on the raËe-deËerminíng sËep is Propolt-

ional to Ëhe relaËíve affinÍty of the anion with waËer molecul-es Lo

reacË with the five-coordinate intermedíate. In the case of an SN1-(Id)

mechanism, Ëhe raËe-deËernÍning influence of the enÈeríng anion depends

uponËhesolvatingpo\¡Ieroftheanion,i.e.thenumberofhTaËer

molecules which Lhe 1ígand can replace Ín the outer-sphere' As a

consequence, an apparently enËeríng-group dependent path emerges

:i: because Ëhe probability of reaction increases accordingly wíth the ....'..

L4 - , 1i - -,--^^-^ :- 
:"i'l

1¿L

,-,. solvating por4rer. Langford & Gray-- have had considerable success in 
,,,,1.,,.:

"' resolving Lhese rates by adjusËíng them with statísËical factors. A :':'

1ogical choice for Lhese sËatístical facËors would be the raËio betr^Ieen

the toËal number of waËer molecules replaced in the outer-sphere by Ëhe

:' enËering anion and the Lotal number of possible water molecules ;iiì,:

occupyÍng Ëhe ouËer-sphere. If Ëhese staËistical corrections are

applied, íË is seen Ëhat the acËual xate is insensítive to Ëhe nature
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of the enËeríng group. Additional evidence has led Lo some sPeculations

about the facËors leading Ëo an SUl-(p) mectnnism as opposed to the

SNl-(Id) subsËj-Ëutions. Sone of the cri.teria are, Ci) sËablization of

the fÍve-coordínaËe intermediate by either a good n-donor or a good

T-accepËor group, (ii) less reactive sol-venË, and(iíi) conplex with

an overall negaËive charge because it nay be solvated ín such a way

that the solvenË molecules are not properl-y oríenËed for enËry.

SubsËitutions ínvolvÍng meËal aquo comPlexes studied so far

can be classifíed ínto three maín categories:

(i) Very fast reacüÍons are observed with rate consËants all

exceeding 107 "."-1. These include al-kali metals - Lí*, Nt+, K+, Rb+,

Cs* and alkal-ine earËh metals - C^2*, B^2* arLd StZ*. Specifíc effecËs

were observed only with sÉrongl-y chelaËing multídenËaËe ligands. The

general mechanism proposed by Eígen5 is a transformaËion of the

díffusíon-conËrol-led ion-pair ÍnLo an ínner-sphere complex. Reaction

raËes of the meËal- íons in this group dísplay a certain dependence on

the nature of the chel-atÍng agent,. Rat,e increase has been correlated

with decrease in the heaË of hydratj.on of the meËal ion. It is apparent

that water loss ís fasË and ttre ligand attack is the raËe-deËerrnining

step. Eigen suggesËs thaË Ëhe rate-lí¡nÍting sËep ís the subsËÍtution of

several T^rater molecules by tlr-e ligand.

(íi) ReacËions which belong t,o thjis caËegory exhibíË rate

consËants less than 107 """-1 and are very nearly independent of the

nature of the chel-ating compound if substitution is faster than

hydrolysis. It includes caËíons like MgZ*, mosË of the dÍvalent metals
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of the first ËransíËion series and some of the trivalent rare earth

ions. The rate líníting sËep is the sp1-itting of the metal waËer bond

and the rates are characterisËic of the metal Í-on on1y. The relatively

l-ow raÈe of substi-tuËion f.or NIgz+ is atËribuËed to the size of the ion

for íËs given valency. Dívalent meËal ions wiËh 
"0n0 

,-rr"tË-gas

confÍgurations Lliilce zn2*, cdZ*, Hgz+ arrd most of the ËrivalenË rare

earËh metal Íons have subsËiËuËion kinetics which reflect the

el-ect,rosËatic behaviour of these ions. The reacËion rates of the

ÈransiËion met,al seríes can be expl-ained saËisfactorily in terms of the

difference AE in Ëhe crystal-field sxablízation energy (C.F.S.E.)

between the reactant octahedral state and the transÍt.ion staËe. The

geomeËry of the ËransiËion sËaËe depends on whether an Srl or Sr2

mechanísm ís ínvolved. A large positive ÂE entaíls a slow reacËion

whíle a zexo or negative value indicates a relat.ívely fasË reaction.

It is importanË Ëo consider the spin sËaËe of Ëhe initíal TeacËanË

because the energy of a particular spín sËate would determÍne Ëhe

magniËude of AE for a gíven Ëransitíon sËate. Metal ions wiËh dL, d2,

1 1 2 i -8 .9,.6 2 ".6 3,d" (i.e. t-zg, x-zg, t'zg) and d- or d- (t-zge g and Ë-r*e-*)

configurations can have only one possíble ground sËate, but with d4,

.5 .6 ..7d r c an<t c r-ons, there can be hÍgh:spin and lor,q-spin staËes. IË has

?R
been concluded that among tr-igh-spin sysËems, only the d'and d- staËes

would show an appreciable stablizaËíon regardless of whether an S*1 or

:::;:it]:

S*2 mechanism is involved. Both Cu2* arrd cxZ* in the first roTôI are
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.: -. '

expecËed Ëo behave differently in the rate of water subsËituËion

because of their change in Ëhe coordínaËion sËructure from octahedral

Ëo square planar.

(Íii) The few cations including F"3*, 413*, 
"rrd 

Be2f which t,,.''¡t..li'.1,f.

exhibit very slow rates of lígand entry and water exchange. The raËe of

hydrolysis for these Íons Ís ofËen greater than the raËe of ü7ater

substituËíon by orders of magniËude, and pIl effects show ÈhaË the ,,',1 ,l',1 .

: - _' 
,:,_. I

hydrol-ysed specíes undergo faster subsËitution. Complex formations ín , '

Ëhis category dísplay a very sËrong dependence upon the basicÍty of the ":"1'::''tl"'

enËeríng lÍgand. ApparenËly, the raËe-limiËíng sËep in Ëhese cases is

an internal- hydrolysís, i.e. the sp1-itting of a HrO molecul-e in the

inner coordínation sphere of the cation, and Èhe rate constanÈ j-s

therefore dependent on t,he basÍcíty of the ligand. Schematícally, it

can be represented by the followíng steps:

M-oH?n+....L ....-- 
"-0"(n-1)t....ru. 

(6) (a)

"_o"(n-l)*....t¡. 
+ ,-r(n-l)+....oHz (6) (b) : .:jiì.. .. :

,:rir,,.r.,:r,,r,,,.,.;;,,1.,,

It ís quite naËural to assume Ëhat the S*r1-(Ir) mechanism ís ,:,,,,:,.: .,,

predomínantly active here. :':;':''1::::.':
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(4) COORDINATTON CHEMISTRY OF BERYLLTIIM.

The coordinaËion number of ne2t aquo ion was firsË elucidaËed by

to ftot ol7twn measurements. lË was reported to beConnick & FiaË-- from O-'NMR measuremerits. It was reporEec Eo De 
,,.-.,,,

4.0 1 O.2 a¡¿d, the average lifeËime of the r¡IaËer molecule in the inner :'-r'-:i'

coordinatíon sphere r¡ras 'ì, 3 x 10-4 sec at zg|oK. Connick20 has sínce

reported a value for the rate constants of water exchange k.* "t 298"K

a'' 
tt.'

Ëo be 3 x 104 "."-1 
. Since Lhen, 8.2* h"" been sËudied with oËher '''ii;"

solvent systems íncluding dÍmethyl-formamide2l, taË"r- 
,',,-.,,¡,.

hexamethyJ-phosphor ^^id"22 
mixtures and trimeËhyl phos phatez3, all

reportíng a coordínaËion number of four solvenË molecul-es. The

corresponding k.* values can be found wiËhin these references.

(5) BERYLLIW COMPLEX FORMATION STI]DIES.

(í) Beryllíum-thenoyltrifl-uoroaceËone (T.T.A.) conplex formaLion'

A qualiËaËÍve observaËíon of the g"2* - T.T.A- complex formatíon

vras reporËed by Taft and Coo|þ24 withouË any proposed reaction mechanism'

The general conclusíons were that Ëhe rate constanL was less Ëhan 
;.,.:..:. :,

fO6 t mole-lmín-l aod the rate-deËermíning step ínvol-ved Ëhe metal íon. ';i'.:',:

These auËhors have correlated the raÈe consËant of the fírsË complex ' ''. ''
.... ..-:..'.

formation r¿ith Ëhe Born charging energy of the central ion.

(ií) Beryl-liun-Sulphate complex formation'

Díebl-er & nigen25 reported an initial study of the 8"21 - ro''-

complex formatíon by the ulLrasonic absorpËion technique. The following

reacËíon pathways \À7ere posËulated:



)+)-1Be- r soo- 

= 
n.z+oiþiå roo'- + n.2+ o(fi 

"oo'- +
BeSOO.

and (2) \¡Iere suggested to

10-6 nsec. The value of t
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(7)

be very rapíd with relaxaËion Ëimes

, whích was found to be boËh hYdrogen

=- Ine-o-sel2* + Hzo (8) (b)

and beryllium íon coricentraËion independenÈ' T^Ias 0.8 10.2 msec. at

35"C. IË ís obvíous from Ëhe experimenËal data thaË step (3) is the

raÈe-deËerminíng step. Tarnm & níg"o26 laËer reported values of k, and

' d 1o-3 sec-l respectíveLy.k_, to be 10- an,

Two exËra relaxaËion Ëímes t I and T" \nlere observed between pH 3

and 4.5; both have relaxaËion Ëime values whích are dependent upon the

hydrogen and beryllíu¡r ion concenËrations. Each of these relaxaËion

effects was indívídua[ly interPreted by Diebl-er & Eígen' with the

following proposed mechanisms :

For Tl
2Beotl* =--

H

,0.
ßd "8"12*

'rrO/

H

(B) (a)

Step (1)

Trr r, >z

and

H

,0,
ßd 

t'8"12*
-"o/

H
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(e) (e)

åo,\u.l'*
o'/
lt

(e) (b)

-L7 -

For x 
tt

and

A sËudy on Ëhe ËemperaËure dependence of the reacËíon was not followedt

consequently, the energíes of acËívation cannot be determíned.

strehlow and Becket2T ,n the same year published a paper on a

similar study of the formaËion of beryllium sulphaËe using the

pressure-jump method as opposed to the t,emperature-jump method of

DÍebl-er and Eigen. These auËhors reporËed Ëo have observed only one

rel-axaËíon Ëime, r = 0.4(! 507.) msec at Lz"C, r'rhich was relaËívely

pH and coricenËraËion independenË. There is apparenËly a discrepancy

beËween Ëhe two reports sínce Èhe value obtaíned by Strehlow and Becker

would be consíderably shorter at 35"C, whÍch I¡Ias rePorted Ëo be the

temperature aË which Diebler and Eigen performed Ëheír experímenL'

A series of studies dealing wiËh Lhe formation of beryl-liurn

sulphate have surfaced sÍnce then. W.odt28a in 1960 reporËed Ëhe

values, r = 2.9 msec at 25oC and t = 6.7 msec aË 8oC for the only

relaxation Ëime observed by pressure-jr:,np measurements' The acËivaËÍon

energy r¿as esËimat,ed to be approxÍnaËely 13 Kcal/nole. Hoffnann, Stuehr

28band xeagex , assuming the reaction paËhway of Diebler and Eigent

reporËed yeË anoLher value of t to be 2.5 t 0.2 msec at 25"C. This

singl-e relaxaËíon time was found Ëo be índependenË of concentration

8"2* + ,oo'- [Beso4J

+
[BeSoOJ*BeoII' : [Be
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f.xom 2 x l-0-3t"t to 0.2M and independenË of plt f.rom 2.5 to 4.5. There

\nras noË any obvíous isoËope effect, on Ëhe rel-axatÍon ËÍ¡ne because t

\¡ras reported to be 2.2 msec for 0.04M BeSOO aË pil 3.2 ín DrO. The

Ëemperature dependence of Ëhe relaxatíon was folIowed, and an apparent

acËívaËion energy tras determined to be l-4 t 1 Kcal-/mo1e. Using this

value, Ëhe auËhors urere abl-e to calculate a relaxation time expected

from their pressure-junp measuremenËs at 35"C. They concluded thaË the

relaxatíon Ëime t of BeSOO as deËermined by pressure-jump measurements

(1.1 t 0.1 msec at 35"C), compared favourably wiËh Ëhe Ëemperature-jump

measurements 13 nade by Diebl-er and Eigen (0.8 t 0.2 msec at 35oC).

Theír atËempt to resolve the discrepancy beËween Ëhe observaËions of

2\ 27Eigen eË. al.-' and Strehlow eË. al.-' remained unsuccessful-. These

authors in the same paper have also point.ed out thaË the extra

relaxation tímes observed wíËh Ëhe temperaËure-jump techníque should

be attributed to Ëhe naËure of Ëhe detection sysËem. The temperaËure-

jurnp technique which uses pll-sensÍËive organic índj-cators would be

very sensitíve to the hydrolysis processes as wel-l- as Ëhe dissocíation

processes whích are coupled to Ëhem. On the oËher hand, Ëhe relaxing

porËion of the conducËíviËy is relaËively ínsensitive to hydrolysis

even if dissocíation is considered Ëo have coupled wiËh hydrolysís.

Consequently, Lhe effect of hydrolysÍs on the relaxation of the

conducËiviËy nay be sufficientl-y snall to have evaded deËecËíon in

pressure-jump measuremenËs. Calculations simílar to those of Tamm &

25 1i 1 1 - -î r --r r- ^c t-^ -- -1Eigen-- were performed and yielded values of k" and k-. of 40 sec -
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and 400 t 40 sec L at 25"C.

Strehlow and Kalarickal28c usínB an improved ËemperaËure-junp

technique and Köh1er and W"odt28d using the pressure-jump rnethod both

reported furËher studies on the formatÍon of BeSOO in 1966. The general

mechanísm adopËed was:

k__ k^^
B"?: + sot,z- #- Beollrsoo + Besoo (10)(a)

aq.a*z!¿+o3z

(r) Ko (rr) Ki (rrr)

The overall stabilíty constanË is K, and

lBeoHrSoOl + [BeSoOl
( = = Ko(l + Ki) (10) (b)

Is"2+] [so42-]

The sËabilíty constanË of Ëhe ouËer-sphere complex ís denoËed by Ko

[BeoHrSoO] Or,,
K = = (l-O)(c)
o t+ 2--

lBe"'llsoa I kzt

;¡..:r;'¡¡r,l
sinilarl-y, K. denoËes the stabílíty of the inner-sphere complex, and

l- 

'' 
' ''t '.' '. 

tit'

[Beso, ] k.,. '::':' :;:::

K. = 4- = ¿r (10) (d)r- lBeolrrsoo] o,

The work performed by strehlow and Kalarickal was principally 
,:,;,,,,.,,;,,,,;.,,;1.,,,,

a temperature dependence study on the relaxaËíon time. An apparent

acËivation energy of B.5 I 0.4 KcaL/mole was deËermíned. This value is

obviously in dísagreemenË wÍËh the previously reporËed values of
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ra^ ?R1a

I,IendËzöa and tloffrnann, SËuehr and Yeager'"". UnfortunaËely, the

discrepancy \¡¡as noË discussed by these authors. In the meantime,

Köhler and WendË rePorËed another sËudy on Ëhe subject. Contrary to

most of the other observations, Ëhere Was apparenËly a beryllíum íon

concentraËíon dependence for the rel-axatíon tíme. The concenËraËions

at which the ínvesLigaËion 1¡as coriducËed ranged from 5 x 10-2M to

-12 x 10-'M. No specífic pII value l¡Ias reporËed at which measurements

were made, Ëhough it ís assumed t,o be relaËÍvely low. Values of K.

and K can be deËermined from Ëhe measurements of r as a funcËion of
o

concentratíon íf a value of K ís assumed. Ko and K. were reported Ëo

-1be 5OU-r and 0.8 t 0.2 respect.ively, aX 25"C and infinite dilution, if

K is equat to 9Ou-1.

Strehlow and Knoch.28" in Ëheir atËempË to elucídaËe the mechanísm

of lígand substituÈíon Ín weak complexesr repeated some measuremeriËs

on Ëhe rel-axation tíme, t, of BeSOO using a Pressure-junp meËhod.

Temperature and pH dependenË ínvesËígaËions \¡lere carried ouË aË a

concentraËíon of 0.1M between temperatures (5oC < T < 50"C) and pll

values of (L.7L < pII < 2.86). IdenËical measuremeriËs of Köh1er and

W.odt2Bd on Ëhe concentratÍon dependence of t were also reporËed. The

results were found Ëo have agreed wíth the reported values of Köh1er

and wendË. The apparent, activaLion energíes for the fornation, uot',

and dissociation, E^32, of the inner Sphefe complex were deËermined Ëo
-JI

be 13.2 t 0.6 KcaUnole and l-1.0 t L.2 Kca] lmo]-e respectívely' These

auËhors explaíned thaË the relaËívely low rr"l,r.28t of activaËíon
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energy (¡,8 Kcal/mole) as T¡ras deËermíned by temperature-jump measuremenËs

was due to a systemaËic erïor Which they have elÍ¡ninated for Ëhese

pressure-jump measuremenËs. A Ëheoretical acËivaËion energy based on

corrected electrostaËic consideraËions Tdas calculat.ed and compared to ,.,.r:...: i t'_-:1

Ëhe experimental value. It was concluded Ëhat a pure Srl-(D) urechanism

r¿ou1d lead Ëo an activaËion energy which was much Ëoo high. Consequently,

ít was suggested that a concerted mechanism would be mosË líkely. These .',.'.,;t,;tt,t. 

."'

authors have also not,ed ËhaË with such a mechanÍsm, all ligands in the
: : i l-:'i

inner sphere would be involved if one ligand was to be substiËuted' ''"':"

The caËion and anion 1^Iere postul-ated to be separated by three

equíva1-enË T¡Iater molecules and Ëhe fourËh vlater nolecule was Ëhe one

Ëo leave the coordinatíon shell in the formaËion of Éhe ínner complex.

The rate deËerminíng step was assígned to be:

(11) (a)

The other possíb1-e rate-determiníng sËeps were rejecËed on Ëhe basis

of the experimenËal evidence.

8.2*. +so42- + Besoo

Beoïrf +HSo4 + 
Besoo+Il2o

BeOIITSOO - Be(OIl) (llSO4) -* BeSOO + H.2O

Beoir* + so 
42- + Besoo + oä-

(11) cb)

(11) (c)

ReacËion (11) (c) woul-d be pII dependent' and since no such evidence was
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forËhcoming, the followíng rate relaËionship was esËablished.

tL * tZ,t t3

In Ëhe pII range sËudíed, tso42-l > [IiSo4 ] so Ëhat

(12) (a)

(12) (b)

(12) (c)

Íf the raËe constanLs k, arrd k, were of comparative magnitudes.

Expression (12) (a) conbined wÍth (12) (b) to yiel-d anoËher inequalÍËy'

t3' 'z

'L "' t2

whích has elíminated any possible conËribuLion of reacËíon (11) (b) in

the rate-determíníng process. By assuming the same r = 90M-1 (2g),

Êhese auËhors reporËed a value of Ko = 60 t 10M 
I which ís comparable

to the value obtaíned by Köhler a,,d !ütrrdt28d'

uging the enhanced aceuracy of a repetíËive LemperaLure-jump

Ëechníque, Brumm and Ruppel28f t"ported some more data from Ëheir

detail-ed studies on Ëhe subject. Values of t measured at pIIs 2 '5 - 4'2 
;,,;.,.

'_",1 ': -'

were report,ed t,o be wíthin t 27" ot each oËherr consequenËly, hydrolysi" ..,,,,

was negligible. The temperature dependence of r r'ras sÈudied at r' :'

t,emperaËures between B - 35oC and a concentraËion of 0.1M BeSOO r

subsequent activatíon energies A* and A' r¡Iere reported to be 
.i,...,,

8l l- Kcal/mole and 5.8 10.5 Kcal/nole, respectívely. PosiËive i:j::l

coricentraËíon dependence of t was also observed and found to haVe

deviated from the calculaËed values in Ëhe ms-range. In líght of thís
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discrepancy beËween Ëhe values of actívation energy obtained by

Ëemperature and pressure-jump techniques, these authors concluded Ëhat

the formaËion of BeSOO might ínvolve a superposition of two processes

wíth relaxaËion Limes of equal order of magnitude in which hígh complex

aggxegaxLon, parLícularly (Be(IIrO)SO4)2 !Íere parËicipating. A mechanism

of the following \,Ias suggesËed:

1s.2+¡ "q. + (so42-) aq.: Be (Ilro) so4: Besoo (13) (a)

(13) (b)

(13) (c)

(13) (d)

(13) (e)

(13) (f)

2BeSoO# (BeSoO)2

BeSo* + {so,2-)aq. =: (So4BeSo42-)^q.

Zne(Hro) So4 : (Be(H2o) to*) z 
\

Be(HrO)SO4 + BeSOo=- Be(HrO)SO4BeSO+ :: (BeSO4)2

,z
(8.2+)aq. + (sooBesoo'')^O. v

A value of K = I00 unole ! 307" was used by these authors and the

subsequenË value of Ko hras reported to be 60 t 20 Unole'

DespiËe of the amounË of work which has been performed by various

authors on the subject, Lhere remain díscrepancies which are noË

resolved. A fundamental difference whích sËems apparently from Ëhe

nature of the experímental technÍque Ínvolved, prevaíls over the

measuremeïÌts ob¿ained by Ëwo popular meËhods' The relaxaËíon Ëinet tt
25

measured by Ëhe temperaËure-jump Ëechnique at a specific tenperature

disagrees obviously wíËh the resulË of an idenËical- measurement nade
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by Ëhe pressure-junp rneËhod27 . AcÈj-vation energies elucidated by the

Ëwo methods dÍffer by as much as 4 Kcal-/nole. lnsËead of disnissing iË

as a systemaËic error of Ëhe temperaËure-jump technique28t, Btutt 
"rrd

29-ç
,i., Ruppel¿Õr suggested thaË because of the different modes of excitation, ,..'

the phenomena under observation migh noË have been idenLj^cal wiËh the

two meËhods. Since Brumm and Ruppelzgf, usíng Ëhe temperature-jump

..:'1method,havereportedthaËthetva1ueswerere1ative1yconstanËaË

pH 2.5 - 4.2, ELre díscrepancy between the hydrogen ion concentration
'' 25 )7 - -28br:': dependence of t vaLrreso"o' Ís apparently resolved--". Fina11-y, as

SËrehlow and Knoch.28t h"" pointed out, the concentraËíon dependence

of r has not always been observed by pressure-jump neasurement"2T '28b.

, No attempt, however, has been made by any author to explain this

inconsistency. NoËhing very decisive can be concluded about the

, format,ion of BeSOO from thÍs conflíctíng evidence excePt ËhaË maybe

the reacËíon proceeds via a concerted ion-pairing mechanism.

: (iii) Bery11-iun-fluoríde complex formaËion.

The formation of the monofluoroberylliuin species Be(OHr)rF+

through reacËÍons of the hydrated beryJ-1-ium caËion r¿Íth both hydrogen ': "i"':'

fluoride and fluoride ion was reported by Baldwin and Strank"3o,t"irrg " .,:-,.,,'..

conducËímetric sËopped-flow Ëechnique. The followÍng paral-Iel reaction

paËhways r¿ere confírmed aË acid concenËraËions exceedíng 0.01M:

K
n+ + F- î--À HF (rapid equilibriun) (1a) (a)

)+Be-' + Faq. aq.

kt
=Tr

-I

¿
BeF' (14) (b)
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B"2t + rrF å B.F* + ttt (1a) (c)
aq. *_z

The rate expression thaË corresPonds Ëo this reaction scheme at consËant

hydrogen ion concentraLion would be:

4 = k"lBerl tFr] rculner+l[n+l
dt

k =to{"+k"} 
I

-'a -t'+l , i[l ,,¿ 
i

kd = k-z + k-ll tll+l (15) (c)

K = [H+] tF-l / tHFl (1s) (d)
a

' A substítution mechanísm Ëhat is anal-ogous to Ëhe formation of

Be(OHr)'SOO was ProPosed:

rl'rkh+, 8"2* + Flq. + t(It2o)rne o(fi Fl* 

- 
(Hzo)rBeF- + Ir2o (16) (a)

., "q' 
aq' L r ¡¡ kàz

,: (r) (rr) (rrr)
:.:

K" û ,+ 
kLg 

-L

B"?: * "r=\- t*2o)rne oi$ . FHlt* + (H2o)rneF+ + ri3o+ G-6)(b)
aq.LJ¡rkà,

,, (r) clr) (llr¡
.

The observed second-order rate constanLs can be expressed in Ëerms of

(1s) (a)

(1s) (b)

Ko, the outer-sphere complex sËabíl-Íty constanË, and kZ3, Elne first-

order rate coristant, for the formation of Lhe BeFT species'
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kr=Kf"kLs

kz=Ki"kä:

(17) (a)

(17) (þ)

The observed rate Iaw was report.ed to be second-order forward and

second-order reversÍble, in accordance wÍËh expression (15) (a).

The hydrogen ion concentration dependence of k" was observed

between pll 0.3 and pH 2.1 at an íonic strength of 0.2M. The [BetJ and

[FrJ were set at 0.01M and 0.005M respecËively. This seË of measuremenËs .,

Ì¡ras repeated aË four differenË t.emperaËures, 15.go}, Z3.O"C, 25.0oC and .'"'

39.8"C. The magniËudes of k, and k, at each temperature \¡Iere determined

+ - sus 1/[H+], and were reported to be:by a ploË of k"{ L + Ka/[H']] ver'

TASLE 1

Temperature k, (1itre/mo1e-sec) kr(LLtre/mo1e-sec)

15.9

23.0

25.0

39 .8

503 t 194

801 ! 204

724 ! 95

L566 ! L23

46.L ! 5.5

82.3 I 5.3

72.8 ! 3.4

L65!Z
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The mean value of the acËivaËion energy, r¿hich presumably was

calculaÉed from the Ëemprature dependence of kr, \ras reported t.o be

B.9l I 0.8 Kcal/mole. This value rzas reported Ëo be more preferable

than the activatÍon energies of 10.0 t 2.0 and 9.4 t 1.1 Kcal/nole

corresponding to Ëhe lísËed values of k, and k, respectively. The

conrmon acËivation energy of (8.9 t 0.8) Kcal/nole was compared by

Ëhese auËhors to the acËivation energy of (8.5 t 0.4) Kcal /moIe

observed by strehlow and KalarickaL28" fot the formation of Besoo.

The enthalpy of association for the ouËer-sphere complex, ÂHIP, was

calculaËed by these authors using both the Bjerrum and Fuoss treatmenË.

The reported value was ¡gIP = *1 .1 Kcal/nole. It r^ras expecËed ËhaË Ëhe

enthalpies of activaËion for Ëhe t\nro reactÍon paths (k'ZS, kir) would

be similar, therefore,

+1
LH' 23' = AII'23,, = 8.9 - 1.1 - 0.6 = 7.2 KcaL/mo1"e

The authors have al-so speculaËed that Ëhe magnitude and sign of 
^ttIP

for the BeSOO system would be very símilar Lo Ëhe BeF+ sysËem.

ConsequenËly, iÉ is not, unreasonabl-e to assume that the Ëwo substíËution

reacËions proceed wiÈh Ëhe same enthalpy of activaËion (7.2 Kcal/nole).

The Kr _ and Kf'^ values can be est,imated by an adapËaËion of theoo

Fuoss-Ëype equatiorr.3l Arrd since the values of k, and k, are known,

the first-order substiËuËion rat,e constants k), anLd ki, can be

determíned. Also avaílable are Lhe koo*32t33 .r"In"s of the overall

stability consËants K for BeF*. According to expression (10) (b),



'" ,:- .''. 1.'. .r

these auËhors rePorted

reaction pathways. The

-28-

Èhe suhsequent K. values for
l_

values are ËabulaËed as ttre

Ëhe Ëwo parallel

following:

kzs

473

203

Reaction

B"Zt +
aq.

8"2* +aq.

KandK
o

(25"C)

+F + BeF-

+
IIF + BeF'

TABLE 2

,,+-rrl
aq.

in L1trelmole; kL, k2 irL !íËre/mole-sec i kZZ ir, """-1

K Ko Ki k1ck2)

1.05x105 1.53 6.9xLo4 724

L.32xLo2 0.36 3.7xto2 73

Reactions whích could have proceeded through mononuclear and

polynuclear hydrolysed specíes of berylliun were rejecËed by Ëhese

authors on tl^ro críteria. Fírst of al-l, the species BeTOII+, ner(OH)13+

and Be(OH), were all exeluded because they would not comply with the

experímental raËe law which was firsË order ín [Ber1 and essenËíally

fírst order in [if+]-l. The formaËíon of Ëhese specíes according to

atL
Schwarzenbach'*, would requíre tímes of at least 100 msec whích was

actually slower Ëhan several of Lhe hal-f-Ëímes observed for fluoride

subsËitution. consequenËly, these hydrolysis equilibria could not be

treaËed as rapid pre-equilÍbria and this constíËuted the second point

of inconsist,ency with the observed raËe law'

The first two pairs of reactÍon paËhs for subsËÍtutíon via BeOIt+,

the "internallytt hydrolysed product¡ \rêrê¡
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-+F + BeF'
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wiËh neoEt + F
+BeF' * OH (18) (a)

and

1J- .L J-Be"' +HF+ BeF'+H.'aq. \,zj-Ëh geOIl*+F + ne¡'t+on- (18) (b)

Both of these reacÈions would exTúbit a term ín

incompaËÍ.ble wíËh Ëhe observed [n+]-1 d"p"rrd"rr""

The thírd possíble paír of reacÉíon path was

,++++Be-' +F + BeF' wj_th BeOII'+H.F+ BeF'aq.

This, however, üras also rejecËed because it urould not

dependence upoïr ttre [lt+]. The final combinaËion,

urb
BeoH* + nr il ¡er+ wiËh 8"2* * 

"¡. 
i2 BeF* +aq.

+-t
lll'l - which was

of the rate law.

(18) (c)

exhibít any

H+ (18) (d)

apparenËly, üras conpatibtre wíËh the observed rate 1aw. Nevertheless, iË

was ulËimately rejected on the basis Ëhat such a reacËion if valid
A

would gíve an anomal-ously high value for kl = 1.1 x 10" litre/nol-e-sec

at 25"C, while k, would retaín its prevíous value.

(iv) Other studies on the chelation of the beryllium ion.

Iloffmann, Stuehr and Yeager2Sb 'n their iniËÍal sËudy on Ëhe

formation of BeSOO usíng the pressure-jump technique, have reported

bríef measurenents on Ëlrc relaxation times of some organo-beryllium

compl-exes. The results are listed in Table 3.
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TABLE 3

Cation Ligand

8"2* Il-citraËe

d-ÈarËraËe

Acetate

A¡ninoacetate

OxalaËe

G1yco1-late

Formate

ChloroaceËaËe

tl 'z t3

6 100

ls 200 5000

20

700

These relaxaËj-on times ùrere reported in msec at 25"C and concenËTaËions

of 0.04M. No further ínvesËigatÍon on the subject \nras persued by these

authors; Ëherefore, the relaxaËion tÍmes given are the only available

ínformation.

Fleet and Rechnitr35 while devetoping a rapíd-mixíng conginuous-

'..t',a;:.

f1-ow system utÍlizing 1Íquid membrane ion-selective electrodes as 
: .)+ ::::

sensors, reported the complex formation rates of Be-' with some '::::

bíologícally ímportant ligands. The internally hydrolysed cation,
+

Be(OH)-, r¡as assumed to be involVed in the reaction mechanism

(Sq.(6)(a) and Eq.(6)Cb)). Therefore, the parallel of reactiviËy wiËh r'-':-'

,ìl',: ,

the basícity of the ligand was anticipated by Ëhese authors. Theír

observed rate constanËs are Ëabulated in Table 4.

20

6

3
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TAB],E 4

Catíon Ligand pH

7.L5

7.O5

7 .r5

7 .L5

k

4.45 x LO4

6.15 x 104

5.50 x 104

8.75 x 104

n"2taq.
gluconaËe

lactate

tart,raËe

malaËe

Ionic sËrength u = 0.04M TMAchloríde, [e"2+] = 1x 10-41,t,

-¿L -1llJigand] = 1 x 10 -M, and k ín sec -. The magnitudes of Ëhese rate

consËarits \Ârere consider:abl-y higher Ëhan anticÍpaËed, unfortunaËely,

no aËtempt Ëo resolve the discrepancy r¡ras reported. The correlatíon

between Ëhe raËe corisËant, k, and the basj-ciËy of the ligand, U$i"".,

appeared to be faÍrl-y satisfactory over the range of ligands used.

Malik, Srivastava and fha11an36 reported a study on the complex

formatÍon between Be(II) and poËassium ferrocyanÍde. The reaction was

, f ollowed by measuríng the absorbanc e at 440 mU at dif f erent j-nLervals 
,,.',,.'i.,.

of Ëime, using a SpecËroníc-2O spectrophotoneter. Al-1 measuremerits 
,.,:':,:

were conducted at pIl = 1.0 except those of the lu+] aependence of k 
t: 

':

sËudies. The conceritraËíon dependence of the rate consËanË k was

followed by varyine Q.5 x 1-0-2 Ëo 0.6 x L0-2M) each of the reacËants

in Ëurn, keepíng the oËher constan¡ C3.3 x fO-3U). The reactionwas

found to be first order T^r.r.Ë. Se(ff) arrd zeto order w.r.t. fe(Cft)fa.

The temperaËure dependence of k rnras also investÍgaËed from 298oK to
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3l-8oK, the activation energy thus obËained r,¡as \ L7.1 Kcal/nole and Ëhe

entropy of act,ivation AS* = 2/e.!..It was found thaË at pH 4.92

precipitatíon occured, Ëherefore, Irfl ¿"p"ndence sËudies of k was

perforned from pll 1.0 Ëo 4.35, mainËaÍned by sodium aceËaËe-hydrochloric

acÍd buffer. The reacËion rate consËanL r¿as found to be inversely

proportÍonal to pH. These authors have reporËed an apparent relaËionship
IAs' = -LjZOzu e.u. which would lead to Ëhe value z^ZB= -2' suggesËíng

that the reacËion was between a bívalent ion and a univalenË ion of

opposíÈe charge. The salt effecË was invesLígated using KCl as Ëhe

neut,ral salt. This result has also suggested thaË the rate deËermíning

sËep r^ras a reacËion beLween a bívalenL ion and a unívalent íon of

opposíte charge. The reacÈion was consídered to be relatively

ínsusceptible to specífic íoníc effect. Rates were invesËigated wíËh

various ions, namely N"+, K+, þrg2*, No2 , cl , cHecoo- and sor.2-, and'3J4

found Ëo be literally constanË. To determíne Ëhe solvent effect, the

reactíon was observed in different composítíons of methanol-water'

ethanol--waterr and díoxane-I¡IaËer mixtures, used as the solvent. The

reaction rnras found Ëo obey the general expression

zAzg"
1nk=lnko-5ãffi*

ín other words, the p]-ot of log k vs UD is linear. (l is the

díelectrÍc consLarit of the medium.)

(1_e)

A reacËion mechanism of the following was proposed,
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-IL 
kt

Fe(cN)ua + rl2o [Fe(cN)5H20] + 3cN- C20) (a)
*-1

k?

cN + H- ;- IlcN
k-z

k¡
cN +Hzof ncx+ottl

*-3

k,,

lre(cN)snzol3- * ott- -' 
[Fe(cN)Sos]4- + Hzo

k_
t+-)

Be-' + cN ----* Be(cN)+

(20) (b)

(20) (c)

(20) (d)

(20) (e)

k

ne(cN)+ + [Fe(cN)5oH]-4 
'-6, 

Belre(cN)5onl2- + cN (20) (r)

The sr,eps (20) (a) , (b) and (c) r^7ere consídered by these auËhors as

rapid equilibria, and reactíon (20)(d) was to be rapid because it 
;:, ,.,1:,.

involved Ëhe subsËiËuËion of a H.rO molecule by a OII- ion in the 'r":r"."':

-,.t,,, i': 

",',coordinaËion sphere. Reaction (20) (e) wh:ich ís a react,íon between a ,,..,',1,,,',,,',

dívalenË and a univalent ion of opposiËe charge, T¡ras naËurally adopted

as Ëhe rate-deternining sËeP. The raËe equaËion was derived as:

dX r | ^ /o1\ ""-:':."'T: = K' u ô, , (2L) :-..:.:.:dË B"zt ' :

Íf C rnras aË any moment very small and consËant, and reaction (20)(f)
CN-

was fast.
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(B) OBJECT OF RESEARCII

A l-inj-Ëed number of studíes on Ëhe formaËion of Be(lI) conpl-exes

have been reporËed in the lit,eraËure. In parËicular, Ëhere has noË been

any extensive invesËigaËion on Ëhe kínetics and mechanisms of the

react,íons which involve the catíon and some bídenËat,e ligands.
2-

Complexation studies wíth unídentat,e ligands SOO- and F both produced

very low raËe constanËs. ThÍs is ín accordance wÍËh the posËul-ate from

electrostaËÍc consideraËions that Ëhe react,íon raËe would slow down as

Ëhe charge of the cation íncreases and íÉs síze decreases. Be(II) has

been found Ëo have a Ëendency Ëo form bonds largely covalenË ín nature.

The raÈe-determiníng sËep ín the mechanism is agreed to be Ëhe

conversíon of Èhe ouËer-sphere complex inËo the inner-sphere. Thís

research r¡ras an attempt to provide a betËer understanding of Ëhe role

of Be(II) in the chelatíon with bÍdentaËe lígands.

The substítuËed salicylíc acids with a rigid benzene ríng were

selected for a variety of reasons. StrucËurally, Ëhe salicylíc acíds

are ín nany respects simílar to some aromatÍc acids which are ligands

of greaË biological j-nterest. FurËhermore, accordíng Ëo a molecular

model, Ëhe chelate ring enclosure between Ëhe carboxyl and the hydroxyl

groups should be relatively free of straín despíte Ëhe snal-ler size

of the cation. And finally, Ëhe complex formation of sal-i.cylic acids

with varÍous cations has been the subject of a number of recenË studies,

including (Í) the chelation of NÍ(II) and Co(Il) with salicylic 
^"ídt37 ,

(ii) Ëhe complex formation between Mg(tI) and 5-Nítrosalicylic acid38,
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and (iií) Ëhe complexation between Fe(IIl) and salj-cylic acids.39'40'4L

The present work, hopeful-ly, would supplenrenË Ëhe overall undersËanding

of the complex formaËion beËween salicylic acids and various caÉions.
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(C) E)GERIMENTAI

(1-) TTIEORY OF TIIE STOP?ED-FLO!ü TECHNTQUE'1'2'3

Much of the devel-oPeoenL of the sËopped-florr¡ meËlrod' parËicularly

the stopping devíce, should be credited to Gibson.42 The basic

componenËs of a sËopped-fl-ow apparatus is schenaËicalIy represented in

Figure 1.

There are four stages to every compleLe run' (i) driving'

(íí) níxing, (iii) stoppíi¡g; and''(iv:) observí-ng'

Reactants A and B, which are conËained in two robust and

]-eak-freesyringes,aredriventhroughËhenarrowboretubeseither

manuall-y or mechanically aË a very high flow velociËy' BoÈh pneumatic

andhydraulicdevícesarefeasib]-easdrívingunítsalËhoughËhe

formeraPpeaÏstobetlroÏecofiìmon.NarrowboretubesinconjuncËion

wiËh a hígh flow velocity are necessary in order to achíeve a turbulenË

flow, which is the closesË possíb1-e to the ideal ''mass', f]-ow. In

general,theeffectsofsuchanimperfect'flowinËroduceadiscrepancy

of. 'u27" in the measured k val-ues '

The mixing ís performed by a rapíd nixer which has to mix the

reacËants efficiently ín a Ëime muct¡^ shorter Ëhan tfl|' A mul-Ëitude of

rapídmíxershavebeendesígned,each,accordingËotheresearcher's

specífícations and dÍscreËion. The sirnplesË ËyPe is a Ëhree-way glass

T-tap(T-inixer)ofcapillaryborewh:ichcanbeusedforreacËions

wíthha].f-livesofl0msecandup.ForfasËerreactions,themore

sophistíeaËedjer-mixersareoftenused.Asímplefour-jetmíxerhas

four 0.5 to f nrm. bore capillaries arranged semí-ËangenËíally such

,r'1.) :.::-.:.



FIGURE 1. Basic components of a stopped-flow apparaËus.
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that Ëhe reactanËs acquire a roËary notion which accelerates mÍxing.

A four-jet míxer is illusËraËed diagramaËically in Figure 2. M.aterials

such as glass, plastic or meLal are often used for Ëhe construction of

such mixing-chambers. General-J-y speakÍng, Ëhe efficiency of urixing is

direcËly proportíonal- Ëo the number of jet,s in Ëhe mixer. The more

exotíc rnultí-jeË (8, LO, 12 jets) mÍxers have been used by many workers

despiËe Ëhe fact that these mixers are sometines diffícult Ëo engineer.

Another connon practice Ëo achíeve bet,Èer mÍxing is Ëo arrange in a

seríes a number of mixers adjacent Ëo each oËher. The series can be

comprised solely of jeË-míxers, T-mixers, or of both types of mixers.

The dead Ëíme is the Ëime required for the reacting solution Ëo

Ëravel from Ëhe poÍnt of mixing to the poínt of observation, províded

Ëhat, when the flow is stopped, iË is an instant,aneous or "dead" stop.

For a consLarit flow velociËy, the dead time is a function of the

instrumenË only and is constanË. ThaË is why laminar flow, which has a

parabol-íc velociËy profíle at lower flow velocíËíes, should be avoíded.

The exístence of the dead t,i¡ne means that the reaction has been in

progress for a specifíed tíne (the dead tíme) before Ëhe first

observatíon can be made. For any satisfactory kinetic study, the

observatíon of at l-east 5O% ot a reacËion ís essential. It is recom-

mended that only reactíons wiËh half-líves whíeh are equal Ëo or slower

than the dead Ëime should be studied.

The mosË cornmon method of observation is spectrophoËomeËry. The

light source ís a lamp (U.V. or vÍsj-ble) preferably wíth a monochromator

and the optícal densíËy change is monit,ored by a phoËonultip1-ier on the



FIGIIRE 2. A four-j et mixer.
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Most of Ëhe existing stopped-flow apparaËus are capable of

followíng the temperaËure dependence of reacËíons. The desired

operation Ëemperature can be achieved by thermosËatíng the reactariË

reservoirs, mixÍng-chamber, observaËion Ëube and the sËopping syrínge

wíËh a constant-temperature baËh.

,.,, (2) APPARATUS .

The earlier kinetic runs (pH 3.5 - 5.5) in this work were done
Laì,, roith an "Aminco-Morrorr" commercial stopped-flow apparatus-' (Cat. No.

4-8409). The detailed specífications of the insËrumenË can be found ín

the companyrs líterature. RoughJ-y, the driving mechanísm i.ncorporates

r.,Ì, tr¿o teflon syringes whose plungers are dríven by a pneumaËic device

operating under air pressure of 70 psig.. Two 5-n1 glass syringes

serve as reactant reservoirs for loading reactants Ínto the dríving

syringes. The on-off valves funcËÍon to separaËe tr..To operations, the

receiving end. When the fl-ow is stopped "dead", a Ërigger will iniËiate

a Ërace of the photomulËiplÍerrs output Qn an oscÍlloscope screen r¿iËh

a Ëíme-base. The Ërace is subsequenËly phoËograped and analysed.

Alt,ernative means of detection include e.m.f . measurements rtiiËh a glass

electrode and conducËivitv measurelnents.

The stoppíng mechanism consísts of a simple syrÍnge whose plunger

is dj-splaced by Ëhe reacËíon míxture, coming t,o resË abruptl-y agaínsË ,,,, ,,' ,

'_::: ':1:

the oscilloscope trÍgger on a mechanical stop. This simple arrangement 
..:,,:,tr,

will stop the flornr "deadt' in l- - 2 msec. A very sudden stoppage has the : 'jl

advantages of an increased efficíency of mixing and of earl-íer reacLion

observation.

.: i,:.; : l
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loading of the dríving syringes from Lhe drivíng of the reactants. Two

teflon tubes (0.091" o.d. x 0.059" i.d.) transPorË Lhe reactanÉs to Ëhe

en¿rarice of ËhettTriple-Ttt míxer. The componenËs of Ëhe raËher compact

mixing chanber whích incorporates the observatíon path are sholtn

díagramatically in Figure 3.

Mixing iniËia1ly occurs aË the fÍrst t'T" near Ëhe boËtom of the

nixer. The mixed reacËants are then reuniËed to enter Ëhe second rrTrr

(refer to Figure 3) whích subsequentl-y sp1-its it up agaín. The course

after will take two 90o Ëurns and recombíne aË the Lhírd "Ttt where

observaËion is to begín. The efficíency of mixing ís reporËed Ëo be

greater tinan 987" in less Ëhan 1 msec or at Ëhe point of observation'

The Ëotal- path lengËh in Ëhe observatÍon cell is 10 m. . An ordínary

deuterium lamp wíth a Becknan pr,isin.; monochromaËor is used as the

líght source. The optical densiËy change ís moniËored by a phoËo-

inultiplier which ís connecËed to the inpuÈ of a high performance

kinetíc phoËometer. The plunger of the sËoppíng syrÍnge when displaced

by the mixed reactanËs would be sËopped "deadtt by the oscilloscope

trígger swíËch whiqh ís mounËed on a micrometer Ëip. A 14-vo1t signal

triggers a txace of the output from tTre kinetic photometer when Ëhe

sr¡ritch is cl-osed. Fígure 4 Ls a block diagram of the final assembly'

The Ëwo dríving syringes and the sËopping syringe are mounËed in an

aluminíum block which has appropriate inl-et and outlet nÍ-pples drilled

and fítted to facilitate círculaËion of liquid Ëhrough the bl-ock for

ËhermosËaËËing WÍth an external constanË-temperaËure T^74Ëer bath' A

smal1 thermisËor Ís aËËached to the observaËion cel-1 so that the exacË



::i: ..4.:t. 
::,:)

FIGURE 3. "TrÍple-T" mixing chamber and observaËion cell
of an Aminco-Morroür stopped-flow apparaËus.
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FIGURE 4. Block diagram of

an Aminco-Morrow

Ëhe final assembly of

stopped-f low apparatus .
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Vert.
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OutpuÉ

115V*
(Three ConducËor)

PMT - PhotornultÍplier Tube.

HV - High voIËage po\¡Ier supply (t(epco Model ABC-1000) .

* The t15V output sígnal from Ëhe high performance kinetic

phoËomeËer can be coupled Ëo any low volËage analog devj-ce

for fast data process.
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effective temperaËure can be monítored. Under normal operating

conditíons, the average flow velocity is 12 nl-/sec, and, dependíng on

Ëhe volume of reacËants delivered, ttle transport time, which is the

ínterval during r¿hich Ëhe reacËant,s flotr, ranges from 6.6 msec. to

20 msec.. The corresponding "dead" time of the 10 nn. observatíon cell

aË a flow rate of L2 m]-/sec is 4 msec..

The kÍnetic runs aË lower plls (3.3 - 3.85) and Ëhe t,emperaËure

dependent sËudíes I¡Iere calried ouË in a "Canterbury" desígned sËopped-

flow apparaËus. A deLail description of Ëhe apparatus can be found in

a paper by Caldín, Crooks and Queen44. 'tn" Present apparaËus ís the

same as Ëhe one descrj-bed by these authors excepË f.ot a few mínor

adjustmenËs. The dríving sysËem is generally the sane. Two B-D 2 nl

glass driving syrínges are fed by reacËants in the 10 ml glass

reservoirs through Ëhree-way teflon Ëaps. These are mounËed horízontally

on a metal deck which is adjacent to an adjoining ËhermosËat bath

(10.5" length x 8.5" width x 9.5" height). Bnclosed ín the bath are two

coíls of glass Ëubing, a míxing chanber, Ëhe observat,íon tube and parË

of Èhe exit Ëube. Each of the coils ís made from abouË 1 m. of Pyrex

tubing of ÍnËernal diameter 4 m.., and both are mounted vertically to

the panel Ëhrough r¿hich the drívíng syrínges entered. The two coils

serve Ëwo functíons, (i) as Èhe effective ËhermosËated inËernal-

reservoirs and, (ii) as the connecËigns beËween the drivíng syrínges

and Èhe mixíng chamber. Figure 5 is a descrípËion of the quartz T-mixer

used in the present work. The reacËanËs to.-be-rhixed.'[aþlfþscg["'-i

through Ëwo síde-arms, each leading Ëo a L/2 rnn. jet, slightl-y offset;



FIGTJRE 5. The "T-mixer" and observaËion unit of a

"CanËerbury" designed stopped-flow apparatus.
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the mixed soluËion emerges through Lhe observaËion tube r¿hich measures

18 nn. long and has an Ínternal diameËer of 2 mm.. The rrÍxing chamber

and part of the observaËion Ëube are housed rigidly, and protected

from sËray líghË, by a brass casing cenented Ëo Ëhe bottom of the bath.

SpecËrophotometric observatíon is achíeved in Ëhe manrler described by

BennetËo and Caldírr45. T*o small circular holes, alígned Ëo receive

and ËransmiË an incident beam aË 90o Ëo the observation Ëube, have been

drílled, one on each side of the casÍng. Brass Ëubes were subsequenËly

fitLed to connecË Ëhese hol-es wíËh holes cut in the opposite wal1s of

the tank, thus provÍding a linear Passage for the íncídence and

transmittance of a monochromatíc beam of light. The point of observaËion

is approxiurately B mm. from the poÍnt of mixing. A deuterium lamp

coupled with a Bausch and Lomb high-intensity gratíng monochromator is

the lighË source used in Ëhe present apParatus. The íntensity of the

transmítËed beam is moniËored by a phoËomul-tiplíer mounted aË the exiË

opening of the brass tube. An rron-line'r method has been developed to

determine the raËe consËant directly from the signal-s of the Photo-

multíplíer. Detail-s of Ëhe compuÈaËíon method wíll be descrÍbed in Lhe

Result sectÍon. The arrangemenË of the electroníc implemenËs involved

is schenatically depicted ín Fígure 6'

The fl-orr Ís sËopped by Ëhe normal Íneans.'of =a sËopÉÍng'syringe

Ëhrough a three-way tap. The microswitch ËÏ'igger when cl-osed ínlËiaËes

the input inËo the memory of a BiomaËion Ëransient recorder the output

signals from the phoËomu1-tipIier.

The effectíve Ëemperature range of the presenË apparaËus is at



FIGURE 6. Block diagram of the on-lÍ.ne computation

insËrr¡menËs for the 'tCant.erbury" desígned

sËopped-f1_ow apparaÈus.
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least -10o Ëo +55oC. Since the mixing chanber and Ëhe two glass coil-

reservoirs are írnmersed in the thernosÉat bath, j.Ë is expected that

the react.ants would take up Ëhe baËh teroperature within about 10 nins.. 
. ,.,.,, ..,..

The total- observaËion light path is 2 w. and the volume of . r:r::.:',::

' solution from mixing to observaËion is 0.03 cn3. lfith a driving pressure

of 10 lbs. in'2 ot íts manual equÍvalent, the línear flow velociËy is

2.7 ml sec and observatíon sËarËs 3 msec after míxing. The corresponding ."'l . .

r: .., J :..

dead t,íme under Ëhese conditions is 3 msec.

(3) CHEMICALS AND STALIDARD SOLUTIONS.

Tr,ro subsËítuted salicylic acíds were used, 5-Sulphosalícylíc

acid, reagent grade, supplied by Físher Scientific Co. and 5-

Chlorosalicylic acid, Ëechnical grade, supplied by Aldrích Chemical Co..

Both acids ürere recrystalLized Ëwiee, the 5-Chlorosalicylíc acíd from

benzene and Ëhe S-Sulphosalicylic acid from Ëriply dístilled Ìtrater.

The fínal producËs were dríed in a vacuum desiccator, and their

puritíes were checked by me1-ting poÍnt det,ermínations using a Fisher

Johns melËing poínt apparaËus. Some ínformaËion on the acids is listed 
,..-,,..:.:

in Table 5. 
-'.."::::"'

,,t- 
t 

t-t
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TABLE 5

Crystal descríption l4el-Ëing point Reference

5-Sulphosal-ícylÍc hygroscopi.c needles 198-199'C(d) 46

acid (+2H2o)

hygroscopic crysËa1s 197-198'C(d) This
(+2Hzo) r¿ork

46

This

work

S-Chlorosalicylic Needles from water or L73-4"C

acíd ethanol

off-whiËe needles L73-4"C

Both Ëhe hydrated and anhydrous salts of sodium acetaËe r,rere

used Ëo prepare Ëhe necessary buffer solutíons. Anhydrous sodium

acetaËe of reagent grade was suppl-ied by MaËheson, Coleman and 8e11.

AË lower hydrogen íon concenËratj-ons, hydrated sodium acetate

(NaCrHrOr.3HZO) reagenË grade supplíed by Shawínigan was used because

of Ëhe greater solubility of Ëhe sa1t.
tt -it'tt-ttt'..

SËock sodíum perchloraËe r^ras prepared from sodium carbonaËe :ii':i:r::ì:,ìr
ì..., . ,.,..

(reagent grade suppl-íed by MacArthur Chemical Co. Ltd.) and perchloric '¡,ì;.:,tf.,

acíd (Baker Analyzed Reagent) and analysed as descríbed by Biedern^oo47.

¡e(fl) perchlorate \Àras prepared by the following meËhod. A hoË

solution of BeSOO.4HZO (Reagent Grade supplied by Fisher ScientÍfic

Conpany) rras treated with sodíum hydroxíde solution. The preciPitaËe

Be(OH)2 was fíltered off, washed several tímes wíËh Ëriply distÍlled

wateï and dried on Ëhe vacuum line. It, r¡ras then dissolved in perchl-oric



: i:,:,:t'..:
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acid and re-precipitated with sodiu[ hydroxide. After another serj.es of

washing and drying, Ëhe purified ReCOIf)2 was used to saturate a hot

solution of perchl-oric acid with heating. The final Be(CIOO), solution

r^ras sËored in a cold room f.ox a few days Ëo equílibrate, and Ëhe excess

Be(OH)o evenËually filtered off.
¿

The concenËraËíon of the sËock Be(II) perchlorat.e \4ras deËermíned

1, g,

gravímeËrically-". Be(Il) was precípitated as Éhe hydroxíde and

subsequenËly ignÍted to Ëhe oxide aË 1000"C.

SËock perchloríc acid (Anal-ysed Reagent) supplied by Baker was

tLqsËandardízed'' agaínsË mercuric oxide using methyl purple as an

índicator.

A standard solution of 5-sulphosalicylic acid (10-2U) was

prepared by weighing ouË a calculaËed amounË of the recrystalLLzed

acíd and díssol-ving it in Ëriply disËilled T¡rater.

The standard soluËions of Be(II) perchloraËe (10-k) and

perchloric acid (2M) were each prepared from Ëhe respective

standardized (ín moles/gn of sËock soluËion) stock solutíons. The

necessary quantiËy of stock soluËíon Ìras rüeighed out and subsequently

díl-uËed Ëo Ëhe required volume wíth triply distilled water.

In Ëhe present r¡rork, iË was necessary to conduct a series of

studíes on Ëhe tff] ¿"p"ndence of the complex formations. Therefore,

an effective means of aËËaining a constant hydrogen íon concentraËion

üras necessary. This r¿as accomplished using a suitabl-e aceËic acid (acid)

- sodium acetate (salt) buffer ín the reactant soluËion. Dependíng upon

Ëhe pII desíred, the rat,io of acid to salt comprísing Éhe buffer was

1q
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calculaËed fron the llenderson-Hassel-hach equation, i.e.

c
pH=pK^+logiac^ (.22)

ExperimenxaLLy, Ëhe buffer used \¡ras generaËed internally. Instead of

nixíng directly C" moles of acetic acíd wi-th CO moles of sodium aceËate,

the equi-valenË sol-ution was achieved by símply mixíng C" moles of

perchloric acid wiLh (C" + CO) moles of sodíum acetate. l[ith this

method, C" moles of sodium perchloraËe was produced internally along

with the desired buf f er. ÏIiËh C" for IIC1O4 set at 2M, a value of CO

was calculated vía expression (22) for each pH level desired. The

corresponding standard solut,ion of sodíum aceËate was prepared

accordÍng Ëo Ëhe sum of (C" + CO). In a 3M NaCIOO nedíum, rhe pK"

value of acetic acid was report,ed Ëo be 5.01450.

(4) KTNETTC RrrNS.

ReacËants for the kínetic runs rtrere prepared from Ëhe sËandard
tl

' soluËions. Surall- quantities of Ëhe sËandard solut,ions (H.C104,

NaCrIt Or.3It2O, Se(ff) or S-sulphosalicylíc acid) involved were mixed

and dí1uËed accordíng to Ëhe concenËraËions and pllfs desired. Typícal-

examples of the preparaËions are as foll-ons.

For a 100 nl- of 3 x tO-31¿ Be(I-Ð aË pll = 3.5, 3 ml of standard
. 
-'l10 *M 

Be(C1OO) 2, LO ml of sËandard zyt, HC].Q4 and 10 ml of srandard

NaCrIIrO, for pll = 3.5 were pÍpetted into a clean l-00 nl volumet,rÍc
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flask. The total ioníc sËrength of the medium, U, Ì¡ras adjusted to 3M

by Ëhe addition of an appropríaËe quanËiËy of the analysed NaClOO. The

res! of the volume r¡ras made up wiËh triply distilled waËer.

A 100 ml of 1 x 1O-4M 5-sulphosalicylíc acid (SSA) was prepared

in the same manner described for Se(ff), except for the substituËion

of the 3 ml of sËandard tO-llt Be(C1-OO), wiËh 1r¡1 of sËandard tO-2lt

S-sulphosalicyl-íc acid.

In Ëhe case of 5-chlorosalicylíc acid (5C1-SA), Ëhe reactant

solution \^ras prepared by a slíghtly differenË procedure. Owing t,o ÍËs

extremely low solubil-ity in water, a standard solutíon of the acid at

reasonable concentratÍons was impossible Ëo prepare. Therefore, Ëhe

alternaËive practice T¡ras to dissolve the prescribed amounË of solid

acid dírectly in 10 nl of standard sodíum aceËate, which was slighËly

basÍc. The perchloric acid and sodium perchlorate T^7ere added Ëo the

solutÍon only afËer Ëhe acid had compleËely díssolved.

It is generally acknowledged that the use of vacuurn-degassed

solutions elímínaËe all the problerns which are caused by aír bubbl-es.

NeverËhel-ess, the reactants used in Ëhis work ürere not degassed.

Experiments have shown that, wíth Ëhe apparatus purged carefully with

fresh reactants to remove all Ëraces of air, Ëhere \irere no synptoms of

an ínt,erference of the spectrophoËomeËríc detecËíon system by an aÍr

bubble.

After Ëhe reactants r¿üere loaded into the dríving syringes

(Aminco-Morrow) or the internal glass coil reservoírs in Ëhe case of

the trCanterburyttapparaËus, a period of incubation rnras al-lowed for the
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system to reach thermal equilÍbrium before the kineËíc runs \zere

starËed. Approxímately fifteen 4inutes was enough for the runs at 25"C

and a minimr:m of 90 mínutes was required for the runs at elevated or

depressed Ëemperatures. Six kinetic runs could be done with each

fílling of the drívÍng syringes. The resolving power of the specËro-

phot,omet,ric deËection system was adjusted by off-seËËing the out,put

signals from Ëhe photomultiplier. Details of Èhe procedure are descrÍbed

Ín the Result section (D) (1) . The resulË of the fj-rst run Tras generally

considered to be slightly erroneous because díffusion could have

occurred duríng incubatíon. An average of ten to fifteen runs hrere

done for each concentratíon of beryllium and hydrogen íon Ëo be

measured.

Generally, boËh the preparaËion of the reactants and Ëhe

subsequent kineËic experÍments \nrere carried out in Ëhe same day,

parËícularly with studíes which were above pll 4.
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(D) RESULTS

(]-) TREATMENT OF THE DATA.

Many complex formaÈions with an oyerall equaËion of

k1
A+B C*-1

obey the f ollot^ríng kíneËics,

-4lAI_ = .4.IåL = +{:l_ = krlAl tBl _ k_ltcl
dËdtdrr

i = kob" (tcleq. - tclË)

If one of the reactants (e.g. B) is present in at least a tenfold

excess, the concentration of that reactariË can be considered as

constant through a run, and the reaction is said to be pseudo-first

order. The raËe expression (Appendíx A) is as follows,

(23)

(24)

(25)

(26)

(27)

where

and

kob"=(kllKl+kl[B])

K, =3 =J-91*--, *-1 rlAl eq .tlBl.q.

tC]^- and [C] + are the concentraËions of the product C at equilibriusr .,.:.-- -eq. - -E r---------- t.., 1.::.1 
...

.' '-.t .

and at t,ime t. Expression (25) can be integraËed and rearranged to gÍve

expressíon (28) which descríbes the change of concentraËíon of product



-k, r
(Icleq. - tclr) = (IcJeq. Iclo)e oDs (28)

[CJo ís the initial concentraËion of product C. The va]-ue of kob" i"

readÍly evaluat,ed using Ëhe foll-or¿ing equation (29) ,

C in a tíme Ë.

Therefore,
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I
A=1ogj=.or"tantx[C]

I

1 ([c]_ -tcl)
k^,.^ = r ln -eq' - -o- 

eg)oDS r ([c]eq. - Iclr)

The theory of light absorpËíon by an absorbing specíes makes

spectrophoÈometry a very conveníent method of following concentraËÍon

changes. The concentraËion of Ëhe absorbíng specíes tc] is related to

Ëhe absorbance (A), which is a ratio of the intensíties of the radiatÍon

ËransmiËted through Ëhe absorbíng medium (I) and Ëhe radíaËíon incident

upon that medium (Io).

lcl-= 1 rogLL consËant I,

(30) (a)

(30) (b)

.,r
tcl-- = r loej (30)(c)- -eq

- a- const,ant I eq.

and [c]o = o. (30) (d)
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In Éerms of expressions (30¡ 16¡, (.c) and (d), equatj-on (29) can be

rewríËten in Ëhe form of,

loe(loe T /T__ -loe r /r-) = KoNSTAI{T - k^._r/2.313 (31)(a)o' eq. " o' t' 'obs

'.. '.' i.,:, ." i,. ,

or

1og 1og (Irll"q.) = KONSTANT - kobsr/2.303 , (31)(b)

where
';,,;::,1;,;, .: KoNSTAIIT = log loe (I^/r^^ ) (31) (c)o ec.'
'-....-.. -.-.,-t,.
'... ... -.:,''. -,'..,,'

If Ëhe val-ues of I^ , T^- and I- at, various t,imes t are knornm, k ,o-eq.E'obs

may be readíly evaluaËed by a standard linear regression progranme

via equation (31) (a).

The intensíty of Ëhe transmitted beam is generally moníËored by

a photomultiplÍer. The ouËpuË sígnal is anplifÍed and converËed t,o a

potenËial whích is applÍed to the y-axis of the oscílloscope.

ConsequenËlyr dr, the dísplacement of the oscilloscope trace along the

y-axis from the 0Z transmittance 1Íne at any tíme Ë, is directly
:.'..''.:.'. ''::':;,.;,:',.:.'.:.'.:1 proporËíonal to I-, Ëhe int,ensity of light transmiËËed by the absorbíng'.:'.:'..:'.:-....: - E

,,;..,:,,;-:';,,.,'r;;, solution at the same Ëíme. The following relationships are established,

(32) (a)

Idoo =-
Ideq. eq.

Ido= o

Idtt

(32¡ 16¡
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For computatÍons whÍch are based upon e.xpression (3f¡ ç"¡, Ëhe quantitÍes

Io, I"o and Ia can be conveniently substituËed by Ëhe correqpondíng

do, d"o and da values.

At pHrs 3.5, 4.0, 4.5, 5.0 & 5.5, Ëhe formaËion of beryllir:m-

5-SulphosalÍ-cylate and berylliun-5-Chlorosalicylate were followed by

the "Aninco-Morrow" sËopped-flow apparatus. TypÍcal traces of a complet,e

kinetic run are shown in Figures (7) (a) & (b). The picËures were

phoËographed by a Tektronix oscilloscope {CRO) camera using Pol-aroid

Projection filn type 46-L (continuous Ëone). Each negatíve rnras then

projected onto a graph paper by a Kodak overhead. enlarger, and the

magnified image was dravn on Ëhe paper. Experimentally, Ëhe displacenenË

d^ (in nn.) was obËai-ned wÍËh the elecËronics adjusted such a way that,
o

(í) wíth Ëhe shutter closed, a 0% transmit,Ëance líne r¡ras traced across

Ëhe top of the oscÍlloscope, (ii) wíth Ëriply distilled úrater ín the

observat,ion ce1l, and the shutËer opened, a L0O7" ËransmitËance line

üras t,raced across the boËËom of the oscilloscope. The result of such

sËipulations \¡ras thaË onl-y a relatívely low volËage could be applied to

amplify the signal from the phoËomulËiplier. In order Ëo establish the

val-ue of d^_, a kínetic run of the reacËion was performed and allor¿ed
eq-

to reach an equilibriun under identical operaËing condiÈions. The

di.splacement between the transmiËÉance line at Ëi¡e Ë = æ and the dark

currenË 1ine, d^-, was measured and recorded ín millineters along with' eq'

d-. The resoluËion of the trace (an exponenËial- decay) was severely
o

linited by the insuffÍcient ampl-ificaËion, and Ëherefore, was noË used



FIGIIRE 7 (a) . A typical example of

ungnif icaËion.

a kinetic txace before

FIcURn 7(b). Traces of several "magnifÍ-ed'r kinetic runs.
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7 (a)



-59-

for the measurements of Ëhe da values.

The magnifíed traces Ín Figure (7) (b) \rere obÈained through an

appropriate íncrease in the anplifÍcation of the signal from the

phoËomultíplier. This was achieved by a combÍnaËion of adjustíng Èhe

Itoff-setil of the kinetíc photomeÈer and increasing Èhe voltage supplied

Ëo the oscilloscope. A magnífícaËion facËor (M) was calculated from the

ËoËal increase in anplifÍcaËíon. From a suitable point chosen near Ëhe

begínning of the Ërace, values of drt (in mm.) were measured at regul-ar

l-0 nn intervals along Ëhe time base. Generally, aË leasË Ëhree hal-f-

lj.ves hrere measured, i.e. the last value of dat measured was one-tenËh

ín magniËude of Ëhe first value. In order thaË the set of dat values

coul-d be used dírectly ín the computation of Ëhe pseudo firsË-order

rate corisËant k

respecËiv" dot

obs

and

, values of do and d.O vrere converted ínËo the

t.
eq'

dr=doo xM

t=d xM

(33) (a)

(sl¡ 16¡

A computeï progranme r^¡ritËen ín FORTBAN (Appendix B) was used in

the final- analysis of the data. The progranme rras basically an attempt

to f ít a best straighË line for Ëhe p1-ot of 1-og log (dr t /dee ) agaj-nst

t via a linear regression. (A sanple of the data inpuËs ís given in

Appendix B.)

The print-out, from the computer consisËs of príncipally, (í) a

tabulation of the Ëíme measured in msec., (ii) a tabul-a|ion of Ëhe
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' '1 : . :: :',_

values of 1og 1-og (dat/d"o'), Gii) the half-lífe of Ëhe reacËi.on in

msec., arid (Ív) the pseudo fírst-order raLe constant k^.^ in "."-1.oDs

RaËe constants of Ëhe kinetic runs performed wiËh the 'rCanterburyrr 
,.::i.1.1.,..

stopped-flow apparatus \¡rere speedily evaluated by an on-l-ine computation ::

method developed by Queen et. a1.51. ,h" theoretícal basís of the

method ís sÈil-l based upon expressíons (30) and (31). Consider expression 
..;,...,...

(30¡. Since Ëhe output of the phoËomul-Ëiplier ís directly proporËional , "'. 
:.,,,

Ëo the ÍnËensíty of the incidenË beam, the absorbance can also be 
',",'ì':,",,':,,,i- , I ,tt,,:

expressed ín terms of the voltages generated by the photomulËiplíer.

By comparíng equatíon (34) Ëo equation (31) (a) , a relationship between

the íntensíties (I) of the radiaËion ËransmiËËed and Ëhe outpuË

volËages (V) of Ëhe photonultíplíer is developed,

V
A=1og o

V

IVoo
-=-r. v.EE

(34)

(3s) (a)

(3s) (b)

The seË-up of the presenË apparatus has been described in detail 
..;.:.::::.,.:

by Queen et. aI .51. fh. signal from the photonultiplier was fed Ëo i:.,:,:,',':,

both an oscilloscope for displ-ay and a sjx bit BiomaËion transienË

recorder (nodel 6104) for sËorage. Simultaneously wíËh the sÉoppage o.f''

IVoo=-
IVeq eq
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the flow, a sr¿iËch was closed, thereby supplying the necessary voltage

for Ériggeríng the recorder. A "Di¡iËscann unit (nade by Pivan

Associates, Chicago), whj-ch is essentially a parallel binary to

para11el binary coded decímal converterr T¡r€rs coupled to the transÍent,

recorder. Finally, a ltang 600 calculaËor was suiËab1-y interfaced with

the ouËput of the "Di;¡íËscan". Sígnals from the ouËpuË of the Ínterface

Ì^Iere processed by the calculaËor using tr¡ro progranmes (Appendix C)

stored on magnetic tape cassetËes.

Accordíng t,o equations (35) (a) and (b), Ëhe intensíties (I) in

expression (31) (a) or (b) can be rewriËËen in terms of the corresponding

volËage outpuËs (V) and subsequently used Ëo evaluate the value of kob".

Ilowever, even ín Ëhe case of Ëhe sínpler equaËion (31) (b), the

calculations require a knowl-edge of the values of U.n and Va aË various

times t. Therefore, it Ís necessary Ëo arrange for both the base líne

voltage corresponding Ëo 0Z ËransmítËance, and the transienË signals of

a kinetic run to be within the voltage range of the recorder. To operat,e

under such condÍÈÍons, ít was demonsËraËed in Figure (7)(a) Lhat the

spread of the transíent signals would cover only a snall part of the

scale, and consequently, suffered a considerable loss in resol-utíon.

This is not a serÍous problem if the voJ-Ëage resoluËion of the recorder

is aË least O.Li|, e.g. a ten-bít insËrumenË. UnforLunaËely, Ëhe voltage

resoluËion of the síx-bit BíomaËíon unit is short of the o.LT.. It ís

Ëherefore necessary Ëo amplify the transient signal and thus movíng the

0% transmíttance baseline off-scale. The amourit of off-set which was

gíven to the baselÍne musË be known and sËored in the memory of the
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calculator so Ëhat iü can be added during Ëhe calculaËÍons to the

values obËaíned from Ëhe transient recorder. Generally, if Ëhe offseË

controls o f an apparatus are praperl-y calibrated, an accuraËe value of

the total- offset of any sÍ-gnal nray be determíned dÍrectly from the

sett,Íngs of these controls. Queen eË. a1 .51 htrr. reported a calibrat.ed

offset using a regulaËed D.C. volËage suitably divided by an accuraËe

10 turn potentÍomeËer and applied to a differentíal auplifier in

oppositÍon Ëo Ëhe sÍgna1 from the photomulËiplíer.

For kíneËic runs which have small transmíttance changer AT up to

5% or so, the absorbance and transmÍtËance changes are línearly related

Èo wíËhin 32,

AoAT (36)

Therefore, f.or most purpose, Ëhe voltage output from Ëhe phoËomultiplier

can be fed directly Ëo the Ëransíent recorder and Ëhe calculatíons

carried out directly. Under Ëhis circumstance, iË is not necessary to

establish the baselíne volËage aË 0Z ÈransmíÈtance.

ExperímentaLLy, a kíneËic trace hTas recorded under Ëhe optímum

resolvíng por^rer of the recorder. The signal offset and the volËage

anpl-ífícatÍon were adjusted so that. Ëhe maxj-mum transmiËtance change

just fell wíthin the volËage range of the recorder. The time base was

adjusted to be aË least ten half-lives in toËa1 so that V"o could be

recorded.

An averag.U U"n value was calcul-ated and stored ín Ëhe menory

a preliminary progranrme in Ëhe calculator. Generally, the last

to 40 of the ËoËal 256 avaiLable sËoring poinËs in Lhe transient

by

20
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recorder T¡rere used ín the calculatíon of Ëhís aver"*e Veg value.

Th. kob" value r^ras eval-uated by a second progranme whích was

loaded ínto the memory of the carcuraËor from the magnetic Ëape. The 
.::..: 

,.,:.:,

prograÍme r¿üas esgenËíally a linear regressi-on based upon expression ,:1..:,.':1,

(3r¡ ç6¡. (A typical example of the inputs for both programnes is
gíven ín AppendÍx C.

By varyíng the locaËion of the starËing point, different segments .,,,
t, t. 

. ..

of the decay curve r¡Iere sâmpled and used in Ëhe calculaËion of kob" 
,,,,,,..:,,.Províded Ëhat Ëhe trace was satisfactory, th. kob" values computed

fron dífferent startíng poínËs should be the same wiËhin experímental

error. The final kob" in the output was the average of 15 to 20

calculated values.

The outpuË from Ëhe second programme íncluded a tabulaËíon of all

Ëhe k^._ values calculaËed and a f.j:na1. average of these values.ODS

To ensure Ëhat there \¡ras no díscrepancy between the ttaminco-

MorrovT" and the rrCanterburytt apparaËus, kinetic runs of the formation

of both complexes at pH = 3.5 were performed and int,erpreted by both

methods. The resulËs were found to be Èhe same within experimenËal

error. rn the presenË work, kinetíc runs which were conducËed at pllrs

below 4.0 could be followed by eíther of the two methods. Hor¿ever, at

pllrs above 4.0, Ëhe use of the present on-line compuËaËion programme

described r,ras not recommended sínce Èhe total transmiËtance change of

the reacËion r¿as Ín excess of 57".
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(2) THE DEPENDENCE OF THE FORUATION RATE ON BERYLLIUM A}ID TIYDROGEN

ION CONCENTRATIONS.

The sËrucËures of the lígands, S-sulPhosalicylÍ-c acid (I) and

S-chlorosalicylic acíd (II) are depícËed as follows,

(2)
OH

(1)

./\..ái)
,iì,\Åoo"

o;

(r) (II)

OwÍ-ng Ëo Ëhe high díssociaËion constant of the sulphonic group'

proton H(3) of Ëhe lígand S-sulphosalicylic acid is expected to be

dissocíated from the SO, group aË all times ín soluËi-on.

The lígands (I) and (II) will react rÀtíth Be(II) to form the

correspondíng complexes (III) and (IV),

COOH
(1)

4.0i¿\.I

!e --{I.o
1L

.tÐ
S'
o;

J

Tzo
'ìa---Hzo

,raì,

ll

o ll
o

(III) (IV)



-65-

Closure of the chelate rÍ-ng ín each complex involves only Ëhe salícylÍc

acid st,ructure of the ligands, í.e. the carboxyl CCOOH) and hydroxyl

(OH) group of the benzene ring. The proËons lf(l) and Il(2) are lost

eíther prior to or inrmedíately after the fornation of the complex. It

is noË unreasonable to assume Ëhat the kinet,ics and mechanisms are Éhe

same for the formaËíons of these complexes. Any difference ín the

formaËion raËes nay be attríbuted to the effects of the dífferent

substituent, groups (SO¡ vs Cl) on the salicylic acÍd strucËure.

Generally speaking, for purpose of elucidating Ëhe kinetícs of the

complex formation, ligands (I) and (II) can be Ëreated the same.

5-sulphosalÍcylic acid in soluËÍon can exísË ín various
)- ?-proporËions of I12SSA , HSSA- , SSA" , depending upon the pH of Èhe

solution. The dissociatíons of protons Il(1) and H(2) are governed by

Ëhe fol-lowing relatíonshíps,

H2SSA- -:'^ . nss¿.2- + n+

lu+l Insse2-]

trr2ssA l

(38) (a)

(38) (b)

(3e) (a)

(3e) (b)

respecËíve1y.

KzA =

1-SSA- + ?-
rTSSA-

rKt,-t -H J

Kz= IHSSA2-l
?,- +

lssA- I IH'l

KzA,, KZ are Lhe dissociation and assocíation constants
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Conceívably, ít is possíble for all three species of the íonized

acíd to react with Be(II) and form the conplex BeSSA. Complexation can

proceed via the followi-ng paËhways:

or.,

H2ssA- + Be(nro)o'* .n - Be(nro)2ssA- + 2r{ + zlzo (a0) (a)

tl

ot,
HSSAz- + Be(Hro)42+ =-:' Be(nro)2ssA- + tf + znro (40) (b)

tz

1.

?- t+ 
t3

SSAJ- + Be(Hro)O'- 
;- 

Be(Ilro)2SsA + zHZo (40) (c)

t3

Assuning that the ïeverse reacËions are slornr compared to the

forward reacLions, the raËe of complex formaËion can be wriËËen as,

dlBeSSA-l = ¡n"2+J*^*^r{kç [urSSA:] + kr [HSSA2-] + kr [SSA3-]] (41)
dt 

-EoEaI- t1 ¿ LZ 
,'3

It is obvj-ous from equation (41) Ëhat the formation rate of the

complex will have a definÍte dependence upon the concentraËÍon of Be(II).

This conclusion is furËher supporËed by equaËions (25) an;d (26) if the

reacËj-on was conducted under a pseudo-fírst order condÍtion, i.e. the

concenËratíon of Be(lI) T¡ras presented ín excess aË least Ëen-fold of

the ligand concentraËion. According to equatiot (26), Ëhe observed

rate consLanË of the complex formatÍon ís a funcËíon of Lhe
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concentratíon of Be(II).

'L[Be'']!^!-1 is noË the only variable in the raËe expression (4f¡.
tota-L

Rate of fornation of the complex is also governed by the proportions of

,- 1-
H.SSA , IISSA- and SSA- presenË ín the solutÍon. Since Ëhe proportions

z

?- ?-of IITSSA , HSSA- , and SSA" vary, depending upon the pI{, it is then

logical to assert that the format,Íon raLe of Ëhe complex r¿i1l be

dependent upon the pll as wel1.

In light of the [e"2+]Ëotal and pH dependence of the formaËion

raËes, a seríes of experiments, whích included sËudies on boËh

varíables, \ilas performed. Kinetíc runs vrere conducted at eight

dÍfferent pH levels from 3.3 - 5.5. At each pH level, studíes were

conducted wíth at least fíve or síx dÍffeïent concenËratíons of Be(lt)

reactíng with a fixed coricenËration of the ligand, generall-y one-ÈenËh

of the lowesË [n"2+]Ëotal used. The reacËíons at lower pll values, i.e.

3.3, 3.5, 3.65, 6, 3.8, were followed by Ëhe "CanLerbury" apparaËus

connecËed with an "on-líne" compuÈation set-uP. At Ëhe higher pH

l-evels, i.e. 4.0r 4.5r 5.0, & 5.5, due to larger transmitËance changes,

the reacËions were ínvestígated r¿ith Ëhe more suitable ttAminco-I"lorrohr"

sËopped-f low apparatus.

AË pH = 3.3, formatíon of the beryllium salícylate complexes

could noË be deËected by ultraVíolet spectrophotometry unless Ëhe

complex r¡ras presented at a relatíVely high concentration. This was

achieved by increasíng the otherwise low concent,rations of Be(II)

(1.0 x tO-31¿ Ëo 3.5 x 10-3u) by a factor of 10, Ëhus brínging the
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concentrations Ëo a range of 1.0 x 10-2M to 3.s x 10-2¡1. For Ëhe rest

of Ëhe seven plls, 1ow concentraËions of Be(II) T¡rere essential in an

aËËempt to curb the hydrolysís of the caËion, rrhich can be quite

extensi.ve at hígh concentrations. The effort was rather successful at

pH levels below 4. Howevex, at pll 4 and above, the effort T,ras fuLile
,L

unless [Be-']total was reduced to such a 1evel that proper measuremerit.s

on Ëhe subsequent formaËion of the beryl-líum complex was not. feasible.

In the presenË work, ít was hoped ËhaË Lhe kíneËic runs conducted aË

pllrs 4.0r 4.5, 5.0, & 5.5, despiËe exËensive hydrolysis of the caËiori,

would províde some insights inËo t,he effect of hydrolysis on the

formation raËe.

According to Kakíhana & Si11err52, ,h. maín product from the

hydrolysí" of Be2f ís Ber(oH)t3+, a polynuclear species. The

equilibrium constant,

^ tBe, (oH) r3*l ["*] 
3

o33=F '

of the reacËíon

3s"2* + 3H.20 Beu(gti)r3+ + 3ti+ (42) (b)

ís equal to 2.187 x 10-9.

The experimenËal value of Ine2*ltotal can be wrÍ.tten as,

(42¡ 1"¡

tJ^ tJ- ?+
lBe'' lro."1 = [Be" ]etf . + 3IBer(OII)3"'l (43) (a)
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,J.
where [Be'']eff. Ís the conceritratíon of the unhydrolysed cation. By

substiËuting equatíon (42) (a) into (43) (a), (a3) (a) can be rew-ritËen

in terms of ß33 arrd [ne2+]ett.
,',:tr:ir,',

t+ '+ 
I Bez+f 

'Ls.z+lËoral= [eeZ*]err.{1+3833 ffi} 
(43)(b)

or t,t t,,t.j

ls.2+rerr.=[s"2+]xotaL/{l+3ß33 #} 
(43)(c)

I,ùiËh equation (43)(c), concenËrations of the unhydrolysed catíon,
,-L

[Be'']--- , at eaeh pH were calculaËed by successive approxímaËions.err. '

t+ - ?+-
[B.'-]rotal was used as the fírsË [Be-']eff. ínput for the iniÈía1

approximation calculaËion.

The wavelengths , 250 qr and 253 mu ' T¡lere chosen for Ëhe

observations of the respecËíve BeSSA- and Be5C1-SA complex formatíons. 
,,.:.::;,:.:,.:ì:

A partíËioned cuvette (2 conpartmenËs) was used to establísh the :,i:,:1:,,:-.:¡.:
':l:. 

:

transmittances of Ëhe reactants before and after the complexation. In '.r.';'ì'.'
,.:.,.: :: .:: .

Fígure B, W spectrum (A) was recorded before Ëhe reacËíon, wiËh equal

volumes of the reactariËs (Be(II), SSA) occupying Ëhe separate

compartmenËs. AfËer shaking Ëhe cuveÈte genË1y f.or a minute, reaction 
:,:,.,.:,,:,,,,

was completed, and specËrun (B) was recorded. At Ëhe chosen wavelengËh -t-.''::"':::':

250 n1r, the total ËransmiËtance change Ís approximately 51Á. Similar

specËra of the reacËants Se(ff) and 5C1-SA are shown in Figure 9. The



ì. . "
1.1.:,..:..;-:

FIGIIRE B. IIV spectra of Ëhe reactants before (A) and .:r':.:r:

aftex (n) tfre BeSSA- complex formatíon.

Conditions under which the specËra were recorded:

pH = 3.5

[s.2+] =6xto-3u & [ssA] =2xto-4u.
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FIGURE 9. IIV specËra of the reacËanÊs before (A) an¿

after (B) Ëhe Be5C1_SA conplex formaËÍon.

conditions under r¿hich Ëhe specËra r^rere recorded:

pII = 3.5

ls"2+l = 6 x to-3tt & [5c1-s A] = 2x t0-4¡¿.

,:,:....,
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total transmiËtance change at 253 mU is also approximately 5"Á.

Generally, the W neLhod T¡ras more sensitive for deËectÍng the BeSC1-SA

complex compared Ëo the BeSSA- complex.

The observed rate constant.s of the format.ions of both complexes,

BeSSA- and Be5Cl-SA, are listed in Table 6 & Table 7 together wÍrh

values of the calculate¿ [ee2+]eff..

(3) DEPENDENCE OF THE FORMATION RATE ON LIGAND CONCENTRATION. ."'.'.,.
::: 

:' -:1 : 
'.

Complex formaËíon rates of the reacËions invesËígated so far ,,,..,,,.:.jrt,:

hTere assutred to be pseudo fúrst-order ín [s"2+]*oËal. Experimentally'- 't

the concent,raËion of Be2* in each kínetic run hras kept in large excess

comparedg to thaË of the ligand. ThÍs is, of course, a kínetíc "Ëriek"

used to elíminate the complexiËy of second-order kinetics. Therefore,

it ís necessary Ëo verify if the coricentration raËios of 1ne2+ to

ligand)chosen'indeed'1-ed,;to.val-id.-pseudorfirs-.t=érdèr kinetic values.

The set of Be-SSA experimerits ar pll 3.5 (as lisËed in Table 6),

ùras reporËed with the SSA concentraËj-on doubled from 2 x 10-4 M to
_t,

4 x 10-* M. The resulËs are tabulated in Tabl-e 8. If the ko'" val-ues 
";;,;;;,','i: .':'.'l:

. : ...
obtained aË the lower lígand concent.ration agree wíËh Ëhe ones obËained : i:i:

..1.:. ;: --:

aË the hígher concentratÍon withín experinental uncerËainËíes, then,

the pseudo firsÈ-order relationship iç true in boÈh cases. TheoreËically,

Ëheva1ueofk^.^wi11bedoub1edwiËhËhedoub1ingofthe1igand
o Ds .'..,. ...'

..' . :1. .':'

coricenËraËion under kineËic conditíons which are not pseudo first.-order
,+in [Be-']ror"r.
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TABLE 6

- A IIi+] RATE DEPENDENCE STUDY.

-1k. sec-
ODS

lg.2+lro."1*103 M In"2+1"rr.x103 M Isse]x104 upIl

3. 30

3.50

3.65

10

15

20

25

30

35

I
2

3

4

5

6

7

8

1

1. 50

2

2.50

3

9.95

14. 83

L9.6L

24.25

28.7 5

33.10

1

2

2.99

3.99

4.97

5.96

6.93

7 ,90

1

1.50

2

2.49

2.98

il

1.50

tl

rt

It

1.50

tt

tt

It

|l

3. 03 (0.02)

3. 63 (0.02)

4. 13 (0. 02 )

4. 6s (0. 03)

s . 18 (0. 03)

s. 68 (0.03)

1. 33 (0. 01)

1. 4s (0. 01)

1_. s6 (0.01)

1. 69 (0. 01)

1.83(0.01)

1. 91 (0. 02)

2 .06 (0. 02)

2.L2(0.02)

1. 02 (0. 002)

1. 07 (0. 001)

1. 12 (0. 003)

1.18 (0. 001)

1 . 26 (0. oo2)

L4

It

2

n



-74-

TABLE 6 - ConËioued.

pH -1k" sec-
oDs

3.65 1.32(0.001)

3.80 0.76 (0.002)

0. 81 (0. 001)

0.87 (0.003)

o. 94 (o. oo3)

1.02(0.003)

1. 07 (0. 002)

4.00 0.43(0.003)

o. s7 (0.003)

0. 69 (0. 004)

0.82 (0. 004)

0. 91 (0. 001)

1. 03 (0. 001)

1_. 13 (0. 003)

1.23 (0.001)

4.s0 0.24(0.004)

0. 3e (0. 004)

0.43 (0. 003)

0. s0 (0. 004)

0.s7(0.004)

0. 63 (0. 004)

)+a
lBe- ' 

J ror"rxlO' M

3.50

1

1.50

2

2.50

3

3.50

0. B0

2

3

4

5

6

7

8

2

4

5

6

7

I

t-L .
IBe-'J"rr.xlo'M

3.48

1

r.49

r.99

2.47

2.96

3.43

0. B0

1.95

2.85

3.67

4.43

s .11

5,7 5

6.3:i

7.4L

2.O9

2.33

2.55

2.74

2.90

/,
ISSAlxlO- M

l_.50

L.40

It

il

It

tt

il

lt

lt



'.,,1.: r-

PII

5.00

5.50

-1k, sec-
oDs

0.12 (0.001)

0. 20 (0. 004)

o.22(0.001)

0. 26 (0. 001)

o. 30 (o. oo3)

o. 33 (0. oo2)

o. 08 (0. 001)

0.12 (o .001)

o. r_4 (0. ool)

0. 17 (0. 001)

0. 19 (o . 001)

0 . 21 (0. 002)
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TABLE 6 - Cont,inued.

2

4

5

6

7

I

2

4

5

6

7

I

tJ- ?
IBe'' Jror"rxlO" M ln.2+l.rr.x1o3 lt I ss¿,]x104 lt

0.59

0.78

0. 85

0. 91

o.97

L.02

0.20

0.25

0.28

0.29

0.31

0.33

2

tl

2

|l
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pÏ1

KINETIC DATA FOR Be _

TABLE

5C1SA FOBMATION -

),L ?
[Be-'J.or"rxl0" M

10

15

20

25

30

35

I

2

3

4

5

6

1

1_.50

2

2.50

3

3.50

1

l_.50

lfl narn DEPENDENCE srIrDY.

lg"2+l.rr.x1o3 M [5cl-sA]xro4 u-1k, sec-
oDs

3.30 4.75(0.02)

s .ls (0 .02)

5.47 (0.O2)

s. 89 (0.01)

6.27 (0.0L)

6. 63 (0. 02)

3. s0 2.71(0.01)

2. 82 (0.01)

2.e3(0.004)

3. 04 (0. 004)

3.13 (0.003)

3.22(0.004)

3.6s 1.90(0.01)

1. 96 (0. 01)

2.02 (0.01-)

2 . 07 (0.04)

2. 13 (0. 04)

2.19 (0.01)

3.80 1.s1(o.oo3)

1.58 (0. oo3)

9.9s

14.83

L9.6L

24.25

28.75

33.10

1

2

2.99

3.99

4.97

5.96

1

1.50

2

2.49

2.98

3 .48

1

L.49

It

1.50

ll

tl

il

tl

il

1.50

tl

ll

ll

It

tl

t-.50

¡l

tl



pH -1K, SeC
ODS

3.80 1.6s(0.003)

1. 71(0.002)

L.77 (0.002)

1. 85 (0.003)

4.00 1.37 (0.01)

1_. s0 (0. 01)

1.58 (0.01)

1,.69 (0.02)

1. 78 (0.003)

4.so 0.s6(0.004)

0. 64 (0 . 01)

0. 67 (0. 01)

o. 75 (o . oo3)

0.79(0.01)

5.00 0.26(0.002)

o. 30 (0. 01)

0. 33 (0. 001)

0. 37 (0. 004)

0.42(0.003)

s.s0 0.1s (0.001)

0. 18 (0.002)

-77 -

TABLE 7 - ContÍnued.

2

2.5A

3

3.50

4

5

6

7

B

4

5

6

7

B

4

5

6

7

B

4

5

le.2+lrot.t*103 M In"2+l"rr.x1o3 M ISCI-SAIxto4 u

L.99

2.47

2.96

3.43

3.67

4.43

5.11

5.75

6.33

2.09

2.33

2.55

2.7 4

2.90

0.78

0. B5

0.91

o.97

L.02

o.25

0.28

1.50

n

il

tl

il

2

It

2

il

2

tt

It

il

il
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TABLE 7 - Continued.

pn koo" sec-t lu"'*lrorrr*103 M In"2+l"rr.xt03 M lscl-sAlxto4 l¿

5.50 0.20(0.001) 6

0. 23 (0. 001-) 7

o.24(O.002) B

0.29

0.31

0. 33

2

il

tl
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TABLE B

LIGAND CONCENTRATION DEPENDENCE OF THE

BeSSA- COMPLEX FORMATION AT pä 3.5

pH -'tk, sec
oDs

3.s0 1.71(0.01)

1.79 (0.01)

1.el(0.02)

2 . 01 (0.03)

2.25 (o.O4)

3. 50 r_. 33 (0. 0r_)

r_. 4s (0. or_)

1.s6(0.01)

1. 69 (0. or-)

1.83 (0.0r_)

1_.91(0.02)

2.06 (0.02)

2.L2(0.02)

[e"2+]rot"1*103 M [¡"2+]"rr.x1o3 u lssAlxl-04 u

4

5

6

7

B

3.99

4.97

5.96

6.93

7 .90

1

2

2.99

3.99

4.97

5.96

6.93

7 .90

tl

1.50

il

lt

4

tl

1

2

3

4

5

6

7

I

2

n

T

il
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Th" kob" values at pIl = 5.5 \¡¡ere very small comparing Ëo the

ones aË pll = 3.5. Therefore, th. kob" values determined were very

susceptíble to errors caused by experimental uncerËainties. Under such

circu¡nstances, if Ëhe ligand conceritration was simply doubled as

before (at pn = 3.5), Ëhere \^Ias a very good chance thaË Ëhe true value

of the o"* kob" woul-d be masked by the experimental uncertaintÍes. In

light of this, a rleür seË of experiments which íncluded four dífferent

coricenrratj-ons of ligand (2xLO-4 M,4 x 10-4M, 6xLO-4 M& 8 * tO-4U)

reacting wíËh a fixed concen¿raËion of Be(II) (B x 10-3 M) was adopted.

Results from Ëhis set of experíments are 1isËed ín Table 9.

(4) DEPENDENCE OF TITE FORMATION RATE ON THE I{YDROLYSIS RATE OF BC(II).

IË ís suspected Ëhat the hydrolysís rate of Ëhe caËíon Be(II) ís

much faster Ëhan Ëhe rate of complex formaËion. However, íL ís still

necessary to prove experimentally thaË the overall rate-conËrollíng

sËep ís ÍndependenË of Ëhe rate of hydrolysís.

In the previous kinetic runs, each of Ëhe reactanËs T^las prepared

indivídually buffered, í.e. the pll 1evel was aËÈained before Ëhe

compl-ex formaËion. An alternaËive meËhod of pH. control- ís to have one

of the reactants prepared in the acid componenL (HC1O4) of Ëhe buffer

with Ëhe other reactarit, in the salt componerlË (NaCrIlrOr). In thís way,

the desired pII is aËtained "instantaneguglyt' upon míxing of Éhe

reactants. For the present. studyr at pll = 5.5, Be(II) I¡las prepared in

a soluËion of IIC1O4 (which consísËed of Ëwice the amount of ItClO4

nornally required to buffer the reacLanËs indívidually), and Ëherefore'
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TABLE 9

LIGÆ{D CONCENTRATION DEPENDENCE OF THE

BeSSA- COMPLEX FORMATION AT PH 5.5

pII koo" sec-t [u.'*]ror"1*to3 l¿ [¡"2+].rr.x103 u [sse]x104 lt

5.s 0.21(0.002)

0.27 (0.001)

0. 37 (0. 002)

0. s2 (0. 01)

I
tt

tl

tt

0.33

tt

tt

It

2

4

6

8
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should remain completelY

prepared in Lhis fashion

aceËaËe (the quanËiËY of

unhydrolysed. Various concenËratíons of Be(II)

ï¡rere Ëo react w:-:tn 2 x 10-4 M of SSA in sodium

NaCrItro, used r^Ias also doubled accordingly) '

The kínetic runs were fÍrsË followed wiËh Èhe same Ëíme base

previously used (at plt = 5.5) Ëo obserye Ëhe complex formation beË\'{een

reacËanËs Ëhat were índívidually buffered. A reacËion between each of

the different concenËraËíons of Be(II) and SSA was observed. The kob"

values are listed .in Table 10.

To deËect if Ëhere T^Iere any fasËer reaction(s), a number of

fasËer Ëime bases rangíng from seconds Ëo milliseconds were used to

folIow Ëhe kineËíc runs. No react.ion with raËes ín thís range \^Ias

observed. Investi-gaËions carríed ouË \¡liËh slower Ëíme bases also

produced no resulË.

lloffmann, SËuehr and Yeaget28b ,t"iog a pressure-jump method,

have repor¡ed three relaxaËíon tímes for 0.04M of beryllíum acetaËe

(pH not specifíed); the values ùlere' t, = 15 msec' rr= 200 msec' and

T^ = 5000 msec. The results of our T^lork' however, do not show any
J

evidence of such berylliun aceËate formatíons. It rather supports Lhe

?,6
suggest.ion of Malík, Srívastava and Thallam-" ËhaË acetaËe anions do

noË inËerfere wíËh Ëhe progress of a Be(lI) reacËion. TheoreticaLLy,

íf índeed Ëhere \¡ras a 8"2* - Cll.COO- reactíon, Ëhe observed rate

consËants obËaíned (at plt = 5.5; by using reacËan¿s which were

índívídually buffered (Table 6) and reacËanËs as described in this

section (fabl-e 10) should be differerit. Thís Ì¡Ias not the case, sínce

Ëhe ËrÂro groups of resulËs l47ere Ëhe same within experímental uncertainËies'
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TABLE 10

DEPENDENCE OF BeSSA COMPLEX FORMATION RATE ON

THE IIYDROLYSIS RATE 0F Be(II).

pH koo" sec-t [t.'*]ro."r*to3 t"t [¡.2+]"rr.x103 u [ssa]x104 l,t

5 .s 0 . 0B (0. 00r-)

o. 13 (o . oo1)

0. 18 (0. 004)

0.22(O.003)

0.20

0.25

0.29

0.33
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Thus, ít was concluded ËhaË hydrolysís Was very fast and could not

have conËributed to Ëhe raËe-deËerminating step.

(5) DEPENDENCE OF THE DISSOCIATIoN RÁ.TE (OF THE COMPTEX) ON THE

HYDROGEN ION CONCENTRATION.

Generall-y, an invesËigation of the díssociaËion rates of the

complex is favoured since the additional information will most

cerËaínly improve the understandíng of the reaction paËh1,7ays.

The BeSSA- complex at each of the three pIl levels (5.5, 5.0, &

4.5) was prepared by reactíng 4 nl of the 0.1-M Be(c104)' standard

soluËion wiËh 2 ml of Ëhe 0.01M SSA standard solution in a 50 nl

volumeËric flask. The solutíon r¿as suítably buffered and the ioníc

strength adjusËed with stock Nacloo to 3M. Conceivably, íf Ëhe

dissociaLion rate of the complex is Índeed pII dependent, i.e.

BeSSA- + tit "- n"2* + HSSA2- (44)

ít ís Ëhen feasible to follow the dissocíaËion sínp1y by bringing down

Ëhe pH from íts origínal level. ExperimenËally, this was achíeved by

ínjectíng a proper quanËiËy of IlCl-OO (calculated accordíng Ëo equation

(22)) into the prepared complex solution whích was buffered at a

specífic pll. Five different sets of experíment rirere conducted whích

íncl-uded pll changes from pn 5.5 - 3.5, 5.5 ' 4.0, 5'0 - 3'5, 5'0 - 4'0'

and 4.5 - 3.5. Wíth each set of experiments, only a very slow reactíon

was observed. The pseudo first-order rate consËanËs obËaíned are lisËed

ín Table 1l-. The resulËs, íÈ is apparenË Ëhat Ëhe raËe of dissocíation

of the complex is índependent of pll.
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TASLE 1]-

DISSOCIATION STI]DIES OF TITE BESSA] COMPLEX ln+l punruRBATroN.

-1k, sec-
ODS

0.06 (0.003)

0.10 (0. 01)

0. 04 (0. 002)

o. 06 (0 . 002)

0.04 (0. 001)

PHirrítí"1

5.5

5.5

5.0

5.0

4.5

pII-.- rt_nar

3.5

4.0

3.5

4.0

3.5

'-;.a'
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(6) DEPENDENCE OF THE FORMATION BATE ON TE}PERATURE.

According Ëo t.he Arrheníus 
"qrrtËi.orrr1'53

k = A exp C-EO/RT) (45)

EO, the temperature independent Arrhenius acËívaËion energy of any

unimol-ecular reaction or reactions ín solutíonsr can be determined

from Ëhe slope of a ploÉ of 1og k against 1/T.

d (1og k)/d(Ur) = -EA/2.303R (46)

The quantiLy A in expression (45) ís a consLant which is also

temperature índependent. In Ëransitíon-state theory, equaËíon (45) is

rewríËten ín the form of the EyrÍng functiorrs3, í...

(47)

where kt is Ëhe Boltzmann consËant, h ís Planck's consLanË, and ÀI1#,

ÂS# are Ëhe enËhalpy and ent,ropy of activation respectivel-y. These

acËívation paraneters can be deËermíned frou a plot of 1og (k/T)

agaínst 1/T.

k(ob") = f.*n(-¡s#/nt) .*n(ls#/n)

dloe(k/r)-- 
^"#d(l/r) 2.303R

I
InrercepË = los f. z%F

(aB) (a)

(48) (b)

The convenient and dírecË temperature control of Ëhe I'Canterburytt

sËopped-fl-ow apparaËus has been described in the EPERIMENTAL section.
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Compl-ex formation of BeSSA and Be5C1-SA at pll levels, 3.5 & 3.8'

were followed aË four additional Ëemperatures beside 25.L"C, these

included 20oC, 30oC, 35oC, & 40oC. RaËe constants determíned at the

:-.;..:..,¡, varÍous ËemperaËures aïe lísted ín Table 12.

:.' .:.i , :



:...,::.:-,:'"::.J::,:;^:::;::::-: -1

pi{.

3.30

Ligand

3.30 5C1-SA

3.BO SSA-

3. B0 5C1-SA
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TABLE 12

TEMPER.ATIIRE DEPENDENCE OF THE RATE OF

15SSA

[Ligand]xtO3 lt

1.40

[n"2+]tor"1*103 M
-'lk, sec-

oDs

2 .7s (0.01)

3 . 7o(0.01)

6.12 (0.01)

B .33 (0. 02)

10.61 (0.03)

3 . 84 (0. 01)

4 .7 s (o .02)

7.zs(O.04)

L0.24 (0.03)

13.10 (0 . 03)

0.70 (0.003)

0.86 (0. oo3)

1.4s (0.01-)

r-.98 (0. 01)

2.66 (0.01)

1.ls (0. 01)

1. s1 (0.002)

2 .46 (0.01)

3 .47 (0. 01)

4.68 (o. ol-)

1. 00

o.L4

0.15

10

2.00

1.00



Temperature ToC

20 (o. os)

2s.1(0.0s)

30(o. os)

3s (o. os)

40 (o. os)

20 (0. os)

2s.1(o.os)

30 (0. 05)

3s (0.05)

40(o. os)

20 (0. 0s )

2s. r_ (0.0s)

30 (0. os)

3s (o. os)

40 (0.0s)

20(0.05)

2s.1(0.0s)

30 (0. 0s)

3s (0. os)

40(0.0s)
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TABLE 12

BeSSA- ÆrID Be-5C1SA COMPLEX FORMATIONS.

-1 C
1/T 'K -x10"

3.4L

3.35

3.30

3.25

3.20

3.41

3.35

3.30

3.25

3.20

3.4r

3.35

3.30

3.25

3.20

3.4L

3.3s

3.30

3.25

3.20

Log (kobs/r)
"."-1 

oK-l

-2.0277

-1.9059

-L.6945

-L.5678

-L.4697

-1. BB23

-L.7973

-L.62L2

-L.4785

-L.3782

-2.6237

-2.5397

-2.32L5

-2.L920

-2.0707

-2.407 5

-2.2959

-2.09L4

-1.9481

-L.8257



'l!:.'.1:.:,ìi.: ::.:' i.i - :'- .'-:.ì,1,:.i:j \!'!:- - - :. -l.: ./: - :: i t ;; :,: l':
I

(E)

(1)

-90-

DISCUSSÏON

KINETICS OF CHELATION STIIDIES !ùI.TH. BIDENTATE LIGANDS.

Many metal chelate formations involving bÍ-denËate ligands have

been reported in Ëhe liËerature. UnforËunaËely, Ëhese do noË include

any sËudy on Ëhe chelation of the ne(nrO) O2* ion. Therefore, a general

understandíng of the kinetics and mechanísm of other meËal complex

formaËions wíth bidentate lígands will- facilitate Ëhe int,erpretation

of the data from our presenË r^rork. Typícal examples of various metal

complex formaËions are found ín a series of sËudies including the

kinetics of formaËion of (í) cobalË (II) monomalonaËe compl 
"*54 ,

(íí) nickel (II) monomalon"r"5s, (iií) monoazide complex of iron (fff)56,

(iv) íron (III) monochelaËes with subsËítuted maloníc ""íd"57,
(v) níckel (II) neËhyl- and n-butyl- malonato-comp1"*."58, and

(ví) nonophËhalatonickel (II) comp1.*59 reported by Cavasíno and hís

co-r¡rorkers. Studíes which involve Ëhe formaÈíon of Te(III) complexes

are parËícularly relevant, sínce the catíon Fe(H2O)U'* ," often

compared wíth Be(H"o),.2* b""ruse of Ëheír analogous raËes of ligand¿+
substíËutíon and waÈer exchange (?.14, Section A). The complex formations

were conducted over a varieËy of pI{ ranges and a general reactíon

Scheme (A) was proposed. Future references in connection wíËh Scheme (A)

will be made in the ínterpreËaËion of our PresenË results.

In Ëhe presence of an excess of M(HZo)rr*+, assuming thaË

protolyËic reacËions (a11 vertical steps) are sufficiently fast

the

and

ËhaË [M(H2o)''-loH(n-t)*] .. [M(Hzo)rrt+] , the observed rate constant of
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+
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the complex formatíon beËr.reen a metal ion and a díproÈic bidentate

ligand can be expressed as follows, (derivation of the kínetÍc

expression appears in Appendix D),

llr{nro)rrd1"o. k21k32K2Irr+l
{ tco, +

trrtcrrr ltt+l 
2r,

k, =
ODS +

(kzs*kzr) (ksrr*ksr)Kza

k23k12 [H+]

kzz*kzt kstt*kst

*kr4*kL26j'

Kou.kgtzkzgKz
¿

KorikgtzktogK2 [H-]

1. 1-

, ^87^128
1-t

1, Ll.
^87'*812

(kaz*kerz) (kgro*kgr )Kzt

J-t
ksttkts [H' ] " k910k129 [H+]

+ ]+

kgto*kgtz

(4e)

lM (H2o) 
n_ron 

(*-t )+l tH+l
r,rhere KoH=ffi, KZ,-=

+
lH'l tHL l
lHzll '

r, = -jEL , and f,) =- [H'] tL- l

(1 + K2llt+l )

(x^
¡T

i 0^ is the degree of
A

dissociation of the ligand and is equal re *Zt/(*ZO+ [II+]). Equation

(49) ís a general expression effective over a wide range of pH levels.

sínce Ëhe degree of dissocíation of the ligand IrrL and the hydrolysís

of the cation U{itrO)rrn+ are both d.epend.ent on pII, special cases of

expression (49) (generally símpler expressions) can arise by manipulatÍng



the pll conditÍon of the experiment.

In equation (49), Ëhe slope (S) of a plot of kob, against

rrl-
lM(H2O)n*'1"o. ís equal to,

^ 1 .a .kztk3zKrnfl . ksrknsttfl2*z
ùroPe = D =- lKr., r -r-

o -r (kzs*kzì (kstr*ksr)"2¿,

,- 
*0" 

1. J-'tn+l *6L2
KonkgtzkzgKz KonkgtzktogK2 [H-]

(ksz*kerz) (kgro*kgr z)Kzt
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Intercept (I) of Ëhe same plot is equal Ëo,

kzz*kzt

"__+. - - +-2

rnÈercepr = r =1 
kzskrzl''l 

+k511k15[H']-*kgzklzs

+

kstt*kst kgl*kgtz

* 
kgtoktzgls-l 

* kt4 * ktzø!
1. -L1-^910' ^912

]. (so)

(s1)

':-: : :.1.:

It can be readily shown (Appendix D) Ëhat the slope (S) and inËercept (I) ,1';,,.:;,,,'

are relaLed by the following, 
""'' lì',,

k,.
(s) (CI) = -s (t) (s2)

kt4

According to expïession (50) , Ëhe quantiËy (S) (o) can depend on ,.'''1'

the hydrogen íon concentraËion in Ëhree T,ìrays, (i) [H+], (ii) In+]-l, and

J.'(iíi) [H']". of course, iË is also possj-ble for Ëhe quantity (S)(O) to
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exhibít a complex hydrogen ion concent,raËion dependence or no hydrogen

ion concenËratíon dependence at all. Very often, a parËicular kind of

hydrogen ion concentration dependenee is exhibited because of the

dominanË acÈivity of a cerËain group of reactions ín the general
J-

reaction Scheme (A). For example, the KOu k6LZl ln'l terrn in equation

(50) is generally associated wíËh Ëhe reactions via the hydrolysed

specíes, M(n2o)n-loll(m-1)*. o ["*]-1 d"perrdence of the quanËiËy (s)(CI)

in some cases is an indicaËion ËhaË, ín the range of acidity invesËigated,

complex formaËíon ís predominantly beËr¿een specíes of the ligand and

M(n2o)n_lo"(n-1)+

Cavasíno et. a1. have reporËed a series of complex formaËíon

studies of Co(II) and Ni(II) using maloníc 
^"id54'55 

ot substítuted

maloníc 
""id"58 

and phthalic acíd59 as the bidentate ligands. rn the

-1, + -tLrange of acidity ínvestigated, 2 x 10 " M\< [tt'] -. 5 x 10 ' M'

i.., ..., (5.7 >. pH > 3.3), chelat.e formation was reported Ëo have proceeded via
.::-:..r'.-
''' '" two compeËítíve reaetion paËhs, i.e. the cation reacÊing wíth the
t :-:.. -¡.:i,',

,),,1 ,, 1..,',, díanionic and monoaníonic forms of the ligand. The reacËion paLhways

can be found ín any of the references 54, 55, 58, & 59. The quantíËy

5R 5c)
(t< , ) (A)-"'-' , tt]nere A rras a consËanË, was found to be a línear-obs'--

::,t1 .t;-,:,:.:,

;,:.:;':, function of Ëhe hydrogen ion concenÉration oVer Ëhe acídity raîge

ínvesËigated. Various raËe consËariËs were deËerníned from the plot and

wiËh these values it was concluded Ëhat complex formatíon occurred by
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an ttl.rr nechanísm. Reactions of Ëhe cation with the Ëwo react.ing forms
Cl

of the ligands r¡rere cont.rolled by loss of the first water molecule from

Ëhe i-nner co-ordinat.íon sphere of the metal ion. The observed dífferent

raËes \^¡ere atËribuËed Ëo Èhe differences ín Ëhe ouËer-sphere associaËion

constanËs, Ko. The ring enclosure step was found Ëo be generally faster

Ëhan the dissociaËion of Ëhe monodentaËe (HZO)5Ni(O2C.CH2.CO2) by at

least 32 tíues. In the case of the ligands neËhyl- and n-butyl malonic

acids, Ëhe lengËh of the a1kyl group has practically no effect upon the

ring-closure rate. The series of works have also confirmed Ëhat, if Ëhe

proËon-transfer process is relaËively slow, Ëhe raËe of a metal íon

reacting wiËh an uriprot.oriated ligand is much faster than the raËe with

its corresponding morioprotonated species.

lJillian and Petru ""í37 at abouË Ëhe same time reported a sËudy of

the chelation of Ní(II) and Co(II) with sone aromaËic lígands incl-uding

anthranílic acid, salicylíc acid, and S-sulphosalieylic acid. Studies

were conducted ín the basíc region from pH 7.63 to 8.35. The resulËs

reported by these authors using the aromatíc lígands wiËh a rigíd

benzene ríng were surprisíngly quite different from whaË rnrere observed

by cavasino eË. al.58'59 ín Lhe analogoug studies with aliphatic lígands

at lower pIIs. The "normaI" Eígen chelaËíon mechanísm in which ring

enclosure is much fasËer than the back dissociation of the monodenËaËe

ínËermediate r¡ras conspicuously absent; instead, the reverse situaËion

was found Lo prevaíl. The discrepancy was fírsÉ inËerpreËed in Ëerns of

a sterically conËrolled substitution mechanism. However, a comparision
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of Ëhe activaËion parameËers for NÍ(II.) salicylaËe and rhe bulkier N1(II)

su1-phosalícylate revealed that the AttrÉ and ASr# values for Ëhese two

ligands were the same withín experinrental eïroï. The indistinguishability

of the türo energeËíc profiles was obvíously inconsistent with the

proposed sterically controlled substitution mechanism. Fínally, usíng

Ní(II) salicylate as an example, the acËivaÊion parameters for solvenË

exchange around Ní2f, aH.* and as"*, were compared with the quant,iËies

.4 I(lttr' - ÂHo) and (Âst' - ASo) (wirh atro and Âso the ouËer-sphere

actívation parameters), and Ëhese authors were able to conclude that

the source of the deviatíon from Ëhe normal chelatíon mechanism was

entropic rather Ëhan enËhalpic ín nat,ure. No syst,emaËj-c study of the pH

dependence of the kob" t"fue $ras reported and complex formaËíon was

assumed to be between the caËion and the dianionic form of the lígand.

Hague et. al. in theír investígation of the role of meËals ín

enz¡mat.íc reactions have reported a seríes of studies on t,he complex

formatíon of Mg(rr) and Mn(rr) wittr ligands such as 8-hydroxyquínoline

60'6L'62 
^nd' 

5-nitrosalicylíc 
".íd38. The kineËícs of these complex

formaËíons were ínvestigated through a wíde range of acidit.íes,

generally from Ëhe slightly acídic pil 5 ro rhe very basic plt 11. The

reactíon pathways postulat.ed for the cornplex formation were simular Ëo

those put forËh by Cavasíno and hi-s co-workers.58r59

';'::.:-.i
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-5?- ls,H+ (2)
1-*23

',ll',
(4) ,* * ,2- * M2* 

kat 
. l& * lr* (1)

',]F,^

1-
^14

scHm4E (B)

The kínetic expression derived from mechanisu B was,

kob"= rr'*rt ;ft-.m]+ ¡u+l tm]+kr+ (s3)

where K, = kOU/k34. AË a constant meËal íon concentraËion' kob" h"" "

U-shaped pH profile which was explained in Ëeïms of three types of

dependence of the kob" t"l.e on the hydrogen ion concentration. AË low

pII, the t.tr ¡M2+1k41(1 + rrlu+J)-1 w"" neglígible compared wíth

¡n*1{trrt zlkzl*kz1), and a plot of kobs against ¡u*1 yi.tded a straÍ-ght

line of slope (k okzs/kzz+kzt) and intercepr { (lr"r2+lkgzkrr/(t<rr+t<r1)) + trO}
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.j .1J...

whích was hydrogen ion concentratíon independent. At high pII, tlr-e

reveïse happened, i.e. Iu2+ltor(l + K2IH+I)-1 rt ¡n+¡ tt<.rrt< 23/k23+k2l),

and a plot of kob" rg"irsË (1 + K2IH+I)-I wu" linear with a slope of

t+
[U-']k¿f and the snme intercepË as before. In the intermediate regions,

)++-1+terns [M-']k41(1 + K2tH'l) * and [H'](k12kZS/kZg+kZ1) were comparable

in magnit.ude, and kob" dísplayed a complex hydrogen íon concentration

dependence. By varyÍng tl¿2+l aË a fixed p1l, and by varying the pII ar a

fixed tU2+1, it was possíble to evaluaËe k41 and. k' if ring enclosure

r^ras assumed Ëo be fast, i.e. kZt> kZ3. The kO, values for the formation

of Ëhe complex beËween Mg(II) and 8-hydroxyquinoLín"62 and 5-

nitrosalícylic 
""id38 \^rere, 6.0 x 105 M-l "..-1 anð.7.0 x 105 M-l "..-1

aL 25oC respecËively. It was concl-uded that substitution rate r¿as

relatively Índependent, of the naËure of the incomíng ligand, and ËhaË

chelation proceeded via Ëhe normal díssocíative (IU) mechanism. For Ëhe

reaction beËween Mn(II) and 8-hydroxyquínoLlrrL"6I'62, the kO, value was

3.3 x 108 M 1 
"""-1 at. 25"c. The faster substítution rate of I4n(II)

compared Ëo the subsLituLion rate of the analogous reaction r¿íth Mg(II)

was in keepíng wÍËh the previous findings.5

Discussions so far have focused on reporËed kinetic sËudies which

ï¡rere carried out aË inËermediaËe aeídíty r"rrg."54'55'58'59

.-7-+.-tL(10 ' -< [Il'] < 10 - by Cavasino and his co-workers) and f.aí.:r1-y basic
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r"giorr"38 '60'6L'62 (10-11< trt'l < to-5 ty Hague et. a1.). rt was

concluded Ëhat complex formaËion r,ras. exclusively between Ëhe caËion

and the monoanionic and dianioníc forns of Ëhe ligand.

A number of kinetic studíes r¿hích were conducËed at considerably

higher acidity levels have also been reported in the liËeraËure. These

included, (í) the formation of Ëhe monoazide complex of iron (ttl)56,
)+FeNr-', (ií) rhe formaËÍon of iron (lII) monochelates with substiËuted

mal-onic acíd-', and (iií) the formaËions of the monosulphosalicylato

- 39.40 39,4Lcomplex"-'-" and monosalícylato complex'-''* of iron (III). Reactions of

Ëhe catíon Fe(III) have been specífically selected for detaíled

descripËion because of the resemblance in behaviour beËween this ion

and Be(rr). sainj- and Mentastí40'4L "nd 
Cavasino eË.

on the reacËion pathways depÍcËed ín Scheme C.

The authors Saíní and MenËa"ti40'4L in adopting the reactíon

paËhways in Scheme C had assumed Ëhat ring enclosure was fast compared

to the díssociatíon of Ëhe monodentaËe intermediate, MLH(B-l)* or

¡lOgr.n(t-2)*. rf proËonaËion and deproËonatíon reactions are considered

fasËer rhan complex formaÈíon reactions and íf. IMOI{(n+l)*l .. tffl+1, the

observed reaction rate coristanË in the presence of an excess of f+ is

given by: (derivaËion of the followíng kineËic expression appears in

Appendix E)

^L.56 both agreed
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*(m-2)+*2;_*+Hzo

M(oH)r(m-3)+ * 3n*

kzt

k52,

rr2o+il++yfl++HL

1l

tl

lf

Hzo+r"f+*nrl

1t
tltl
ll

n**lton(t-l)**urr,

1l

tl

H**Mo"(*-l)++HL

a)

b)

c)

d)

SCHEME C
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kob"= (orr*orr+ *k64F-uro-*, ) cB)
*2A *2A rn I

where u = q¡r"fl*loÀ + Ér, Krì,, - tt'o(t-l)+l tn+lÂKuHt1f+l'
c

*^ = #4 , and ao is rhe degree of dissociar,ion
" [rfl*] tHL-l

of the ligand. The equilíbríum constarË K2A is the same as previously

defined in equaËíon (49). AË a fíxed pH, the quanriËy

+
kob"/(tf+lo^ * E) oï k^r.-/B ís a constanr.

K oDS
c

According Ëo expression (54) , a plot of kob" agaínsË [i"f+],

aË constant pH, will have a slope

(s4)

(s6)

,, = eA ( ktz * k5z+ + ko43 . oro þ. ) (ss)

^zA ^2A [II-]

and an íntercept

r' = ( kzl[i{+] + k25ln+12 + t ouln+l + k43 )

Initially, reaction Scheme C was proposed by Cavasino eË . 
^L.56

ín their interpret,ation of the formation of l'eNr2+. The quantity kob"/C,
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in which c was a Ëerm simílar to Urt'Élo^ + H) r Ìr€s found to be
^K

c

relatively independenË of the hydrogen Íon concentraËion in the range

0.01M Ëo 0.09M. The observed quantity r.,ras subsequanËly aËtribuËed to k,

Ëhe sum of (kr, * kO+*0"/*ZO). It t¡as remarked by Ëhese authors Ëhat

neither k' nor kø+*on/*zo could be idenËified a príori wirh k. The k,

and kUO values were fínally evaluated by makíng comparisions rÀrith the

rate constants previously obËained in Fe(III) complex formation sËudies

wíth other unídenËate 1igand"63. The average k value est,ablished by

Ëhese auËhors was equal Ëo (5 ,28 ! 0.40) x 105 M-l "."-1. rf thís varue

was ascríbed to Ëhe raËe constant k..2, íE would be ínconsistent wíth

tl:.e k' values prevÍously deËermined in Ëhe Fe(rrr) complex formaËion

studies63 with lígands Br (20 M 1 
"""-1 at zzoc), c1-(9.4 M-l sec-l at

25"c) and cNS- (L27 ML "..-1 at 25oc). since the ligand *g- rnras nor,

radically different from the ligands described, it was assumed unlikely

that k could be equaËed wiËh krr. However, when k r¿as assigned to

kO+*Or/*Z^r and if the equilibrium coristant" KOH and KrO assumed Ëhe

val-ues 2.75 x tO-31't and 3.88 x fO-51"t respecËívely, Ëhe rate constant kUO

compuÈed would be equal to 7.45 x 1O-3 M-l "."-1. This r¿as in excellenË

agreeDent wíth the kU* values prevíously report,ed for the conplex

formation"63 b.a*"en Fe(IlI)

"-1-1Ng (6.8x10"M-sec-ar

inËerpreted in terms of the

and lrFC3 .2 x lro-3 M-1 """-1 u.r

25"C). Complex formatíon of FeN,

reactions of the reOn2* íon with

25"C), and

2+
was

the
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undissociated acid ligands and the corresponding monoaníons. The raËe-

determining steP r^ras Ëhe release of the "first" T¡rater molecule from Ëhe

inner coordinatíon sphere of Fe(fII). Th-e authors concluded that Ëheir

findings \^¡ere consisËenË wj^Ëh an earlier report of the same study at

lower pnrs (0.95M > [H+] >. O.2M) by Seewald and Sutin64.

In thei-r inËerpretaËions of the formaËíons of Ëhe monosulfo-
/'^ 41salicylaËo-" and monosalicylaËo*' complex of Fe(III), Saini and MenËasËi

have successfully adopted Scheme C as the reacËíon pathways despite the

fact that it was originally proposed for the monodentaËe ligands, N3

and N"-. The experiments ïeported were performed in solutions of

aciditj-es from 0.01M Èo 0.5M. IË was demonstrated by these authors t,haË

kob"/B, where B ín this case r¡ras equal to 1¡r'e3+loa + [H+]/Kc), T¡/as

constant f.or a consËant hydrogen íon concenËraËion. Two Ëypes of

behaviour in the variaËion of kob"/B with hydrogen ion concent.raËion

were observed.. For [tt+]. 0.1M, kob"/B was clearly a function of l/tg+]

IiIaS

Ëhe

Ëhe other terms

vs r/{n+¡, Ëhe

in expressíon (54). From

rate constant kr. at 25oC

for both of rhe ligands. rË r¿as concluded that Èhe Ëerm krrúfl/rz,

negligible rnrith respect Ëo

slope of the plot of kob"/B

r¿as evaluated and found Ëo be L.Z t 0.1 x tO4 u-1 "".-1 for the ligand

5-sulphosalicylic acid and L.4 t 0.1 x ro4 u-l "..-1 for salÍcylíc acid.

The inËercept' k, was a sum or In+l independent t,erms, klz and kuoKou/Kza.

rË was poínted ouË earlier thaË Ëo idenËify a príorí the íntercept k

eiËher wíËh k' or wíËh ka4*or/*zA rÀras íncorrecË. consequenËly a number
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of criËeria were considered in an aËËenpË to identÍfy the major

contributíng term.

The possible contribution of kLZ or reacËion (a) to the value
of k (if the j-ncoming lígand was very weakly basic) was discussed bv

these authors. The coeffícien' KOrr/KrO for ttre formation of the

monosulphosalícylato complex of Fe(lII) rras calculated to be 0.33.

properËies of the entering ligand, and the kinetic
were aþouË three order higher Ëhan those of Fe3*.

From previous studi."r63 it was observed ttLat *64 and krrwere largely

índependenË of the

consËants of FeoH2*

IË was concluded that kUOKOg/KZlwas large compared ,o kL2, and that

reacËion (c) was predominanË in the formaËion of the Fe(rrr) complex.

sínce reacËíon (c) was between the ion Feoit2* and a singly
charged species, while reactíon (d) was betr¿een ¡,eott2* and a doubly

charged specíes, it was expected tlhat kro would be greater than k64. rf.

the reverse rras true, i.e.

ídentÍfied wÍth kr, ínsËead

1.*64

of

, k34, the inËercepË k was Ëo be

kUO. The experimenËal quantÍty,

equal to ryZ. Therefore, complex

vj.a react,ion (c) in addition to
(d) .

Finally, by assuming kO+KOH/*Z¿ tt krr, the value of kUO was

5. 5 t 0.5 x to3 l¿-1 sec-l aË

good agreement wiËh the kUO

*rU', whích have about the

reported by Ëhese authors was

üras assumed to have proceeded

akeady established react,ion

kzt /ko+

formation

the

computed to be

finding was in

such as HF and

25"C f.or both ligands. The

values reported for ligands

same basiciËy as the ligands
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under sÈudy.

For boËh of the ligands¡ \nzhen Irr+-r > 0.1M, kou"/B as a funct,íon

of L/[Hf] *"" nonlínear. rn the case of 5-sulphosalÍcylíc acid, the
ploË kob"/B vs f/tn+l was clearly horízonral ín rhe region In+l > 0.1M.

ooiËh salícylÍc acÍd, ko¡"/B vzas almosË an inverse function of l/IH+] íf
+

[H'] > 1, parËicularly at low temperatures. In boËh cases, the nonlinear
behavÍour was vievred as an increase ín contríbution of the t rrÏf I /rro
Ëerm or reaction (b), whích became importanË in strongly acidic
soluËions. An approxímate value of ksz at z5oc \^ras reporËed as

1.5 t t 
"-1 "."-1 for the ligand S-sulphosalicylic acíd and 3.0 t 1 M I

-1sec - for salícylic acid.

Thermodynamic daËa for Ëhe formation of Fe(rrr) monosurpho-

salÍcylate T¡ras not reported. For the ligand salicylic acid, acËÍvaËion
paramefers I¡Iere estimated from Ëhe result,s obËaíned at temperatures Zo"c,

25oc and' 30oc. AE 25oc, values of aHr#, orr# for the reaction (c) and

(d) were 12 KeaL/moLe, -2 cal/deg-nro1e, and 11 Kcaunore, -3 cal/deg-mole,
respectively. The daËa were compared r,.ríËh activaËion parameËers for the
formaËion of other monocompl.*."65 of Fe(III), and found to be ín good

agreemenË.

The reaction mechanism was assumed to be ,'ru" and the rate-
determini.ng step was the ËransitÍon from the outer_sphere complex ínto
the inner-sphere complex. The assumption r¡¡as supported by a very

satisfactory comparísion between values of the rate const.ant,s ks2, k64
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and k34 and the rate constanËs of water excharge from the co-ordination
1+ )+sphere of Fe(tl2o)utt and re(nro) so"t* ions reporËed in the 1iterature66.

No aËtempt r^7as made to evaluate the outer-sphere ion-pair association con-

sËanË, Ko, wÍth the Fuoss-Eigen relatíon31'37. The authors explaÍned

that the bases (the approxÍmaËíon of a ligand having a spherical form,

and wiËh Ëhe charge uniformly disËríbuted on it) on r,rhích the Fuoss-

Eígen relatíon was deríved, were símply not realistic for the kinds of

lÍgand under study. Furthermore, within experimental error, Ëhe rate

coristants for the formation of both complexes were demonstraËed to be

the same. This was inconsistent with the thesis that Ëhe Ko value

(and hence, Ëhe format,íon raËe constant) r^ras Ëo íncrease if the charge

of eiËher of Ëhe ions for the outer-sphere complex formatíon was

increased. The ínconsisËerlcy rrras suggest,ed Ëo be due Ëo, (í) the

unrealístíc approxj-mation of the spherical form for the lígand, and

(ii) the electrosËatíc aËtracËíon of the sulphonic group being not

favourable for the complex format,ion.

A sÍmilar sËudy of the formaËion of monocomplexes of Fe(III)
wÍËh salícylic acid and 5-sulphosalícylic acid rnras later reported by

?o
Fogg and HaLL". The reacËions r¡¡ere obseryed in the acidíËy range of

0.0145 M - 0.08 M, which was wiËhín the rarìge of acidities reported by

Sainí. and MenËastÍ40'41. ReacËíon Scheme (C) was adopËed and ttre

experimental daËa were ínterpreËed ín Èerms of expression (55). The

kínetic behaviour shared by both lÍgands was found to be quite different

from Ëhe previous fíndÍngs of saini and Mentasti. The quanËíty,
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( ktz * ksrfifl/*zt * ko+*oul*za * q4hrr/irt'l ) or koh"/B, obËained

by these authors using expression (55) as opposed Ëo expression (54)

which was employed by Saini and }-{enËasti, v¡as found Ëo be consËanË over

the range of acj-ditíes investigated. The r/In+l dependence of koo"/B,

reporËed by Saíni and MenËasti in this In+l regÍon, r¡ras rioË observed.

Therefore, kob"/B was idenrified as k, ttre sum of k' and kUOKOn/KZl.

No attempË r,ras made Ëo assign Ëhe value of kob"/B to eiËher one of Ëhe

Ëerm in k. Instead, both línitíng conditíons of k, í.e.

kLZ ,, køtr*or/*Zo and k'rruou/*ZA tt k12, ürere consídered by Ëhe authors.

In the case of complex formatíon proceeding predourinantly vía

reaction (c), the value of k64 at 25"c was reported Ëo be 5.7 x 103

u-l "."-1 for ligand 5-sulphosalícytíc acid a,'d 2.9 x r03 tur 
1 

"."-1
for salicylíc acÍd. These values were ín Í.aírriry good agreemenË with the

ones reported by saini and Mentasti. The raËe consËant, ko, for the

Ëransformation of the out.er-sphere complex ÍnËo the inner-sphere

complex, was calculated wiËh Ëhe relat,ionshíp,

ko = k64/*o (s7) (a)

in whích K- was the íon-pair association const.ant. The values ofo

at 25"c were 14.5 x 103 """-1 and 2.9 x 103 "."-1 for the lígands

salícyli-c acid and S-sulphosalícylíc acid respectively. The raËe-

det,ermíning sËep hras suggesËed to be the release of a coordinated

k
o
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\¡rater molecule, since ko did not display any significant dependence on

Ëhe nature of the enËeríng ligand. For reactíon (c), conplex formaËion

proceeded via a dissocíative (lO) mechanism.

rn Ëhe reverse siËuation when reaction (a) became the major

complex formatíon contríbutor, the value of kob"1B l,rould then have to

be identified with krr. The rate constnat ko was calculated by the

expression,

ko = kLz/Ko

For the ligands llSSA2- and }lSal , the k values at 25oC were
o

Ëo be 2.6 x 102 
"."-1 and 1.3 x 103 

"""-1
of reaction (a) from Fe(III) sËudies r,ríËh

compared, and íË was concluded that ko was

of the incoming lígand. Therefore, complex

mechanism (I") was consídered very likeIy,

(sz¡ 16¡

reported

respectively. Other ko values

unidentate ligands were

a function of the basicíËy

formation via an associaËive

íf reaction (a) was the

predominant paËhway.

Additional evj-dence on Ëhe kínetics of the chelation of Fe(III)
(wíth bídentate ligands) at low acidit,ies, üras reporËed. by cavasino

\7eË. a1.'' in thei-r study of the formatíon of Fe(UI) monochelaËes wi.Ëh

substituËed malonic acíds. KinetÍc measurements r¡rere recorded over the

acÍ-díËy range 0.04 - 0.45 M, the data obËained were interpreted ín t,erms

of reaction Scheme (A) and expression (49). Ring enclosure was assumed

Ëo be fasËer Ëhan the dissociation of the monodenËat.e inËermedíaËe.

EquaËion (49) was re-expressed by Ëhe authors as follow,
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P= ( k+, +urrx¡r{,.,sJJnþ, nu,

* KonkTBK,.Wt,
Kzt

QJ 1.

where A was a term símilar Ëo , [Fe-'] * ^tO 
)

^rùú o4L

Over the acidíty range ínvesËigated, Ëhe quantíty koO"/A was

a linear funct.íon of Ëhe hydrogen íon concentratíon, tn+]. This was

interpreted as an indicatíon that the conËríbutíons from the Ëerms

+) +involvíng tH'l'and 1/[n'] ro kob" were negligible. A plor of

koO"/A vs [tt+] yietded a slope of ,

K,
S" = krrKZ + KOtikt O%:

^2A

(se)

and an intercept,

t" = O4]- * KOttkTg* 
z

(sa¡

(60)

The reacËions (I) and (V) (in ScTreme A) assocíaËed with

expression (60), rrere kinetically indistínguishable. Consequenlly, a
.,1

:::: direct evaluation of the corresponding raËe consËanËs , k'_ and kru

respectívely, was inpossible. Ilor¡rever, by making considerat,íons simil-ar

I to those discussed earl-ier (Í.e. values of k41 and kr* calculated from
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the limiting condítions k4L r, *OrtkZg*Z and KO"k7B*Z ,, k4Lr srêr€

compared i,{iËh Ëh.e available values of símilar raËe constants from other

Fe(III) complex ion sËudies wíth uniyalenË unídentate and bidentat,e

anions), Ëhe auËhors were able to conclude that KOitkTBKZ ,, k4L. The

value of k,o subsequently calculated, compared favourably wíth valuestó

of the equivalent rate constant obtaíned ín other Fe(III) complex íon
57

sEucl_es

As for reactions (II) and (Vf), assocíated with expressíon (59),

it was assumed thaË kr', , k3Z, and consequentlyr KOOktOgKZ/KZt, k32K2.

The est,ímaËed value of kt09 was ín good agreement wíth those found with

oËher neutral ligands.

sínce reacËions (v) and (vr) r¿ere the dominant pathrrays, complex

formaËion betr¿een Fe(III) and subsËítuted malonic acíds was interoreËed

ín terms of the ¡'eOtt2f ion reacting with the undissocíaËed acíd ligand

and the corresponding monoanions. The k^ values r¡rere practícally the

same for all the dicarboxylíc acíds ínvesti-gaËed, (malonic acid,

meËhylmalonic acíd, n-butylrmlonic acid, benzylmalonic acid, and

cyclobuËane-Lrl-dicarboxylic acid) ; therefore, the rate-determíning

sËep in reaction (V) i¿as the release of Ë1re 'ffirst" co-ordinate !üater

molecule. The kj-netics and mechanism of reaction (V) was Índependent

of sËrucËural changes of the lígands. As for the values k109, there

rôIas a rough correlaËion beËween the raËe constant and the length or

size of Ëhe subsËituent group on the maloníc acid. This was rationalízed

by the auËhors as beíng due to the subsËituenË group effect upon Ëhe
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association consËants, Ko, of Ëhe ion-dípole pair beËween the aquated

cation and the neutral lígand.

A value of the stability constant of the Fe(rrr) complex,
:'a .

",".';'.;,';¡ 
*" = k4t/k'., r¡ras calculaËed from a plot of kob" vs A at constant

hydrogen íon concentration. The K. value esËabl-ished. for Ëhe Fe(III)

malonaËe complex \¡Ias very saËisfact,ory compared Ëo the literature value.
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(2) KINETICS OF THE FORMATION OF SC(TI.) MONOCHELATES !{ITT SUBSTITUTED

SALICYL]C ACIDS

ln the present work, complex formation of Be(U) S-sulphosalicylate

and 5-chlorosalicylate was investígated ín the acidíty range of
t.+_6

5.01 x 10-* M > [g-] >. 3.L6 x 10-'M. ]rowevel, only Ëhe experiment,al

daËa obtained ín the acidity range of 5.01 x 10-4 lt > Iri+l >. L.sg x 10-4 l,t

wíll be used ín the interpreËation of the kinetics involved.- As ít was

illustrated in Ëhe Result section earlier, due to ext.ensive hydrolysis

of the catj.on at [tt+] " 1.59 x 10-4 M, val-ues of [s.2+].rr. decreased

drastícally compared. to the correspondíng [n.2+]total values. observation

of Ëhe complex formation at [tt+] , 5.01 x to-4 l¿ ï^7as not feasíble

because sensitivity for the deËection of the Be(rr) specíes at 1ow pHrs

r¡ras generally poor. Even at pH = 3.3, the concentrations of Be(rr) had

to be increased tenfold before satisfactory resulËs rnrere obtaíned. The slow

raËes observed r,rere in accordance with Ëhe posËulate that Se(ff) i-on has

a tendency to form bonds largely covalent in nature.

In the present. study, Ëhe concentraËíons of the ligands in the

díanionic form, 1,2- (ss¿.3 , 5C1-sA'-), ^t" consídered to be negligíble

compared Ëo the concentraËions of the corresponding rnonoanions and Ëhe

undíssocíated acid ligands. In the case of 5-sulphosalícylic acid,

since the sulphoníc prot.on ís always dissociated at low pll values, the

specíes II"SSA.-, HSSA2-, & SSA3- are generally recognized as the-¿
undissociaËed acíd lÍgand, the corresponding monoanion, and the di-anÍon

of the ligand in the discussions below. The predomínant species in the
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acidity range 5.01 x 10-4 to 1.59 x 1O-4

of the ligands. The oO values ( aO is rhe

M is the correspondíng monoanion

degree of dissocíation of

the ligand ) for both lígands aË each pll level are Ëabulated in Table 13.

It is unfortunaËe ÈhaË the questíon of w.hether Be(II) complex

formaËion can or cannot proceed vía the BeoII* ion has remained unresolved,

despite of the number of Be(lr) complex formatíon sËudies wiËh unidenËate

lígands whích were reporËed ín the l-iterature. 25r29er3o 
NeverËheless,

Ëo exclude a príori Ëhe presence of such reactíon pathways would be

incorrect,. After careful considerations, reaction scheme (c) appears Ëo

be the most appropríaËe descr:íption for Ëhe complex formaËion of Be(II)
5-sulphosalicylate and 5-chlorosalicylaÈe. of course, Ëhe complex

format,Íon can also be inËerpreËed ín Ëerms of the general reacËj-on

scheme (A) which is valíd for most metal chelations wíth bidentate
ligands. rn Ëhe present study, the experímental data will be treaËed

wíËh boÈh schemes, and it is hoped that each scheme wirl serve as an

ínternal check for the other, on the mechanism and rate constants of
the complex formation.

As iË was shown in the lasr secrion ((E) cl) ) , kínetics of the

formatÍon of Fe(rrr) salicylates have been discussed in Ëerms of
reactíon scheme (c). The same kineËic expressíons (54) , (55), and (56)

deríved from the scheme, r¿ill be applied to the presenË experiment,al

daËa. The concent.ration of the catign, tlfl+:, corresponds Ëo Ëhe

concentration of the unhydrolysed B"(HZO)+2+ species, In"2+leff..

PloËs of kob" r" [s.2+].tt. for borh the ligands (SSA, 5C1-SA) are
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TABLE 13

DEGREE OF DISSOCIATION OF THE LIGANDS 5-SULPHOSA],ICYLIC ACID

AND 5-CHLOROSAIICYLIC ACID AT VARIOUS pH, cr,O, AT 25oC IN A

3M NaCIOO MEDIIIM.

Ligand pII K2A * to3 l¿ .rC-å * ) Referencerr ^2A-¡H-1

SSA 3.3 2.L4 0.81

0.87

0.91

0.93

0.62

0.72

o.79

0. 84

50

3.5

3. 65

3.8

5-C1SA 3.3 0.82

3.5

3. 65

3.8

6B
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sho\¡r'n in Fígures 10(a) & (b) and 11(a) & (b). Vatues of the slope, S,,

the quantiËy, s'/aa,, and the intercepË, rt, are gíven in Table 14.

The value of srfun according to equatíon (55) is equal t,o
....'A

( kLz* k52[H'] /Kzt* ko+*or/K2e * k34KoH/lH+l ). Frour Table L4, ít

can be seen that the values of S' /a O axe relatÍvely independent of
+

,,,', [H'] over Ëhe pII range measured. The average value of Sr/cl,^ for the
'.,.'.' A

.-,j,- : :.:

: .::-::l n¡1¡ì;:r;:; ( 1.39 10.04 ) xL02 """-1 M-l and (L.47 t o.o2) xLo2 "."-1 "-1
respectively. The índependence of the Sr/crn value with [n+] índ.ícat,es

I
ËhaË the Ëerms k52[I1')/xro and kroKog/[H-] are negrigible Í-n comparj.síon

wíth Ëhe sum of k' and k64*Or/*ZA, k.

For 5-sulphosalicylíc acid,

k = kLZ* k64*on/KZL= (1.39 r 0.04) x LO2 "."-1 lt-l

and for 5-chlorosalícylic acid,

k = k12 * k'4*orr/KzA = G.47 ! 0.02) x Lo2 "."-1 M-l

n/KZl. Therefore, reactions (a) and

(c) of Scheme (c) are kinetically indisringuishable. consequenËly, rhe

corresporì.ding raËe constants carinot be eyaluated directly from the

experimental k value.

(6r¡ 1"¡

(6r¡ 16¡

It has been shornm previously thaË

a príori either wíth k, or kO+KO

the value of k cannoË be identified

If the liuriting condiËíon kLZ > ke4*Or/*2A i" assumed, the



FTGURE 10(a). Dependence of BessA complex formation rate

upon the effective (unhydrolysed) beryllíun

corlcefitraË ion.

AË pH = 3.3t 25.loC; and ioníc strengËh = 3.0M.



.,'
l:

.. 
..:

l.r
'. 

:',
':

t-
1

K
ob

s 
S

E
c 

ur 'o
ê ut

l 
"',

"

. 
.. 

t,,
1:

.i 
l

I

tõ
r

- 
.o

tv +
.-

N
l(J .'x õ_



-101-

kob"= (orr*orr+ *k64F-uro-*, ) cB)
*2A *2A rn I

where u = q¡r"fl*loÀ + Ér, Krì,, - tt'o(t-l)+l tn+lÂKuHt1f+l'
c

*^ = #4 , and ao is rhe degree of dissociar,ion
" [rfl*] tHL-l

of the ligand. The equilíbríum constarË K2A is the same as previously

defined in equaËíon (49). AË a fíxed pH, the quanriËy

+
kob"/(tf+lo^ * E) oï k^r.-/B ís a constanr.

K oDS
c

According Ëo expression (54) , a plot of kob" agaínsË [i"f+],

aË constant pH, will have a slope

(s4)

(s6)

,, = eA ( ktz * k5z+ + ko43 . oro þ. ) (ss)

^zA ^2A [II-]

and an íntercept

r' = ( kzl[i{+] + k25ln+12 + t ouln+l + k43 )

Initially, reaction Scheme C was proposed by Cavasino eË . 
^L.56

ín their interpret,ation of the formation of l'eNr2+. The quantity kob"/C,
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in which c was a Ëerm simílar to Urt'Élo^ + H) r Ìr€s found to be
^K

c

relatively independenË of the hydrogen Íon concentraËion in the range

0.01M Ëo 0.09M. The observed quantity r.,ras subsequanËly aËtribuËed to k,

Ëhe sum of (kr, * kO+*0"/*ZO). It t¡as remarked by Ëhese authors Ëhat

neither k' nor kø+*on/*zo could be idenËified a príori wirh k. The k,

and kUO values were fínally evaluated by makíng comparisions rÀrith the

rate constants previously obËained in Fe(III) complex formation sËudies

wíth other unídenËate 1igand"63. The average k value est,ablished by

Ëhese auËhors was equal Ëo (5 ,28 ! 0.40) x 105 M-l "."-1. rf thís varue

was ascríbed to Ëhe raËe constant k..2, íE would be ínconsistent wíth

tl:.e k' values prevÍously deËermined in Ëhe Fe(rrr) complex formaËion

studies63 with lígands Br (20 M 1 
"""-1 at zzoc), c1-(9.4 M-l sec-l at

25"c) and cNS- (L27 ML "..-1 at 25oc). since the ligand *g- rnras nor,

radically different from the ligands described, it was assumed unlikely

that k could be equaËed wiËh krr. However, when k r¿as assigned to

kO+*Or/*Z^r and if the equilibrium coristant" KOH and KrO assumed Ëhe

val-ues 2.75 x tO-31't and 3.88 x fO-51"t respecËívely, Ëhe rate constant kUO

compuÈed would be equal to 7.45 x 1O-3 M-l "."-1. This r¿as in excellenË

agreeDent wíth the kU* values prevíously report,ed for the conplex

formation"63 b.a*"en Fe(IlI)

"-1-1Ng (6.8x10"M-sec-ar

inËerpreted in terms of the

and lrFC3 .2 x lro-3 M-1 """-1 u.r

25"C). Complex formatíon of FeN,

reactions of the reOn2* íon with

25"C), and

2+
was

the
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undissociated acid ligands and the corresponding monoaníons. The raËe-

determining steP r^ras Ëhe release of the "first" T¡rater molecule from Ëhe

inner coordinatíon sphere of Fe(fII). Th-e authors concluded that Ëheir

findings \^¡ere consisËenË wj^Ëh an earlier report of the same study at

lower pnrs (0.95M > [H+] >. O.2M) by Seewald and Sutin64.

In thei-r inËerpretaËions of the formaËíons of Ëhe monosulfo-
/'^ 41salicylaËo-" and monosalicylaËo*' complex of Fe(III), Saini and MenËasËi

have successfully adopted Scheme C as the reacËíon pathways despite the

fact that it was originally proposed for the monodentaËe ligands, N3

and N"-. The experiments ïeported were performed in solutions of

aciditj-es from 0.01M Èo 0.5M. IË was demonstrated by these authors t,haË

kob"/B, where B ín this case r¡ras equal to 1¡r'e3+loa + [H+]/Kc), T¡/as

constant f.or a consËant hydrogen íon concenËraËion. Two Ëypes of

behaviour in the variaËion of kob"/B with hydrogen ion concent.raËion

were observed.. For [tt+]. 0.1M, kob"/B was clearly a function of l/tg+]

IiIaS

Ëhe

Ëhe other terms

vs r/{n+¡, Ëhe

in expressíon (54). From

rate constant kr. at 25oC

for both of rhe ligands. rË r¿as concluded that Èhe Ëerm krrúfl/rz,

negligible rnrith respect Ëo

slope of the plot of kob"/B

r¿as evaluated and found Ëo be L.Z t 0.1 x tO4 u-1 "".-1 for the ligand

5-sulphosalicylic acid and L.4 t 0.1 x ro4 u-l "..-1 for salÍcylíc acid.

The inËercept' k, was a sum or In+l independent t,erms, klz and kuoKou/Kza.

rË was poínted ouË earlier thaË Ëo idenËify a príorí the íntercept k

eiËher wíËh k' or wíËh ka4*or/*zA rÀras íncorrecË. consequenËly a number
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of criËeria were considered in an aËËenpË to identÍfy the major

contributíng term.

The possible contribution of kLZ or reacËion (a) to the value
of k (if the j-ncoming lígand was very weakly basic) was discussed bv

these authors. The coeffícien' KOrr/KrO for ttre formation of the

monosulphosalícylato complex of Fe(lII) rras calculated to be 0.33.

properËies of the entering ligand, and the kinetic
were aþouË three order higher Ëhan those of Fe3*.

From previous studi."r63 it was observed ttLat *64 and krrwere largely

índependenË of the

consËants of FeoH2*

IË was concluded that kUOKOg/KZlwas large compared ,o kL2, and that

reacËion (c) was predominanË in the formaËion of the Fe(rrr) complex.

sínce reacËíon (c) was between the ion Feoit2* and a singly
charged species, while reactíon (d) was betr¿een ¡,eott2* and a doubly

charged specíes, it was expected tlhat kro would be greater than k64. rf.

the reverse rras true, i.e.

ídentÍfied wÍth kr, ínsËead

1.*64

of

, k34, the inËercepË k was Ëo be

kUO. The experimenËal quantÍty,

equal to ryZ. Therefore, complex

vj.a react,ion (c) in addition to
(d) .

Finally, by assuming kO+KOH/*Z¿ tt krr, the value of kUO was

5. 5 t 0.5 x to3 l¿-1 sec-l aË

good agreement wiËh the kUO

*rU', whích have about the

reported by Ëhese authors was

üras assumed to have proceeded

akeady established react,ion

kzt /ko+

formation

the

computed to be

finding was in

such as HF and

25"C f.or both ligands. The

values reported for ligands

same basiciËy as the ligands
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under sÈudy.

For boËh of the ligands¡ \nzhen Irr+-r > 0.1M, kou"/B as a funct,íon

of L/[Hf] *"" nonlínear. rn the case of 5-sulphosalÍcylíc acid, the
ploË kob"/B vs f/tn+l was clearly horízonral ín rhe region In+l > 0.1M.

ooiËh salícylÍc acÍd, ko¡"/B vzas almosË an inverse function of l/IH+] íf
+

[H'] > 1, parËicularly at low temperatures. In boËh cases, the nonlinear
behavÍour was vievred as an increase ín contríbution of the t rrÏf I /rro
Ëerm or reaction (b), whích became importanË in strongly acidic
soluËions. An approxímate value of ksz at z5oc \^ras reporËed as

1.5 t t 
"-1 "."-1 for the ligand S-sulphosalicylic acíd and 3.0 t 1 M I

-1sec - for salícylic acid.

Thermodynamic daËa for Ëhe formation of Fe(rrr) monosurpho-

salÍcylate T¡ras not reported. For the ligand salicylic acid, acËÍvaËion
paramefers I¡Iere estimated from Ëhe result,s obËaíned at temperatures Zo"c,

25oc and' 30oc. AE 25oc, values of aHr#, orr# for the reaction (c) and

(d) were 12 KeaL/moLe, -2 cal/deg-nro1e, and 11 Kcaunore, -3 cal/deg-mole,
respectively. The daËa were compared r,.ríËh activaËion parameËers for the
formaËion of other monocompl.*."65 of Fe(III), and found to be ín good

agreemenË.

The reaction mechanism was assumed to be ,'ru" and the rate-
determini.ng step was the ËransitÍon from the outer_sphere complex ínto
the inner-sphere complex. The assumption r¡¡as supported by a very

satisfactory comparísion between values of the rate const.ant,s ks2, k64
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and k34 and the rate constanËs of water excharge from the co-ordination
1+ )+sphere of Fe(tl2o)utt and re(nro) so"t* ions reporËed in the 1iterature66.

No aËtempt r^7as made to evaluate the outer-sphere ion-pair association con-

sËanË, Ko, wÍth the Fuoss-Eigen relatíon31'37. The authors explaÍned

that the bases (the approxÍmaËíon of a ligand having a spherical form,

and wiËh Ëhe charge uniformly disËríbuted on it) on r,rhích the Fuoss-

Eígen relatíon was deríved, were símply not realistic for the kinds of

lÍgand under study. Furthermore, within experimental error, Ëhe rate

coristants for the formation of both complexes were demonstraËed to be

the same. This was inconsistent with the thesis that Ëhe Ko value

(and hence, Ëhe format,íon raËe constant) r^ras Ëo íncrease if the charge

of eiËher of Ëhe ions for the outer-sphere complex formatíon was

increased. The ínconsisËerlcy rrras suggest,ed Ëo be due Ëo, (í) the

unrealístíc approxj-mation of the spherical form for the lígand, and

(ii) the electrosËatíc aËtracËíon of the sulphonic group being not

favourable for the complex format,ion.

A sÍmilar sËudy of the formaËion of monocomplexes of Fe(III)
wÍËh salícylic acid and 5-sulphosalícylic acid rnras later reported by

?o
Fogg and HaLL". The reacËions r¡¡ere obseryed in the acidíËy range of

0.0145 M - 0.08 M, which was wiËhín the rarìge of acidities reported by

Sainí. and MenËastÍ40'41. ReacËíon Scheme (C) was adopËed and ttre

experimental daËa were ínterpreËed ín Èerms of expression (55). The

kínetic behaviour shared by both lÍgands was found to be quite different

from Ëhe previous fíndÍngs of saini and Mentasti. The quanËíty,
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( ktz * ksrfifl/*zt * ko+*oul*za * q4hrr/irt'l ) or koh"/B, obËained

by these authors using expression (55) as opposed Ëo expression (54)

which was employed by Saini and }-{enËasti, v¡as found Ëo be consËanË over

the range of acj-ditíes investigated. The r/In+l dependence of koo"/B,

reporËed by Saíni and MenËasti in this In+l regÍon, r¡ras rioË observed.

Therefore, kob"/B was idenrified as k, ttre sum of k' and kUOKOn/KZl.

No attempË r,ras made Ëo assign Ëhe value of kob"/B to eiËher one of Ëhe

Ëerm in k. Instead, both línitíng conditíons of k, í.e.

kLZ ,, køtr*or/*Zo and k'rruou/*ZA tt k12, ürere consídered by Ëhe authors.

In the case of complex formatíon proceeding predourinantly vía

reaction (c), the value of k64 at 25"c was reported Ëo be 5.7 x 103

u-l "."-1 for ligand 5-sulphosalícytíc acid a,'d 2.9 x r03 tur 
1 

"."-1
for salicylíc acÍd. These values were ín Í.aírriry good agreemenË with the

ones reported by saini and Mentasti. The raËe consËant, ko, for the

Ëransformation of the out.er-sphere complex ÍnËo the inner-sphere

complex, was calculated wiËh Ëhe relat,ionshíp,

ko = k64/*o (s7) (a)

in whích K- was the íon-pair association const.ant. The values ofo

at 25"c were 14.5 x 103 """-1 and 2.9 x 103 "."-1 for the lígands

salícyli-c acid and S-sulphosalícylíc acid respectively. The raËe-

det,ermíning sËep hras suggesËed to be the release of a coordinated

k
o
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i:...::,.s r: FIGURE 10Cb) . Dependence of BeSSA- cemplex formation rate

upon the effecËive (unhydrolysed) beryllÍum

concenËraËion. (at 25.1oc, and ionic sËrength = 3.0M)

denotes the plot of kob" r" [s.2+]"tf. aÈ plt = 3.50 .

The values of [S"2+]eff. ,sed in the plot are

half of the acËua1 values reporËed in Table 6. (p.73)

O denotes Ëhe plor of kob" r" [s.2+]eff. aË pH = 3.65 .

denoËes the plot of kob" vs ¡ne2+1eff. aË pII = 3.g0

Tht kob" values used ín this p1oË are the sum of

Ëhe aetual kob" values reporËed in Table 6 (p.74)

and a consËant, 0.5
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FTGIIRE 11(a). Dependence of Be5c1-sA complex formar,ion rate
upon the effective (unhydrolysed) berylliun
concentrati_on.

At pH = 3.33 2S.1oC; and ionic strength = 3.0M.
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FIGIIRE 11Cb). Dependence of B.e5C1-SA complex formaËion raËe

upon Ëhe effect,ive (unhydrolysed) beryllíun

concenËratíon. (at 25.1oC, and ionic sËrengËh = 3.0M)

denotes Ëhe plot of k^.^ vs [¡e2*]^.. aË pH = 3.50 .obs - - erï.

The values of [ne2*,"rr. used in the plot are half

of the actual val-ues reported in Table 7. (p.76)

denotes the ploË of k^.- vs [8"2*]-,. at pll = 3.65obs - -eII.

Th. kob" values used in this plot are the sum of

the acËual kob" values reported in Tabl-e 7 (p.76)

and a consËant, 0.7

A denoËes the plot of kob* rr" In.2fleff . aË pIl = 3.80 . ,:::r,,'':,,.

Th" koh* values used in this plot are the sum of

the acËual kob" values reported io Table 7 (p.76)

and a cons.ËanÈ, 1.0
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vê1ue of. k' wÍll simply be the value

(a) is a reaction beËween Be(I{, o) 42t u

of

nd

k. The corresponding reacËion

tlre nonoanion of the f-igand.

It is unforËunaËe that noË many vaLues of the format,ion raËe const,ant

of Be(u) complexes are avaílabl-e. Ttr-e only tr¡o extensive sËudies

whích have been reported are the ne(rr) complex fornaËion with

unÍdent,ate ligands , soo2 (26,28a,b) 
rrrd HF,F (30). 

Actua11y, the

k, val-ue for the formatj-on of Besoo is expected to be higher because

)-
SO¿- Ís

reacËion

been suggested by sainí and Menta"ti40 Ëhat the 1ígand ttss¿,2- is
very likely Ëo have roughly the same basicity as unídenËate ligands

such as F and Nr-. The ligand Hscl-sA is slighËly more basic rhan
t-

HSSA- , because the KrO value for S-chlorosalícylic acíd ís

-t.8.18 x 10-4 M, slightly smaller rhan the value of. 2.14 x 10-3 M for

5-sulphosalÍcylic aci-d. Therefore, if the rate-determÍning step ín

reaction (a) is assumed to be the formatíon of the inner-sphere

ion-pair, Ëhe k, values obËained in the present work may be compared

wj-th the kp values reported3O for the formaËi-on of BeF*. The k'

values for Ëhe formation of BeSOO and Be¡'+, Ëogether wiËh k, values

from the present work, are given Ín Table 15. rt is shor¡rn ËhaË ttre

k, values of the presenË rrork are slÍghtly lower Ëhan that obtained

with- Ëhe unidenËat,e ligand F .

According t.o Ëhe Eigen multísËep mechanism, complex formatíon

a díanion i-nstead of a monoanion. The

2+
between Be(HoO)r.-' and F Ís however,¿4

ktz

mos

value of the

t useful. It has
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Ligand

,-
so¿-

)-
s04-

)-
so+-

)-
so¿-

HF

F-

,-
IISSA-

5Cl-SA-

VAIUES OF THE RATE

REACTIONS oF Be(IIr0)O

Ionic StrengËh(U)M

0,2

0.2

0.2

3.0

3.0

TA3LE 15

CONSTANT k12 (Scheme (C)) ¡,on

'* *rr" vARtous LrcaNDS. (25"c)

--2-1-1k" ^x10 
- sec - ML¿

12.5 (35"C)

3.40

4.00

L.64

0.7 3

7 .24

L.39

r.47

Reference

26

28a

2Bb

28d

30

30

Present
Inlork

Present
trIork

: ¡::, .t:,-.t.:.: :l
.:,!:i.':,'.::



(with bídentate l-ígands) vía

followÍng sequence,

reaction (a) can be represent.ed by Ëhe

ucnro)rrd + L-L M(Hzo)fltr.L-L- (62¡ 1r¡

-LzL-

k
D .-l

(M(n2o)n_21

\¡

(III)

, 
(m-1)+

(62) (b)
-D

(II¡

where þ = lZ-,Znl"2/eoir,J, N is the Avagadrors number and å ís ËheIL¿

centre-to-cenËre distance of the ions in Ëhe out.er-sphere ion-pair (I).

At a finíËe ioníc sÈrengËh, the value of Ko has Ëo be adjusËed with the

actÍvity coeffícients of the íon, (fí),

íon-pair assocj-ation constant. At U = 0,

can be calculated by the Fuoss eq,ratíon3l,

(63)

(64)

(6s)

Accordíng Ëo the Eígen rnultísËep mechanísm (expressions (62) (a) &

(62) (b), the overall rate coristanË of the forward (formaËion) reaction,

k* and the reverse (dissocíaËive) reacËion, k, can be wrítËen as,

m{nro)rrn+.L-L 
+ 

(M(n2o)n-l-L-r) (n-1)+

-a

(r)

where K is the outer-sphere
o

i.e. zero íoníc strengËh, *o

Ko = 4nNå3.b/gooo = 2.524 * 1o-3å3.b

I(-- = '(l¿)'(l'-l') *r.Hco
'(M.r,-l)

t
where log f . = - { o.o5O9Z.'/T/ (L+/T)} + 0.3I
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kf=KrPk"q/(q+k_u) (66) (a)

(66) (b)kr=k_"k_b/(q+k_a)

íf a sËeady state condiËion on Ëhe íotermediate (tt), i.e.

d(M(n2o)n-l-L-L)çm-1)+7ar = 0, is assumed.

rn a majority of the complex formaËions, chelaËe ring enclosure

is fasËer than the breaking of the firsË netal-ligand bond ("normal,'

chelation), í.e. \ rr k_". For reactíon (a), the overarl forward raËe

corisËanË , kLz, ín terms of a ttnormaltt chelat,íon process is equal to,

kLz = Klpk" (67)

where k_ is characËeristic of the formagisn rate of Ëhe inner-spherea

monodentaËe íntermedíate (rr) from the ouËer-sphere íon-pair (r) ín

expression (62) (b). The mechanism assocíaËed with such a reaction ís

general-ly assumed Ëo be díssociatíve (sN, - (D) or ru) rather than

associat.ive (SN^ - (A) or I ). An act.ive assocíaËive mechanism ís¿a'
generally characterized by the dependence of the complex formaËion raËe

on the riature of the entering lígand. At the presenË, there are noË

enough sËudies reporËed in the lÍËerature Ëo provide a definiËive

statement on Ëhe role of Ëhe enËeri-ng lígand in the rate-deËermíning

process of the complex formation. Ilo\rever, according to the rate

consËants tabulated in Tables 15 and 16, rates of the forward reactíons

are rather insensit.ive Ëo the nature of the entering ligand (from the

small- F íon Ëo Ëhe relatively bulky 5-su1-phosalicylic acíd). Thus, Ëhe
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possibíl-ity of complex formaËion

líkely, but raËher a dissociaËiye

favoured.

- L24

via an associaËive pathway is not

mechanism of ttrc folloqíng is

lc(H2o)rr*+.L-L

(r)

k
exi-- flrg +

1.

-ex

ñ+
M(Hzo)rr_r-" .L-L

(A)

\' - M(Hzo)r,-r-r-, (n-1)+

(tr) (68)

: .:.:.:. For Ëhe cation Be(II), both group of auËhors, SËrehlow and

,,:.,,,;,;:;,,',';L,',::t. Krro.h"28t, and Crea and Lincoln23 agreed that the formation of the

int.ermediate (A) is a concerted I, process raËher than a pure SN, (D)o- ' I

process. Calculatíons based on an elecËrostatic model by SËrehlow

' & Knoche28" have shor,.m thaË formation of a trigonal-planar transition
._2.+, 1sËate for Ëhe [Be(H.O),.]-- sysËem, although requíring a snaller ÂHiz '4-

I value than a t.rigonal-pyrainidal- Ëransition stat.e, sËíll required a
J

^H' 
value which is a number of orders of magnítude Ëoo hÍgh. On this

)?,
' Uasis, the authors Crea and Lincoln-- concluded ËhaË the solvenË-

.:.:.:.-...,: exchange mechanism between the ínt,ermediaËes (I) and (A) nusË be viewed
:::':::.,i::'.". as a concerËed solvenË-assisted díssociatíve process.
'...

:: :,::'., According t,o expression (68), Ëhe rate congtant k- in equation (67)
a

for a gíven ligand L-L ís thus dependent parËially upon the rate

constanË of r¿ater exchange, k , and parËíally upon the relativeex-

reactiviËies for nucleophilíc aËËack of r¿atex ar.:d ligand, (k_ex/h),

on Ëhe three-coordinate ínterraediate (A). Ttre formatíon raËe of the

monodentaËe inËermediate (lI) can be expressed as,
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d (M(n2o) n_l-L-L) 
(in-l)+¡¿t 

=

and therefore,

a.*ü"rGro);n+.r.-1,-l 
l

1 + k /k* -: 
= kalM(Il2o)"t*'t-'-l 

'
-ex' L

(6e) (a)

(6e) (b)k" = k.*/ (1 + k_ex/\) = stc"*

wheresisaStaËiSËica1factordependenËuponËhenumberofwater

molecules the monoanionic ligand can replace ín the out.er coordinaËion ','

'.'

sphere of the cation. If Ëhe stat,ísËícal facËors, s, are known, the ratío
k_.*/\, of the ligands can be calculaËed by equation (69) (b).

rn the preserit work, the cenËre-Lo-centre distance, t, between
,J-

Be(IIro)o-'and the ligand ís approxírnaËed to be 4.66L ín each case.

The rate of wat,er exchange, k"*, for Be(Hzo) o'* ,t 3 x 104 "."-1, ""
reporËed by conníck and riatl9. usíng these values in equat,ions

(64), (67) and (69)(b), rhe values of *Ir, k", s, and k_"*/\ were

calculaËed and listed in Table 16. The Ë\^ro sets of values for the ì, ,

t-'ligand HSSA- were cal-culaËed on ttrc assumpËíon of tr^ro dífferenË charge 
..1 

,.

distribution model-s. tr^liËh the fírst model, the negative charge of the 
: '

so^- sroup is treated as a fornal eharge. Th-e reactanËs Be(Il 
ro) o'*J-

and HSSA2-, in this case, wj-1l constitute a 2:2 electrolyËe. The 
:.:::

correspondine \, val-ue Ctable 16) calculared by equarion (64) (a) is ,,.,

shown t,o be very large comparing Ëo that of a 2z]- electrolyte. on the

basis of simple electrostatic theory, one would expect Èhe k, val-ue for
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Ëhe reaction betr¿een Be(IlrO)42+ "od 
ligand HSSA2- to be much larger

Ëhan with ligand 5C1-SA-. This was not the case, howeverr since

accordíng Ëo the resulLs ín Table 15 the k, values for boËh. reactions

are the same within experimental error. Therefore, Ëhe proposed model

appears to be ínvalid if complex formation is Ëo proceed via Ëhe outer-

sphere associatíon of an ion-pair. Another discrepancy of Ëhe model can

be seen when the energy profiles of the reaction of Be(II) wiËh boËh

lígands are consídered (values of Ëhe acËívatíon parameters will be

reported ín the next secËion). soth lEr+ and lsr* for Ëhe two ligands,
,-IISSA- and H5C1--SA , are the same wÍthin experímenËal error. These

thermodynamíc daËa indícate that the I{SSA2- díanion acts as a monovalent

anion in terms of the ouËer-sphere ion-paír formatíon.

The second charge dístríbutÍon model is found by assumíng the

delocalization of the SO, Broup charge with respect to Ëhe reaction

siÈe, namely the carboxylíc-hydroxylÍc posiËion. The prínciple of

Ëhis theory has been díscussed prevíous1y37 '38'41 Ín Ëhe literature.

According to thís model, the observed monoanionic behaviour of the
2-

ligand IISSA- can be raËionalized Í.f, only the local charge densities

on the meLal ion and Ëhe coordinating atom of the incomíng ligand are

considered, raËher Éhan Ëhe oyerall charges. The 1ocal charge densities

can be approximaËed by the Huckle LCAO method. For exampl-e, Cayley and

38 n. r. t-
Itague--, using the dianion of S-nitrosal-ícylic acid, 5NO2-SA- , and Ëhe

monoaníon of B-hydroxyquinolíne, OXl, as a pair have demonstrated ËhaÉ

2-the sums of the charges on the Ëwo atoms in SNOr-SA- and OX whích are
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j.nvolved in coordinaËion Ëo Ëhe cation Mg2t (assuming ouËer_sphere
associaËion) differ by less than half an elecËronic charge (-1.64
and -1.21 respectively). In the presenË \rork, the loca1 charge densj-Ëies
of the active reaction site(th^e oxygen atoms of the carboxyli-c-
hydroxylic posi-tion) of the ligands, IrssA2 and 5C1_sA , cannoË be
radically differenË from each other. This thesis is supported by the
similar values on kr.z obtai.ned, and Ëhe i.ndistinguishability of the
energy profíles for rhe reaction of Be(rr) wirh boËh ligands. rn light
of thís, the KIp, k", s and k_"*/\values calculaËed by assuming

)-
HSSA- to be a monoanion, will be more reliable Ëhan the analogous
values for the dianion"

Since the k" values @tO2 """-1) given in Table 16 are much
smaller than the k.* value (3 x 104 "."-1, conníck o ri-atlg¡ of the

tJ-
Be(Hro)o' ' ion, Ëhe raËe-determÍning step of reaction (a) (of scheue

(c) ) cannoÈ possibly be the rate of rerease of a water molecule from
Ëhe inner coordinaËíon shell of the caËion" A strictly dÍ-ssociatÍve
t'ru" mechanísm in Ëhis case is very unlikely, parËÍcularly when
\¡Iater exchange can be sËrongly accelerated in a medium of high ionic
sËrength. The observed condition of k"* ,, k" is. besË understood when

the s value of the varíous ligands reporÉed in Table 16 are considered.
The average order of magnitude of the s factor is 10-3 whích indicaËes
thaË the probability of a ligand molecule replacíng a ï¡¡aËer nolecule in
the ouËer coordinati.on sphere of Be(þO)Or* is very snall. For Ëhe

lígands F ' IIF anð, sooz-, the corïespondíng k-ex/\ values of Ëhe s
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facËors reported by Baldwin & Stranks'O *.r" 62, I48 and 750 ïespecËively;

Ëhese values largely favour nucleophilic art,ack of the ne(ttro)u2*.1,-L-

inËermediate by a waËer molecule. rn other words, the relatÍvely slow

complex formaËion raËe (k") ohserved in comparísion wj.Ëh the T¡rat.er

exchange rate (k.*) is a consequence of tlre condition, k_ * tt \. The

high reactivíty wiËh r,rater r¡ras att,ríbut,ed (by Baldwin o stranks3O) to

the large negative free energy associated with addition of the fourËh,

highly poLarizable, aquo ligand Ëo the hígh surface charge of the

beryllium cation. Later solvenË exchange sËudies involving syst,ems like

lBe(dmf) 4f'*, [Be(acac)(dnf) ,J+Qt) and [Be[ (¡leo)3poi4]2+(23) have alt

TeporËed acËivaËion enthalphíes of approximaËely 14-15 Kcal/mole. The

relatively hígh values were also attributed to the high surface charge

densíty or. BeZ* by Crea and Líncoln23.

fr. k-.*/\ value of the ligands ESSA2- and 5C1-SA- rr", 480,450

respecËively. These values wene obtained ín a 3.0 M NaCIOO medír¡m and

corrections should be made to allow for the prirnary salt effect. Such.

correcËions are, however, noË possible at the present since the

classical treaËment of BrdnsËed-Bjerrum on ionic effecËs is valid only

in media of relatively lolt ionic strengËhs.. Neverthelessr ít has been

established for reacËions between ions of different charge, rate

consËant. k decreases with increasing ioníc strength. If the present

l¡ork was conducted in a medium of 0.2 M NacloO insËead of 3.0 M Naclo^,

Ëhe subsequent values of the rate const,anË k_ would be comparaËively



-L29-

Larget than those reported

ratio k_"*/\, Ëhe reverse

the medium wíl1 reduce the

the value" of k_.*/\ for

in Table 16. In the cas.e of the reactiviËy

is t.rue, a decrease in Ëhe ionic sËrength of

value of k ^__/1ç substantially. Nevertheless,-ex' L {-

Ehe lígands HSSA2- and 5C1-S¡.- in a medium of

0.2 M NaCIOO are still expecËed to be much larger Ëhan uniËy. The actual

values are relatívely unimportant for iË is only necessary Ëo demonstrate

that the condition k_.* r, \, i" predominanË in all of the Be(u)

complex formations wíËh varíous ligands. rn the present work, the

different substíËuenË groups in Ëhe 5-posíËíon of Ëhe 2-trydroxyL

benzoic acíd do not, seem Ëo have any significanË effect on Ëhe values

of the rat,e cortstant \. This can be explaíned if Ëhe dístance beLween

the reacËion centre (carboxylic-hydroxylíc posiËion) and the substiËuent

group in the S-position is assumed to be large. In that. case, any sËeric

effect of the substituenË group will be minimal on the rate-determining

process. lThe-eIecÈroníc=êffee,Ësc6f:þþgsgii-Lphoaatedandì.eh1óiidéi-gÈoriþ-are

noË expected to díffer drastically from each_ other.

For systems with the same solvenË (e.g. HZO), it Ís apparent,

that the raËe-determiníng step of complex formaËion is characËeristic

of Ëhe rate constanË \. The nagnitude of \ varies ¡uiËh each ligand,

depending upon the basicity and st,eric sËructuïe of tlrc specific ligand

j-nvolved. The nagniËude of \, ís a function of the free energy associated

wÍth the addition of Ëhe íncoming ligand. Therefore, wj^th Ëlr-e present

assumption of k.* = 3.0 x 104 "."-1 
(19), 

Ëhe reaction mechanism of Èhe

complex format.ion must be consídered to be at least partially associaËive
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(I") ' in addiËion Ëo the (IU) mechanism already establíshed for Èt¡-e

solvent exchange. such a conclusi.on is contrary Ëo tlre earlier
suggestion that an acËive assocíaÈive mechanism is highly unlikely,

sÍnce the observed eomplex formaËjon rateq are ïather insensiËive to

the naËure of the entering ligand. t[Í.Ëh. the present síËuation, the

nature of the reacËion mechanísm for the Be(rr) complex formations

will remaín unresolved.

crea and Lincoln23 in their study of the exchange of TrimeËhyl

PhosphaËe on Lhe Terrakis (Trinetlryl phosphaËo) Be(rr) complex have

quot.ed from Ëhe same sËudy reported by connick & pírt19, 
" k.* value

of llro exchange of the Be(Hro) o2* i'or,. lrowever, the k.* value used by

these authors was 3.0 x 102 "..-1 instead of the 3.0 x 104 "..-1
adopted by Ëhe authors Baldwín & sËranks3O e"rlíer. unfortunaËely,

it ís not known aË Ëhe present which of Ëhese values is more re1iab1e.

rf Ëhe former k -- value of 3.0 x L02 "".-1 is aecepted, the wat.erex

exchange rate \¡rí11 be roughly of the same order of magnitude as the

complex formaËion rate represenËed in k, (table 16), i... k"* = k".

is positively

concl-usion of

The raËe of ligand aËtack of ttrc Ëhree coordinated intermediate
,+Be(Ilro)3-"L-L , h, ís expected to be relaËively fasË ín comparision

wÍth Ët¡-e rat.e of solvent

raËe-determíning step of

reaction mechanísm

agreement, wiËh the

exchange, k"*. Under such^ circumstances, the

Ëhe complex formaËion is Ëhe rate of release

díssocíative (IU). This

Baldwin and SËrank"3O irr

of a water molecule from the inner coordinaËion sphere of the øe(nro) 
o2+

íon, and Ëhe

thesis ís in



-131-

reaction (c) of Scheme (C). Vatue of Ëhe equilÍbrium consËanË, KO", as

gíven by Diebler and nig"n25 ís equal ro 3.0 x 10-7 M. rf the value

Ëheir sËudies of Be(II) complex foroation r,¿ith nuctreophiles F- and HF.

So f ar, Ëhe k values ( Ol_, + kO+*Orf/bt) esrablished fron Ëhe

plot of kob" r" In"2*l"tt. (equarion (54) & c55)), have been inrerprered

onry ín terms of ttrc liniting condition k!2 r, ka+*orl*zo associat,ed

r,rith the react,ion (a) in scheme (c). ln the reverse situation, i.e.
kø+Kor/*z¡, kr1 complex formaËion is assumed t,o have proceeded via

of k is assumed Ëo be equal to k64KOtt /KZ, , the rat,e constanË kUO can be

expressed as kKro/K^". values of the rate constant kuo for the reacËion

)J-of Be(IIrO)O'' with varíous ligands are given in Table 17.

A discussíon of the resulËs in Table L7 ís very difficult since

there has noË been any extensíve report on Be(It) complex formaËion via
the BeoH* species. The kuo value for the lígand ,oo2- is obviously

much larger than the rest of the values reporËed. rË is possible that,

such an interpret.aËj-on of BeSOO formation vía the pathway of reacËion

(c) is nor va1id. The dissociaríon consËanË, ISo42-lIn+l/InsO4 J, of

the íon ffioa- is larger than the analogous equÍlihrium constants of

Ëhe other ligands by almost a facËor of 10. In this case the alternat,ive

reaction (a) is more preferable. If reacËi-on Cc) ís the valid paËhway,

in order for the kUO value of BeSOO formation Ëo be compatíble wíth Ëhe

values gíven in Table L7 f.or the other ligands, kobs value for Ëhe
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TA3LE 17

VALUES OF THX RATE CONSTANT K64 FOR THE REACTION

tJ-
oF Be(Hzo)¿r-' tr{rrlr vARrous LTcANDS. (25"c)

Ioni.c Strength(p) M k64 * 10-5 sec-l *-1LÍgand

?-
so4-

HF

H2SSA-

H25C1-SA

0.2

0.2

3.0

3.0

)+.o I

2.43

9.92

4.02

Reference

30

30

Present
Work

Present
i.lork
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complex formation would have t,o he in the region of n,10 
"..-1 M-1.

considered that Ëh. kob" value used in the presenË calculaËion is

-1 -1164 sec-r M-t, "" used by Baldwin and Stranksr3O and Ëtlat there are

oËher koo" values rangíng from 400 - 1000 sec-l ot-t reported in the

IiËerature, t.he chance of reacËion (c) being Ëhe predominant Beso,
+

formatÍon pathr^tay is very remoËe.

Baldwin & sËranksr'o ro their study of Èhe format,ion of BeF+,

have rejecËed the reacËíon (Beoil+ + HF) as an active paËhway. The

reason was, for such a reactíon Ëo operaËe, Ëhe rate of complex

formation would have to be 30 times faster Ëhan the raËe of \nraËer

exchange, k.*. rn the case of the caËioo, F"3+, it has been shown thaË

the rate of waËer exchange in the coordinaËíon shell of Fe(Hro)uolt2+ i"

generally faster by a factor of *103, compared Ëo the rate of \^7ater

exchange in the Fe(Hro)u3+ 
"oordination "h.1141'66. rË was generalized

later by sainí & MenËasti4O th"t Ëhe kínetic constanËs of FeoH.2* are

often Ëhree orders higher than those of Fe3*. rn light of this, iË is
noË unreasonable to expect the rate of wat,er exchange, k"*t, in Ëhe

coordinat,ion sphere of Be(It2o)3oFl+ Ëo be Loz - 103 rines faster rhan

,+that of ze(nro) o¿*. consequenrly, the resulr of Baldwin & stranks3O h""

been reint.erpreted in t,erms of

the kUO value obtained compared

work (Table 17).

the possihle reaction (BeOH- + I{f), and

wíth the krr. values of the present
o4
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Analyses of the kuo values. wi.tl¡- outer-sphere ion-pair association
calculaÈions (Fuoss equarion C63) , (64) (¿¡ ¡ are unrelj.able for two

reasons' (i) reaction (c) is an interaction beËween a charged ion and a
di-pole, unlike the ion-pair ínteractions encountered previously,
association consËant of an ion-dipole equilibrium cannoË be calculated
by Ëhe Fuoss equaÈíon, cii¡ since ah" k *t value of r¿ater exchange in
the Be(Hro)rott+ coordination shell is not available at the present, only
estimated value of k.*f can be used in the calculaËions. A rough value
of the ion-dípole association constant, K1¿r can be obËained wíËh the
following expression suggesËed by pr.r"68,

Kid = 4nr2ArN (7 0)

The symbol r is an arbitrary disËance between t\^ro reactÍon centres, and

Ar, ís the fraction of r reduced beËween the two reactanË centres when

a charge-transfer absorption occurs from one reactant to the oËher.

Accordíng to the authors' reasonable values assumed for Ëhe quantities,
r and ar, are n5Å and n0.94Å respecËively. Generally, the value of K.,

.,:::

', is approxÍmately 0.2 M L. ,-cl

:,ll rn Ëerms of the Eigen mult,ístep complex formatíon mechani.sm

(expression (62)(a) s' (62)(b)), values of tTre raËe consËant k"r are
calculated by subsriËuting Ëhe quantiries k' anð. \p i, equaËion (67)

,... with kuo and K.u. rf Ëhe value 3.0 x 105 "."-1 is adopted as the rate

corisËanË of r¿ater exchange, k"*r, in the coordination sphere of

.; , :,t :: ,:

Be(H2o)3oII*, (i.e. about t03 trigher Ëhan k.* for Be(Hro) 4'*), values of
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the stat,isrical facror s' can also he esÊahlished via equaËion (69)(b).
Results of these calculat,ions are given in Table 1g.

unlike Ëhe reacÈion betneen Fe(Hzo)rorr2+ and various lígands,

whict¡- r.ras well sËudied and documented wiËh plenty of d.ata ayaj.lable
on the values of Ëhe rate constan| kuo, there has not been any report.ed

value of the rar'e constant kuo for Ëhe reacËion of the Be(I{.ro)roH+ ion.

consequent.ly, the mechanísm of reaction (c) can only be conjecËured,

usíng the findíngs orÌ Fe(Irro)roï2t 
^t references. A comparision of

the kr' values of reaction (c) ín Table 18 wiËh the k" values of
reacËion (a) in Table 16 shows ËhaË Ëhe kinetíc constants of Be(Hro)ron+

are about four to five orders higher than those of Be(H 
zo) 42+. 

,fir"

rate increase is at.tribuËed Ëo Ëhe íncrease in labiliËy of the hydroxo

complex, ee(nro)3oH*. Thís is supported. by the much smaller values of

k-"*u/tt ín Table l-B indícatíng a faster substiËution raËe by the

incoming 1ígand molecules. rn comparisíon wiÊh the rate of \4rater

exchange, k"*t, the values of k"t are slightly Larger. nowever, for
:.' all practical purposes, it is valid Ëo conclude that k t = k I since
,',- a ex

Ëhere are considerable uncertainËi-es associated with Ëhe estimaËion

of both raËe constanËs. Th^erefore, Ëhe rate-deËermining step of Ëhe

complex formaÈion appears Ëo be essentially the release of r¡rater

::l 
molecules from the inner coordination sphere of Be(Hro)roir+. ltitn
the present st.udy, the reaction mechanism of reaction (c) Ín Sch-erre (C)

is concluded to be also dissocíative (tr) 
"
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It is necessary t.o point. ouË Ëhat a s.econd contribution Ëo Ëhe

complex formation by reacËíon (a) is possible via the pathv¡ay of reactíon

(c). The sequence of elenenËary steps suggesËed hy Eigens inyelves,

(Í) formarion of Éhe ourer-sphere Íon-pair, Be(þo)02*."SSa2-, (ii)

the trinËernal" hydrolysís of ttrc caËion r¡¡hj.ch increases the basicity

of the attacking ligand, Ëhus forming ne(irrO)r0n+.ll.rSSA-, and (iii)

transition from Ëhe out,er-sphere ion-paír to Ëhe inner-sphere complex.

IË ís apparent that the ËT¡ro reacËions (a) and (c) are indísËinguishable,

and that both of Ëhese reactioná could cont.ribute extensivelv to the

complex formation.

fh. kob" daËa in Ëhe present work can be interpreËed alternatively

using the general- reacËion Scheme (A). Expression (49) is Ëhe general

, kineËic expression of Ëhe scheme which can be simplífied t,o expression

(58) if ring enclosure is assumed to be faster than the dissociaËion of

the first uretal-lígand bond. The Ëerm A ín equation (58) is equal to
t!([Be" ]etr./n + kt,r/k+ì, where o has been previously defined as

: ì.: J-

',,,. (1 + K2[II']/sa). According to equatÍon C5B), the values of St and Il

,l:,, (the slope and i.ntercept obtained fxom a plot of kob" r" Ig"'-leff .)

reporËed ín Table L4, are equal to:

s' = 
I 

{ k+r+ k32K2l}r+l * k'sKzlfl'ßro* Korik6lz/In+l

* *orrk7g"z * Kou.krogK2lH-l /\t t C71) (a)



and,

-138-

r' = { kt4 * ktzø t k23k12Jrr+l /kzt + ks11k15lu+12 lt st

* kgzktzg lkatz n kgrokrzrlntl lkgtrj (7r¡ 16¡

For the ligands SSA and 5c1-sA, a plot of the quanr,iry sttì in equation

(7f¡ 1"¡ against tli+l (Figure 12 & 13) was found ro be linear wiËh a

slope s" and an inËercept r' which are described by equaËion (59) and

(60) respectively. The values of s" and r" for the Ëwo ligands are given

in Table 19.

The quantiËy I", (k4t* KOnkTgK2), is associaËed røirh the

reactions (I) and (V) of Scheme (A). KineËically, Ëhe two reactions

are indistínguishabl-e and, consequently a direct evaluat,íon of Ëhe

corresponding raËe constant is not possíble. Ilowever, the assumption of

liniting condition, KogkTgK2 r, k4L, is well jusËífíed wíth two critería.

FirsËly, the rate constant kO, wiËh a magniËude of ,ì,108 
"""-1 l¿ 1 i"

sínrpty t,oo fast, even if Ëhe react,ion was between Be(H^O) ,2+ 
^nd. 

,
¿4

.'..''',,:i",, díanion. Thís conclusion is quiËe reasonable consídered that, the raËe
'' ',. '..- ',1 - '-.: 

" 
l

const.anË of a reaction betrieen Be(H, Q) ,,2* and a monoanion is only in/4

the range of ry102 - 103 
"""-1 M-1. C30) secondly, a value of

7.0 t 0.2 x 105 =."-1 M-l r"" reporËed by cayley and ttague38 for the
""' "' 2-r

,:.¡..r,,.,,.j rate consËanË kO, of Èhe reaction beËr¿een ¡:4g(Ii.r})6'' and Èhe dianion of

5-nitrosalicylic acíd. Previous sËudies) have shown that the raÈe

const,ants f.ox HrO substiÈutíon in the inner sphere of Vtgz+ are normally



:-:'

,t,t.

FIGURE 12. A pl-ot of the quantity SrO Ín equation (Zf¡ 1"¡
J-

I vs tII'] for Èhe compl-ex forrnation between
t+

Be(ilrO)O-' and Ëhe ligand SSA.
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three orders fasËer t.han Ëhos. of 8"2*. Therefore, Ëhe presenL value of

.108 sec-t tt t would have to be identified vrí.Ëh *o*kz'$. The equilíbrium

;, "onsËariËs 
ut" *0" = 3 x LO=7 M(25', h = 5.50 * 1011 g-1(50) for

5-sulphosalicylic acid and K" = 1.03 x 101-1 M-l(67) for 5-chlorosalícylic

acid. The value of k^ computed from Ëhe relationship, I" = KOU.k7BK2, it

equal to 1.43 x l-03 *""-1 tt-l rrrd 2.65 x 104 "."-1 u-l tor the ligand :

SSA and 5c1-SA respecËí-vely. 
"ttitl"lt"'l'

If the raËe consLanL k,. (reaction (V) ín Scheme (A) ) assocÍaËedtó
!

wiËh Èhe reactÍon between Be(HrO)rOH' and the monoaníon of the ligand is

compared wíth the raËe corisuant k.,. (reactíon (c.) in Scheme (C))
o+

associated wíth Ëhe reaction beËÌnreen Be(HrO)rOn+ and Ëhe undissociated

form of the lígand, iË can be seen Ëhat Ëhe value of kr, ís smaller

than the value of kUO. This is ínconsistent wiËh Lhe Ëheory Ëhat a

lígand with charge -1 should react fasËer tt':ln a neutral lígand. Under
'; 

,:.t '; ;t,t;,,;'t.,,
such circumstances, reacËíon (V) musË be consídered as insignificant t:'::'':-t:

.), .t .,1t , .t . .'ín contributing to the format,ion qf Be(II) complexes accordíng to .;,;',','t:.'..; .

Scheme (A) . A similar f inding of kr, , k64 r¡tas rePorted by Cavasíno

et.a1 .t' ,o Ëheir sËudíes of the Fe(rlr) monochelaËes formatÍon with

subsËituËed molonic acids' '" "".'"
The reacËions (Il) and (Vl) associated with the slope S",

(lr.ZZ*Z * Konkt0g*Z/KZt) , are also kinetically indistinguishable fron
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,/. 

.

the experímental data. ln the discuqsion of the resulËs inËerpreËed

wiËh Schene (C), iË was shor¿n ËhaË reactions (a) and (c) are probably

equivalenË pathways for the complex formaLion. Since reacËígns (a) and
':_. :

,,'-, (c) of Scheure (C) are identical t,(ith reaction (Il) and (VI) of Scheme

(A), the tr¿o limj-ting condirions, (i) bSZKZ tt KOttkl6gK2lKrO, and (ii)

KOttktOgKZ /KZL >> kZZuZ, should be considered as equivalent and t,reated

índÍvidually.

Tf. 1r-3ZKZ tt KOU.kl'gKZ/KZt is t,rue, rhen rhe value of. k, obtained

from the relationship S'n = L3ZKZ ís, 1.36 x 102 """-1 tut-1 
"rr¿

1.16 x 102 "."-1 ¡¿-1 for the ligands SSA and 5C1-SA respectíve1y. These

values of kr* wiËhin experimental uncerËainty, ate Ëhe same as Ëhe k12

values reporËed ín Table 15 (ínterpret,ed wíth Scheme (C)). The minor

díscrepancy between the k' and k, values of the lígand 5C1-SA ís

probably due t,o the uncerLainty ín the K, value reported ín reference

(67) .

llhen LOOkLO'K./KZ,-r, k32",2, Ëhe value of Str is ídentified wiËh

I(O'.k'O'KZ /KZ,-. The value of rate coris.Ëant kr'n established for the

l-ígands SSA and 5c1-SA is 9.71 x 105 """-1 .M-1 and 3.15 x tO5 s".-1 M-l

respectiveJ-y. These values are found Ëo be ín yery good agree¡oent wiËh

Ëhe kUO values reporËed ín Table 17.

From the kinetic data of the presenË sLudy, it ís concluded thaË

over the acidíty range 1.58 x tO-3 Ll - 5.01 x l-0-3 M, the format,ion of
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Be(Il) monochelaËes with subsËiËuted sal-icylic acids proceeds via Ëwo

paËhways, (i) Be(n2o) O'n n Hl,- (¡nonoanion), and (ii)

.L

Be(ll,ro)âOH' + IlnL (undissociaËed acid li.gand). TTr-e mech¿nism of bsth¿JL

paËhr¡rays is a dissociative "IU" process tn whích Ëh-e rate-determining

sËep is Ëhe release of a coordinaËed waËer molecule from the inner

coordínation sphere of Ëhe Se(ff) caËíon.

The corresponding sËabílity consËarit, I(. = k+t/kt' of Ëhe

complexes Be(If) S-sulphosalicylate and Be(tt) 5-chlorosalícylate

were calculat,ed by equatÍon (52), and the results are given in

Table 20. The result.s obtaíned here are in good agreement with those

which were deËermíned pot,entiomeËrica11y69'67. Thís agreement does

noË only reaffirm the reliability of all Ëhe K" values deËermined

kíneticallyn but also supports índirectly Ëhe valídiËy of Ëhe present

data ínterpretat,ion usíng the kinetícs of Scherne (A).

The overall raËe of the reverse (aquatíon) reactions, i.e. the

'LintercepË of a plot of kob" agaínst [Be'']eff., is described by

either equaËion (Zf¡ 16¡ of reactÍ.on Schenre (A) or equaËion (56) of

reacËion Scheme (C). A línear relationship is ohserved. when Ëhe Ir

values of the Ëwo lígands (,reported iu Tahle 14) are plotted agaÍnst,
I

[H'], as shor¡m ín Fígure 14 & 15. The corresponding slope and inËercept

of Ëhe plot I'r vs [tt+] are denoËed by S"f and lt'r respecËively. In

Ëerms of equation (71)(b) of th-e general reaction Scheme (A), S"'and

Irt I are expressed as follows,
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FIGIIR-E 14. Hydrogen ion concenËration dependence of the

overall dissocíation (reverse reacËions) rate

of the complex, BeSSA .
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FTGURE 15. Hydrogen ion concentraËíon dependence of the

overall dissociat,ion (reverse reactions) rate

of the complex, Be-5C1SA.
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s"f = (kzzktz/kzt t kgtoktzglkgtz ) (72¡ ç"¡

and

I'rr = ( kt+ * ktZø* kgZktZg/kAtZ ) (72¡ ç6¡

Expressíons símilar xo (.72)(a) & (b) can be derived from an interpreËatÍ-on
Áof the r'vs [It'] plor wiËh equation (56) of reaction scheme (c).

The analogous equaËions are:

S't'= (kZt*k+O ) (73) (a)

and

rttt = k43 (73) (b)

For the ligand 5-sulphosalícylíc acid, the srrr and r',r values are

(3.76 ! 0.04) x 103 "."-1 M-l and (2.g5 t 1.18) x LO-2 
"""-1 :

respectively; and for the ligand 5-chlorosalÍcylic acid., Ëhe values are

(7.57 t 0.26) x 103 "."-1 u-1 arrd (1.55 r 0.84) x 1O-1 
"""-1

espectively. IË can be seen thaË in both cases the value of S"f is
:"'. much larger than that of I"t. This indicates that the contribution of 

;':: '':ì:::ì.:
' 

'L 
/-^^^*:^- | - - - 

t:
\_/ , \+, 1 sr¡u \y,1 v! ugllç[lç \/1,/ uI

reacËion (d) of Schene (C)) Ëo Ëhe oyerall rare of the reverse (¿quatíon)

reaction J-s negligihle in comparision TtiiËh the contribuËion from the
.L

. [I1'] dependenË parhways (reacrions (.LI) and (yl) of Scheme (A) or :::.:::.::
..., - - ----r- v'/ 

,',',' 
.,:,.'" reacËions (a) and (c) of Scheme (C)).

From the díscussion of the rate of forward (complexation)

reactions' it is obvious that reactíon Scheme (C) is just a special
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case of the general scheme (A). Therefore, in the present díscussion

of the reverse rate, only equation (72)(a) and (b) of Scheme (A) will
be consídered. Accordíng Ëo equatíon (72) (a), the reverse reacËions

(fr) and (Vl) are kineËically indistinguíshable and consequentl-y, iË is
impossible Ëo evaluate the corresponding rate consËant,s dírectly from

the experímental value of st't. This is the same siËuation as in the

case of the forward reacËions (tl) and (Vr) discussed earlíer in thís

section. IË was then concluded Ëhat both forward reactions were equally

possíble, and should be weighted the same in conËributíng to the

formaËion of Ëhe Be(rr) complex. ln light of Ëhis conclusion, and Ëhe

lack of evídence supportíng the predomínance of a part.icular reverse

react.ion, the overall rate of reverse reaction is then presumed. Ëo be

the result of both reverse reacËions (II) and (vr). The experimenËal

value of S"r provídes an upper linit for the value of Ëhe raËe cons¿anËs

kZgktZ/kZ, and kgrck..,g/kgtZ. If Ëhe nagnítudes of these rat,e constants

are comparable, and assumLng1*rr> kZ3 ^rd kgLZ tt k910, the value of the

rate consËanËs k, and kLzg fo, both lígands is much greater than Ëhe

corresponding s'rt values determíned. rn oËher words, accordÍng Eo the

present. results' if ring enclosure in the formatíon of the complex is
assumed Ëo be fast, then ring opening ín Ëhe dissocíatíon of the

complex is equally fast as well. lalues of k* and lrrrn are estinated

to be orders Larger than 103 *""-1 ¡4-1.

fne [n+] independent values of I"r for both ligands are associaËed

wi.th the rat,e constant,s kL4, ktZ6 and krrk, Zg/kAtZ of expression (72) (b) .
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If the values of l" ' 1t0-2 - 10-1 *."-1¡ are idenËified wíËh rhe

reverse rate consËants kr4 and kL26, th.en according to the stabílÍËy

constanËs (109 - fO10 lt 1) estahlis.hedr values of the forward raËe

corisËariËs ko, and kup would have Ëo be in Ëhe range of 1oB sec-l *-1

for Ëhe formaEion of both complexes. This is obvíously in disagreement

with Ëhe value of k41 which \¡ras suggesËed earlier in this section to

be snaller than 105 """-1 M-1. Th"refore, íË j-s apparent thaË the value

' , of I"I should be identífíed with Èhe rate constant kglktZg/kgL2. A

direcË evaluation oÍ LLZB ís noË possible because Ëhe values of k'

"od 
kB12 are noË knornm. Ilowever, íf it is assumed kgfZ tt kB7, Èhe

value of k12g will be much greaËer Ëhan 1O-1 "."-1.
. AccordÍ-ng to Ëhe resulËs reported in Table 11, the díssociation
i

raËe consLant, of the complex BeSSA in an equilibrium system is apparenËly

índependent, of In+]. The averag. kob" varue was 6 .02 x 10-2 "."-1,
which is ín the same order as the [H+] índependenË rrtr value

' ''I 
-) -1','r ,(2.95 x 10-' sec-t) of the complex BessA. rt ís possible Ëhat an

., equílibrÍum sysËem of the complex BeSSA, if perturbed by a change in
.-L

III'], relaxes exclusively via the reyerqe reacËion mechanism of

pathway (V) in Schene (A).

., At pll = 4.0 and above, Ëh-e kinetic paËhways of Scheme (¿) or

(c) are noË va1íd due to Ëhe exËensÍ-ve hydrolysis of the caËion s.(lLzo) 
+2+

to íts trínuclear species ner(oH) 
z3+ 

(sz). 
Fígure 16 is an example of



FIGIIRE 16. plors of kob" vs ¡ne2+1roËa1 and [s.2+]"tf.

for the complex formaËion of BeSSA at

25.L"C, pII = 4.0, and in a 3.0M ionic medium.

'L[Be-' ] Ëora1

A [n"2*].rr.
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the relationshíp between kob, md In"2+leff. aË pIl = 4.0. The nonlineariËy

could have been Ëhe consequence of a reaction between the hydroxo com_
?-Lplex, Ber(OH)3 'r and rhe salícylic acid Ëype ligand.

At p'rs 4.5, 5.0 & 5.5, Ít can be easily shor¡m (exarrplÍfíed in
Figure 16) that the plots of kob" v" 1a"2+1tota1 are linear while rhe

ploËs of kob" r" [s"2+]eff . are not. A model whict' i-s consístent, wíth

the observed kinetic behaviour would have Ëo include Ber(oH)rr* 
""

a reacti-ve specíes along wiËh the lÍgand. Thus, at hígher pHrs, the
total transmittance change is caused by Ëhe presence of Ëwo absorbing

species, (í) BessA (or Be-5clsA) formed by rhe reaction beËween

Be(uro) o'*, u"{nro)rott+ and rhe lígand, and (ií) an absorbing species

that ís spectrophotomeËrícally indísËínguishable from BessA (or Be-5clsA),
formed by the reactíon between Ber(oH)r3+ 

"rrd 
the ligand. The value of

kobs, in such a case, will be dependent upon Ëhe value of ¡re2+1toËa1

instead of rhe value of [s.2+]"tr.

rn addition to the kÍnetic evid.ence, the structure of Ber(oH)g3*

also supports the thesis that the hydroxe species will reacË wíth the
ligand. A probable strucËure proposed by Kakihana & si11en52 ís , si*-
membered ring wíth teËrahedra being linked by sharing 0Ir corners.

structurally, there is a cerËain amount of disËort,ion of the original
geomeËry (tetrahedral) of the Be(þùO'* ion in rhe formarion of rhe

':i:1:..

síx-membered ring. Nevertheless, orient,aËions of the Ëwo llro molecules
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(Hzo) 
z

Be

1_ !o\),o- Bq, -
\
\

/"
/

O 

-Be

H çonr),

: around each berylliun cent,re are not, expected Ëo change radícally since

a majoriËy of the rearrangement,s ís rest,ricËed t,o the Bg-OH bonds only.

' Furthermore, Ëhe OFI group is not particularly bulky spatially, and

Éherefore, should not have any steric effect upon the original

orientations of the two T^raËer molecul-es. On the basís of this
. conclusion, ít is speculaËed that Ëhe waËer molecules of the hvdroxo

.. 
...:

?+

similar to the T¡rater moleeules of Ëhe Be(H.o) ,.2+ Lon. The electronic¿4

effecËs of the hydroxide groups on Ëhe labj.lity of the \¡zater molecules

are not known. Ilowever, th^ere ís no evidence indicating the inhibition of

the subsËituËion reacËions by the presence of Ëtrcse hydroxide groups.

rt must be emphasized xhat. Ëhe present díscussion is strictly
conjectural, no at.tempt has been made to elucídaËe the actual structure(s)
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of Ëhe conplex(es) formed at Ëhe higher pll levels.

According to the data reported in Tahle B & 9, iË would seem

ËhaË Ëhe complex formation rate is independent of Ëhe ligand. concentraË_

Íon aË pil = 3.5, but dependent upon iË at pH. = 5.5. Considering Ëhat

hydrolysÍs of the cation is greaËer than 9A% at pll = 5.5 and is
negligÍble at pit = 3.5, it would not be unreasonable Ëo atËribuËe Ëhe

apparent ligand concenËration dependence of the complex formation raËe
?-Lto Ëhe react,ion between Ëhe hydroxo complex Ber(OH)rJ+ 

"rrd 
the ligand.

values of Lhe rate consËanË, kobs, in Table 9 were determined by usíng

the kinetic expressions derived for the inËerpretation of a strÍctly
pseudo-first order reacËÍon (excess of caËion). oue Ëo Ëhe extensÍve

hydrolysis occurred at pH = 5.5, the cond.ítíon under which the kinetics
were observed was noË pseudo-first order as originally intended.

Therefore, applícation of Ëhe pseudo-first order kinetic expressi-ons

in thís case T,ras erroneous. A propeï treatnenË of the kinet,ic daËa

would involve taking ínËo consíderatÍon Ëhe varí '+aËion of [Be-']roa"l,

which Ís equal ro [s.2+]eff. * 3IBer(oH)33+l, ar any rine r (sec).

The apparent lígand concenËraÈÍon dependence of the complex formaËion

rate could have been caused simply by the deyiaËion of the reacËíon at.

higher pltrs from the pseudo-fírst ptrder condiËion. rn the present

work, this would appear Ëo be more lj-kely than Ëhe thesis which

suggesËs thaË the reaction l.at.e lf,
between Ber(OH)r-' and rhe ligand was

concentration dependent .
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(3) ACTIVATION PARAMETERS.

Data of the studies on th^e temperature dependence of the complex

f,ormaËion rate of both lígands are lísËed in Table 12. The plots of
lo8 (kob"/T) againsË 1/T Ín Figures 17 & 18 are shor¡m to be linear.

The temperature studíes of both complexes trere conducted aË pit = 3.3 &

3.8, and Ëhe results agree wi-Ëh each oËher wíthin experinenËal

uncerËainties. From the slope of the ploËs, the average acËivaËion

energy for Ëhe formation of BessA and Be-5clSA is computed to be

L2.83 Kcal/nole and L2.53 Kcal/mole respectively. Therefore, it can

be assumed that Ëhe sau.e reacËion mechanism is operatíng from pH 3.3 to
3.8 for Ëhe complex formaËion wíth both ligands. The sÍmilar act,ivatíon

energies support the thesis that electronically and structurally, the

lígands ssA and 5c1-sA are very similar in the chelaËíon of the
t+Be(Hro)o'' íon. The dífference ín size of the funcËional groups

(the bulky so, group vs c1-) and forrnal charge of the lígands
t-(ssA'- vs 5c1-SA-) do not seem to have any sígnificanË effect on Ëhe

acËivation energies of the complex formations.

The enthalpy of acËivatíon, ÀHf, for the lígand 5-sulphosalicylic

acid and 5-chlorosalicylic acid are, L2.23 Kcal/nole and 11.93 Kcal/nole

respectively, according to calculaËieng based on equation (4g) Ca) . These

values are slightly different from the g.5 Kcal/nole observed by

Strehlor^l and Kalarickal28c for Ëhe beryllíun-sulphate suhsËiËution and

8.9 KcaL/mole observed by Baldwin & sËranks3O for rhe beryllium-

fluoríde subsËitution reaction. The difference is best understood in



FIGURE 17. TemperaËure dependence of compl_ex formaËion

rate of BeSSA and Be-5C1SA aË pH 3.3
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FIGURE 18. TemperaËure dependence of complex formation

rate of BeSSA and Be-5C1SA at pH 3.8
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terms of the mechanism of solyent exchange and ligand subsËi-Ëutíon

proposed by Bennetto and ca1din70. According to these autrnrs, the

surroundings of a solvaËed ion can be divided ínÈo three regions,
(Í) the ínnermost solvation shell A, (.ii) an inËermedíaËe region B

whi.ch is extended not far beyond region A, where the molecules wil1
have a shorË stay in a sËaËe of high energy and high entropy relative
Ëo Ëhe bulk solvent, and (iii) the bulk solvenË c outside region B.

solvenÈ exchange and 1Ígand subsÊitut,ion are und.erstood as Ëhe

following scheme,

(s)
SSS

sss(L) (1) -
SSS

(c)

SSS

s (4) - sss

SSS

(c)

(7+¡ ç"¡

(74¡ 16¡

s(L) (2) 
- MS-. . . .s (3) 

-
S

(B) (A)

S

(B)

The corresponding enËhalpíes of acËivation for subsËiËuËíon and

exchange are,

^Hf# 
= A14S * MsË,

o%Í=Ælsr*M".

The enthalpy chang", AIUS, is associaËed with process C3) which ís
índependent of the entering lígand since Ëhe breaking of an íon-solvent

bond is conmon to both the subsÈituÈion and exchange processes. M",

trd M"Ër are the enthalpy changes accompanyíng the respectíve



-159_
:_.:

Teotgar\Lzation of the solvent structure, and therefore ) an'e associated

wiËh the processes l, 4 and 5. In Ëhe case gf solvent exchange, AH",

is a properËy of Ëhe solvenË Ðolecules only. Ilo\rever, in the case of

,., ligand substituti-on, ÀIl_*, , is characterís.tic of boËh the ligand and
.l: SE'-

solvenË molecules. The relative magniËudes of the quanËities A,H", and

AH"tt characteríse Ëhe kinet.ic behavíour of a ligand subsËituËion

Process
It

': rn the presence of a lÍgand, solvenË strucËure can alter

''ì, considerably depending upon the effects of Ëhe elecËrosËatÍc propertíes

of the ligand. For a ligand wiËh hígh internolecular attractive forces,

the attraction beËween neighbouring solvent molecules ís increased;

hus "sËíffening" the solvent, structure. Under such an influence, AH"rrr
:.JI ítt expressíon (74) (a) will be more negaËive and Ëhus, nrakíng ÅHrf

I smaller tfran an^f . Conversely, a ligand with weak intermolecularex

attractive forces will "loosen" Ëhe solvenË strucËure and. thus lead t,o

--+ I
ÂH.' values þigher than ÂH^l values of solvenË exchange.r'--ex

rt ís unforrunaËe Ëhat au^i ror H.,o exchange of rhe Be(H^ ù ,2+ex - 2.4
;:.r

tt,t.;: 

',,,... proposed model , the minor difference bettr¡een the substiËution enthalpies

, of the ligands tOO'-, F and the 5-sub-s.tiËuËed salicylíc acids can

sËi1l be explained. Form the resulËs of Baldwin and. Strank"3O, it is

..:, apparenË that the intermolecular inËeract,ions between the f-igands F

and Sor."- anð, arÌ aqueous solvent of low ionic sÈrength (< l.o4) are

similar. This is supported by comparable subsËitutíon enthalpies, ÀH.#,
¿
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of the two sysËems. The slíghtly higher values of A,u.rl from Ëhe present

study is an indícation of a possibly different Íntermolecular interaction
between the 5-subsËit.uted salicylíc acid and Ëhe presenË solvent sysËem.

...: )_ 10,28c,,,I, For the F and SOO- systens sËudj.ed ru-,-- - j.t is speculaËed thaË the

highly-organLzed st.ruct.ure characteristíc of an aqueous solvent system

is basically retained" This is suggested j-n lighË of the smaller sizes

.,: of the anions and the relatively low ionic sËrengths used in these

:: systems. rn Ëhe present sËudíes, the solvent used ís a 3 M Íonic
:':.'" medium whích is made up of tu2.8 M Nacloo and,ì,0.2 M Nacrllror. The

, 
presence of an excess of ClO, - and CII^COO- could have disrupËed the+J

basíc strucÈure of the well-organLzed. aqueous solvent sysËem. In

', ãddiËíon Ëo that., the 5-substituËed salicylic acids are relatively
, bulkier than uni-denËate lígands and hence, will cont.ribute furËher to

' the dÍsruption of the basic aqueous solvenË strr¡ctuïe. Therefore, it is

. concluded Ëhat the lower subsËitutíon enthalphies of ligands F and
)-SO4- are due Ëo a more rígid solvent. struct.ure in comparision to Ëhe

',,:1. solvenË structure of Ëhe present system. ln oËher words, ÀHst, of the

':l: former sysËems are more negative than Ëhose of the latter sys¡em.
.. ;.

From the reported sËudies of Be(II) solvent exchange r¿ith

Ërimethyl pho sphat e, 
2 3 dir"thylf ormamide and acetylacet,onaËo

dinethylformamide2l syst"*s, enËhalpies of, activation \dere found to
..--.1

','', have average values of ^,14 Kcal/rnole and Ëhe solvent-exchange mechanism
J

was a solvent-assisted "IU'r process. lf this average 0""*É value is

assumed to be the upper li-Eit of activatíon enthalpy of \nrater exchange
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of Ëhe se(nro) 
o2+ co*ple*, Ëhen aur# values of Ëhe presenË sysÊens and

the F and SoO2- 
"y"Ë.r"30 

,28" 
^r" atËribuËable to o".*l of tlr-e

:)+
:.',, Be(HrO)O'' ion in an aqueous mediun. TÏ¡-e discrepancies in the acËivation

parameters observed in the various systems sÊudied are probably a
consequence of Ëhe dífferent solvent Gedíum) backgrounds used. in Ëhe

kinetíc runs.

Ent,ropíes of actívaËion, Âsr#, for the ligands S-sulphosalicylic

acid and S-chlorosalicylic acíd are, -L6.Ls caL/ð.eg-mole and

-L6.37 caL/deg-mole respecËively. Thís is Ín agreemenË with the slightly
negative entropy of activatÍ-on, as.*#, for solvent. exchange in most of

the sysËems srudied (*-7.5 caL/d,eg-*ol")23.
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(F) CONCLUSION

Formation of the chelates of beryllium, Be(IIZO)Z-SS¡, and

Be(ILrO)2-5C1SA, T^rere found to haye proceeded vía the following paralIel

'-.:-: reaction pathways:

'))- - Ço 1J- k'
Be(Hro) 4'* * Hr-rrP- ne(nro) o'*.*-. an"{uro)2l + { + zaro

k

ion-paír (i)

Be(Hro)roli+ + 
"r" þt] Be(irro)ron+.nrl 3Be(Hro)2L + rr+ + zlzo

- k.
- l_l_

íon-dípo1e (íi)

Both pathways are expected to conËribuËe act.ively, particularly when

Ëhe tetra-aquo beryllium complex, Be(H2O) O'*, ""n be easily hydrolysed

inËo the Ëri-aquo hydroxo berylliuur complex, Be(IlrO)3OHf, via an

"internal hydrolysÍs" mechanism suggested by Eígen8. For Ëhe chelatíon

of Be(II) wiËh the ligand 5-sulphosali-cylic acíd, the corresponding

values of the raËe consËants k. and kii "t. 6.3 x 101 sec-l and

6.6 x 106 s".-1 respecËively. ln the case of the ligand

5-chlorosalícylic acid, Ëhe raÈe consËants k. and k.. are,

6.6 x 101 """-1 ar.d 2.7 x Lo6 "".-1 respectively.

;,',. The reacLion mechanísm ís deËermined to be ttlr", in agreement,cl '
?owith the findings reported by Baldwin and Stranks--. There i-s no

apparent. dependence of the complex formation raËe on Ëhe nature of the



'1".-.,.' l :,,,: :':ll-:'.:'..

-163-

enteririg ligand, hence, no evidence of an assocíative mechanísm being

acËive.

Activatiori parameters assocíaXed t{ith Ëtle formation of

Be (IlrO) ,-SSA- are,

J
Allfr = L2.23 Kcal/nole

4ASf' = -L6.L5 caLldeg-mole

The corresponding acËívatíon parameters for the formation of

Be (ltro) ,,-5C1SA are,¿¿
J

AI{-r = 11.93 Kcal/moler

.J
ASrr = -L6.37 cal/deg-nole
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APPENDIX A

tíme t. is:

[B]aou"l' we can wrÍte

cl)

= krlAl tBl - kl[c]/Kl

Total concentraËion of A aË any

lAlror"t= [A]r+ [c]r

Sinilarly, at equilibríum,

lAlror"l = [A1ee. * [cJee.

If [B] >> [A], so that [BJee.

(from equation (2)),

IC] ^,I_4=l = eq '- -eq' 
\tBlËoËal

and equation (5) can

lAlror"t - [C]eq. (1

(2)

(3)

(4)

(s)

be re-writ,ten

+1)
KIIBl roral

(6)

(7)
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APPENDIX

ínto equaËion

A

C4), we obËain

lAl* = ICI^_ (1 +
u Eq.

The raËe equatíon

dlcl/¿t = (krlK, +

or

KIIBl roral

(3) becomes

klIB]rota1)([c]eq. - Iclr)

) -IclÈ (B)

(e)

(10)dlcl/dr = kob"([c]eo. - [c]Ë)

,:':::
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APPENDIX R

An example of the dat,a input.s Were:

qAB 1 - Thís card r¿as reserved for a data

allowed to occupy up Ëo 14 columrrs. The colu.nns

allocated to characters r,rhich denoted Ëhe nature

coluurrs 9 to L4 inclusive, the serial number of

e. g.

CARD 3

were ent.ered

entered firsË

label r¿h1ch was.

1 to 8 ínclusj-ye were

of Ëhe run. ln

the run was regisËered.

bbBe/ssAbbbB0l

Columns 1 814

CARD 2 - The fírsË input value üras an TNTEGER* number, eíther

a *1 or a -1 dependíng on Ëhe slope of the optical densÍty change as

the reacLion proceeded. If Ëhe ËransmiËtance r^ras increasíng, a value of

*1 was inpuË and vj-ce versa. AnoËher INTEGERT number .tnras next which

represented the Ëotal number of dar values being used in Ëhe computat,ion.

The third and fourth enËries were REAI* numbers, Ëhe values of dot and

d^^ I respectívely. FÍnally, a Ëime conversion facËor ín the form ofeq.

(Inn = x msec) rnras enËered as a REAL* number. The following ís an

example of the format free eard 2.

1b13b636b244b0.495

Columns 1....

- The dar values and the correspondíng Ëíue meas.urenenËs

as data pairs. The titre measurement of each data pair w¿s

as an INTEGER* number, followed by the drf value in REAL*.
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APPENDIX B

The numbers 0, 10, 20, 30 et,c. (urultiples of 10) were characterisËic

of the time measurements. This resulËed from the lo rm intervals

taken along the t.ime base between d_t meas.ureEents.

INTEGER*, REAL* - FORTRAN language.
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APPENDIX C

0000 00 00
0001 06 t4
0002 06 t5
0001 0e 00
0004 08 06
0005 15 13
000ó 07 00
0007 00 15
0008 00 0t
0009 02 15
0010 0,t t,
00ll 09 02
0012 08 04
00tt 08 00
00t4 08 06
0015 00 00
0016 06 00
00t7 0ó 0t
00t8 06 02
00¡9 06 03
0020 0ó 04
002t 06 05
0022 06 14
0021 06 t,
0024 09 00
0025 0E 07
oo26 00 t5
0027 00 0t
0028 02 00
ao29 06 15
00t0 00 t5
00tl 15 t7
00t2 07 00
003t 02 0 I
0034 06 02
oo35 07 o 6
QO36 0t t,
00t7 08 04
00r8 08 00
00t9 08 o7
0040 07 06
0041 05 02
0042 06 03
004t 0't 03
0044 08 02
00¿o ot oL
004ó 09 07

sÏ 14

\Tr6

*v
*SN
Dil
liE 0
Ert
al
+15

'G1'
*q
*Jb
.*'s
* :li
50
sr0
5Tl
ü¿
¿t¿

sI4
ST5

ST 14

ST 1'
+M
+ð
-- t)
EI
¿n
sT It
tr- t2
ñ !z

lìEO

+l
àt¿
ht6
-t
.t+

*
.tÉ

iìE 6
1¿
ct?
¿l¿

'tE3

J"

f\

+yÍ
-ts
,lf
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APPENÐIX C

0000 00
000 t 06
0002 06
000, 06
0004 06
0005 06
000ó 0c;000? 06
0008 06
0009 o600t0 06
00t I 0600t2 oo
00 | t 09
00 t 4 0800t5 t5
00t6 070al? o000t8 0o
00 ¡ 9 020020 0?
002 t 09oo22 0 I002t 08oo24 08
o025 000026 l5oo27 07
0028 o60029 07
00t0 08
00r | 040032 0,Ìoot, 0 6
oot 4 0,1
ootS 0toot6 06
00t7 0,1
0018 08
00r9 05
0040 08
004 t 0o0042 00
004t 06
o044 06
o04' 06
0046 09
o047 08
0048 00
0049 02
0050 l5
0051 07
00r2 00
o05 t 0?
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Inputs for the firsË prograrune were as follows,

(í) a startíng poinË wtrere calculaËion r{as to begin, \¡as entered in

regisËer 00, e.g. 230,

(ii) the number of points to be counted afÈer 230 f.or Ëhe averaging,

e.g. 20. This number was entered in register 06. The average value of

V_, vras sËored in register 03 for furËher applicaËíons.eq.

For the second prograume, the inpuËs included:

(iii) A st,arting poínt, generally from 5 Lo 7 dependíng upon how

satisfacËory the trace r¡ras, \^7as ent,ered in regisËer 00. By varying the

locatíon of the starËíng point, Ëhe different segments of the decay

curve r^rere sampled and used in the calculation of the f inal kob" values.

Províded that. the trace was satísfactory, these final ko'" values

compuLed from differenË starting poínts should be very close Ëo each

other within experimenËal error.

(iv) fhe final ko'" value Ín Ëhe out,puË Ìras an average of a number of

kob" r"lres compuËed by Ëhe prograrnae. The total m:mber of kob" values

Ëo be used in Ëhe averagíng was chosen in the range of 15 Éo 20 and

sËored in regist.er 02.

(v) A suiËable poínË ínterval (n), e.B. 2, r¡¡as Ëaken regularly after

every poÍnt r¿hich was sampled. Thís procedure was desígned Ëo ensure

that a good parË of the decay curve would be sampled ínsËead of just

the first few half-lives. The desired poinË int,erval was stored in

regisËer 04"
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(vi) Finally, the tíme interval- (in sec.) between Ëuo sampling points

\nras calculated and sËored ín register 06. Depending on the yalue of

Ëhe point. interval (,n), the corres.ponding time interval was calculaËed

with Ëhe following,

L-

(n+1) x (sample inËerval in msec) sec.
1000
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To sinplífy Ëhe derivation, the number of coordinated FIro and

charge(s) on each chemical specíe are neglecËed.

According ro scheme (A) and assuning rhaË M(oIt)L is in a steady

staËe,

dhfl,l ldt = k41[L] [M] + k21[]fl,H1 + kslIMLHzJ + køtzlMor{l ILI

* ksrzIM(OH)LHI + k912[M(oH)Lri2] - k14l]tr 1

- ktztltrltu+l - ktstlfl,llH+12 - a"rrr[w.]

- krzs tltr l - k129 tltr l tH+l

Assuming steady state for []fl.II], i.e.

dtMLHl ldx = 0 = krrtMl tHLl * ktzt}fl,l tH+l

- kzl l]tr Hl - kztl]tr Hl

rrñ..ì k32lMl tHrl + kl2tlft]Iir+l

(kn + kzL)

SËeady staËe for [MLIto], i.e.

dlMl,lr2l ldt = 0 = krrrlul IH2rl + klsl$.llnlz

- kslll}0.uzl - kslll{,821

klls tMl Ir{2Ll + k15l}tr 1 tH+l2
lMLHrl =

(ksn * ksr)
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Steady state for IM(OII)LH], i.e.

;, : dlM(oII)LHl/at= 0 = kTBlUoll¡IHrl +kt28l.Ig,l

- kBTIM(on)LHl - kB12IM(or1)rHl

[M(oH)Lrr] - 
kTBlM.Hllllll +- k128IMLl

(kgz + kgrr)

sËeady srare for [M(oH)tH2] ' i.e.

d [M(o]i)LH ,J lax = 0 = k109 [MoH] tHzll * ktzgt]4ll tH+l

- kgro [M(oir)rH2) - kgtzlM(oH)LH2]

[M(orr)LH? ] - 
k109 [MoIl] [n2L] + k129 []tr'l [H+]

- (kgro * kgtz)

After some algebraical manipulations, Ëhe rate expression can be

expressed as,

dt}tr,l ldr = Ka * h
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\nrhele,

¡ui1 
kzrk¡zJ'Il'l 

] + IMr rksrknsl'ztJ,(kn + kzL) (k511 + krr)

R K karzkzglml
+ tMl {*ro^,rlrl} + Iml {+- rtH'l tH'l cksz + kerz)

, raf,' . 
*o" kgtzktogl"rt].

-r LlrI t _r 

-J

lH'l (kgro * kgtz)

+ J-2
.a.rrt<rrÍn' ) ksrkrs IH' l -

\='1o*rr¡*,**-*

* 
kg:rftrzgl.c 1

(kg.o *kgtù-kt+

katzktzg

(kaz + ketz)

-L J- ')- ktztri'l - klslH'l'

- ktzo - krzs - ktzgln+l ] tmrl

KOH i" as defíned in text.

Total concentraËíon of the lígand can be writËen as

c, = IH2LI + IHLI + ILI + I]4.1

= [HzL] 
"n' 

* ¡ur'J eg' + Itl tq' + 1¡rtJ ee' 
,., ,,,.,..:,,.,
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In terms of K24, K, and aO (elso de.fined in text)r C, can be re\,rriËten:

J.KrIrl'l
c_ = [L] (,1 + -:-) + IMLIL _ _' 

qÁ

K^ [H+]
= [L]-- (1 + L) + t]fl.]--c({ . çq._d *^

or

lÏ,l = [Lle'. + l]tr1"r./n - tt"Lllo

Under experinental eondítion pseudo first-order in [M]

[M]tot"l - [M]eq.

KO and KU can be expressed ín Ëerms of K2A, I(r, QO and

KA = rMlee. { rrreq. . + #t {ro, + T#
i,arr,,,,:.,

, kstktts Lt{12*z *0" KonkarzkzsKz 
.: :-T-KrrrT- :

(ksn * kst)*z¡, IH-l ULL (kgz + ke:-¿) ,

, *onkgtzklogII{+IK2 
.,

-i-- )
(kgro * kgrù*zt
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., îk23k12 [H+] ksrrkrsl"*l' kglktzg
\ = -' 

kn . \L) 
- 

(k511 * ,1/ -,or- 
*-

I

. bt4a * kt4 + ktz6, r'n,.l
(ogro * kgtì

since ¡Mlea. [L]es. =y ¡uL]ee.
*4L

KA = 0 + [M].n. r%. - 
t*', 

{ ro., + 
kz.tksz*zÍ.dl

ç¿ a t+L (kn + :*zL)

, ksrkrrs Ef l'*, , Kon Ko'kgrzkzgKz
T 

-; 
l.r) -(ksn * kst)*za tn-l aL¿ (ksz + katz)

, Konkgtzttro, [u*] rr.,
-i 

-¡

(kgro * kgrz)*z¡.

where

^ 
kL4 ,, . kztkzzKrlo*l ksrktts It{12rc2. Ko" 

.o=;.o41 - 'r-1--;-K..^
^41 rkz3 * kzt) (ks' t ksr)*z¿, Ilrtl oL¿

KonkgtzkzaKz

It can be easily shown ËhaË:

e/ tur.l.q. = -h/ tltr l

+

+

- 
KoukgtzktoglH'lKz

(kgz + karz) ckgro * kgtz)*zt
] l¡tr 1eq.
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Therefore,

: Ilfl.l ^_ Ilcl
ij,,'.,r.::, dlltr,l ldt = -ht]fl,1.n./Ilr,l + h + Illleq. {-----=:L' -;t

k?r k.?K? [r{+] trrt<rrrlir+l2r, , Kon 
,r'./. 1 T î- -lJ.*otz

.., .. (kzs * kzì (ksl1 * kst)*zn IH'l

, KonkgtzklgKz . Konkgrzt'rorlti*lrr.,
f-

From Appendix A, it has been shown

dl]tr1/dr = kob"(¡uLJe9. ttfl,l)

Since,

(kez + kgrz) (ngto * kgtz)*zt

krrkrz*rlf l * 
ttrrttrr, [s+] 

2r,

(kzz * kzr) (ksrr * ksr)*zA
dt}tr l ldt = (-t*Ln' {ro, +

a

K_

- o )(t}trl^_ - Il4,l)
lItr l cq'
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Å-2kstktrsl"'l'K2

(ksn + ksr)ba

, *0" Kos.kgtzkzg*z . Konkgrzkl0g[H-]K2,
o-¡16 

- 
-- 

-¡

ln-l oL¿ (kez + kerz) (kgro * kgtz)Kzt

+{
-t-

k23k12[H'] ksrrkrs [n+] 
2

, kglktzg
-l.-

(kn + kzL) (kS[ * kSr) (kez + ksrz)

* lgrokrzg tn*l * kr4 * ktzoj
(kgro * kgtz)
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* kg4[MoH]lHLl - k43[]4ll

In t,erms of KOtt and KrO, it can be rewritten as

,, dtltr l ldt = (ktz + k52[H-] lKzt+ ko4*o*/*z¿. + k34KoH/[H-])

tMl tHLl - (kzt [il+] + k2s[]r+lt * oouln+l + k43) tMLl

KOO and KrO axe as defined in text.

APPENDIX E

dtItrl ldr = kl2lMlIHL] - k2llMl.ltnl + ks2lMlIH2LI - k2sIMLlIn+]2

* ka4[MoH] In2Ll - k46IMLr IHI

Total concenËraËion of the ligand,

[HL] [HL] --cL = 

- 
+ [t"tl] = ------.' + [MLl

q^ ct^ 
-eq'

ÃÃ

or

[HL] = [il]o.. + []fl.1o. 0a - IULlsee9. e9. A

Under experimental condiËion pseudo firs.Ë-order in IMl, i.e.

lMl.o."1 - [M] eq.

The rate expression can be wriËËen as:

dl]tr 1ldt = s { tMl"n. ([ul,]eq. + ¡ltlJee.qA - IMLJ0O)]- vilr.l
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where

g = (ktz + tcrrln+1 luzt* ko+uoo/*z¿, * k34Ko"/I"*l)

and

J J-,) -!y = (k2LlH'l + kzs["']'+ k46[H'] + k43)

In terms of the constant Ka defined ín ËexË,

IMI IHLI = IMLI lëI.- -eq. - -eq. - -eq. 
Kc

It can be easíly shornm thaË,

li{+l ß = y
f/
I\^

The final rate expressíon is writÊen as:

dl]tr1ldr= (tMl ^d^ß+y)(t]fl,1^^ - I]tr1)-eq. A -eq.

Therefore,

kob" = [Ml.o.cro(ktz* k52[I{+] lKzt+ kø+Kor/*z¡, + k34Kon/tä+l)

+ (k2llrr+l + kzslu+12 + k46IE+l + k+s)
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