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ABSI]RACT

This work d.escrlbes the aceurate measurement of the

therrnod.ynamlc funet tons A Go anil A H 
o f or the st ep-wlse

coord.lnat lon equlllbrla between each of the tons H* ,

Ni2*, Cr2*, and. a series of Ci-substltuted. 1rz-d,Lamlno-

ethanes ln aqueous solut lon. The stud.y lnvo1ved.

( 
" ) the construet lon of a sens lt lve constant temperatur:e

envinonment ealorlmeter for measurlng the enthalpy

ehanges ln the eomplex-formatlon reactlons,
(t ) the rigorous callbratlon of an electrode system,

lneorporating a glass eleetrod.e, f or the d.lreet

pot ent l omet r i c mea surement of equil lbr tum hydn ogen

lon concentratlons ln the solutlons contalnlng

complex lons.

The thenmod.ynamlc funct lons A Go and A H 
o led. to accurat e

A So values for the step-wlse complex-formation neaetj-ons.

The thesis consld.ers the eontrtbut lon of the entropy

of llgatlon to the stabtllty of complex lons. The molar

entroples of the complex tons have been ealculated. and.

thelr valuee consid.ered. wlth respeet to the coord.lnatlon

nuntber and. the posslble strueture , d,egree of hyd.nat 1on and

sterle propertles of the 1ons.
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CHAPTER ONE

INTRODUCTION

Whlle nead.lng R ossott i I s arttcle rf Thermoilynamlcs of

Metal f on Complex Fonmatlon in Solutlortt,31 the author was

lmpressed by the laek of accurate thermod.ynamle data

(nGo, AHo, ASo) for the fonmatlon of eomplex lons in
solutlon. Rossottl wrote rrlnterpretative speeulatlon has

outstrlpped. the preclslon and quantlty of data aval1able,

and. eonsid.enable eonsol id.at ion i s requlned.. tt

Accurate d.ata is essentlal for the testlng of present

theories and. the postulation of new and. more valld ones

coneernlng the energetlcs of complex formation. Such

important theorles as I Crystal F ieId.r and. I Molecular

Orbltalt theorles as applled. to complexes are concerned. wlth
small energy d.ifferences, and. thus require aecurate data for
thelr vlndication. The entropy changes ln l1ke complexlng

reacttons (with simllar lons and. eimllar ltgand,s ) were once

assumed. small and equal , but wlth the aceumulatlon of more

aecurate d.ata the entropy change ls now known to give an

lnd.lcatlon of the structure, eoord.lnatlon nunrber, d.egree of
hyd.ration and sterle propertles of eomplex lons and

molecul eg.

Slnce the tntrod.uetlon of new e:qlerlmental teehniques

by BJenrum ln 1941 r crr lncneastng fIood. of thenmod.ynamlc

d.ata f or cornplexes has been publlshed.. However , most of 1t

vlcToRtA lJNrv6q5rrY oF
wEL!lt{c-lcrlv i li'i,i nY.
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has been too inaecurate to be of theoretical slgnifieance.

Thls inaccuracy has not been d.ue to a laek of sultable

reliable apparatus. It probably stems from the requlrements

of tlme and. patience necessary to obtain aceurate results.
Ethylened.lamlne (NH'.CH Z.CH,.NH2) f " an lmportant

ehelating agent and. a simple analogue of many more eomplex

1 igand.s . O ther worker s have d.et ermined. the thenmod.ynaml c

properties for. some eomplexes of the N-a1kyL156'57

NN | -dialksl r 
35 '58 and. Ct Cr-dialkyl and. d,iarylf ethylenedi-

amlnes. For this thesis a thermod.ynamic stud,y was mad.e of

the complex f ormat ion reaet lons between a senl es of C., -a1kV1

ethylened.lamines NH2CH(R)CHflHZ, and. the d.ivalent Ni and Cu

lons in aqueous solutlon, The group R was varled. to penmit

a stud.y of the ef f ect s of the lnd.uetlve ptrenomenon ln a

ligand, and. of the bulk of a ligand. upon the thermod.ynamic

pnopert les f or transit lon metal coordinat 1on eompound.s 1n

aqueous solut i on. Because of the lack of f ore-knowled.ge of

these eff ect s, lt was not possible to a prior"i pred.ict those

amlnes which could. have glven the most valuable lnformatlon.

The llgands used. had. R = CH'-, CH ,.CH2-t C6H.'- and. !fi;=
as ln NHZC (Ctt 

3) ,Ct2.NH2. f n partlculan, the aecunate

measurement of entropy changes was sougtrt. The neutral-
lsation neactlons between the bases and HCL04 were also

stud.led..

The avallablIlty of fnfnared. spectnometers eapable of

scannlng below l4O0cm-1 h"" permitted. a study of some metal-
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ligancl vlbnatlon frequencles. A correlatlon was sought

between these frequencles for N1( rr ) and. cu(rr ) d,iamtne

eomplexes and. the experlmentally d,etermined enthalpies of

eomplex fonmatton.
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CHAPTM TWO

rHE_ ST3.gE Fg$ClLrONji A c. AH Arrp_ A S. F!)B

Agg-SoUSi _COMPLEX roN F0RI,14T r 0N

2-1 The_f'rse EnerEy 9.hange.- AG:

For a eomplex-fonmation reactlon between a metal Lon

vF+ and. a llgand. L ln aqueous solutlon,

Iu(nzo ) *f'* ( *q.) + nL( aq.)

the free enerry change AG

= [rtnrrJ'*(^q,) + ffieo, ...... 2-1

1s

6

glven by

I ru(H20 )* ]'* ( rq.)
AG =G + xC--- 

t Mtrf * (.e) '--H 
20

where, for example,

Gr(aq) = (ff),,,,,,
is the partial molar free
nL ls the nurnber of moles of Ilgand. ln a glven solutlon.

Partlal moLar quantitles fon

always d.ef ined. relat 1ve to the sane

or stang,ard state (xo ). The parttal
of a solute i and. lts stand.and. free

q=ci+Rrlna,
where al ls the activlty
state. Fon a solute (or

I Mrr, ]'*' 
t[ 

* (Heo ) *J'*
enerry of the hyd.rated. llgand, and.

of the solute specles

solvent ) the stand.ard

a given st at e (T ) ane

quantity for a neFsrgenc€

molar free energy { I

energy G? are nelated. by

2-2

ln the glven

etate is
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chosen as that state for which the activlty is unlty, i. e. s

1na, = o. The actlvity 1s related to the molar

eoneentnatlon by the actlvlty coefficient f, a1 = "ifi.
At or near inf lnite d.lLut ion a solution approaches ld.eallty
and. f = 1. I'or an inflnitely dilute solution "i = ei and

f or a solut e the stand.ard. stat e 1 s eonveni ently d.ef lned. as a
hypothetlcal solution of unit molar eoncentratlon possesslng

the propert ies of a very d.ilute solut ion.

F or a solvent , the stand.ard. state ls chosen as that
state for which the solvent actlvlty is unlty. If the

solvent actlvity is erpressed, on the mole fraction scale,

as = *"f 
", 

then the stand.ard. state coruespond.s to that of
pure solvent when the mole fraction m" = 1 and. the fugacity
f" = 1. Thls state is approached as the concentratlon of

solute becomes infinltely smalI.

The stand.ard. molar quantlties Xo for any solute or

solvent are a funetion of temperature and. pressure only;
they are lnd.epend.ent of solute eonrposition.

When the reaetants and. prod.ucts ln a neaction are ln
thelr stand,ard. states the free energy ehange AGo ls glven

by
aeo= ?e!(nrocructs) 3-3(reaetants)

X .,O= i Ck ..o.,.ao.o...o..................o.. 2-3

reBresent e a sunmatlon over all reactant s and.

uslng appnoprlate slgns. Fon the llgatlon
where i
prod.uct s,
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reaction 2-1 ,

^oAGo=eo +*firo-"e;("q.)-Go
Iur,rrJ u* ( .q ) [u (nro U"*( *q )

2-1 .1 The relgt ionsEip- between 4Go qn9

the_ f orlLajLlgn gonstant

If ak, [k] and. fk arre the activlty, the molar

concentratlon and. the hlryothetleal lonic actlvlty eoefftcient
of the speeies k, nk ls the number of moles of k represented.

ln the equllibrlum expresslon 2-1 , and. K* and. K* are the

coneentnatlon ancl thermodynamlc equillbnlum (formatlon)

eonstants for the reactlon 2-1 then the followlng
relat i onshlps hold:

Gk = c; + RTlnau = c; + Rrln[t<]fr

AG = AGo + RT i nU1nan .oo..o.o.oo.oo.r....o...oo..o. 2-4

+ RT f, nulnfO

= AGo + RTln

= AGo + RTlriKo

When the neactants

equlLlbrlum, und.er

I ur,rru*J_ltt ro ] 
*

I u(n20 )]ltrrt "

t[ *r' f'*' 
( tnro )*

t 
[*(Heo )*f*' 

(r' )t

.. . .. o. 2-6

a state of chemleal

T, P, and. nk, the

+ RTln

and. pnod,uet s are

given cond,ltlons

aaaa

1n

of
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total fnee enerry of the neaetants ln solution equals the

total f ree energy of the prod.uet s ln solut ion.

1. e. , aG= iGt=o
Therefore, fnom equatlon 2-6,

AGo = RTlil" + RT t- nUln fO ... '... .... ... . . . 2-7

1. e. I AGo = RTlffia ......... ... .. ..... .... ..... .... 2-B

As the stat e of tnf lnlt e d.llut 1on ls approached. all fk
t end. t o unlty ,

thenefore, AGo = Lt I nrrrx" J

(ck* o)

Lt [RTlnKc]

a state functlon. Fon a complex

tn aque ous solut 1 on ( ecruat 1on 2-1 ) the

glven by

2-9
(r+ o)

whene I is the total lonlc strength ln the reaetion mlxture,

I=

Therefore the stand.ard. free energy ehange for a

reverslbl e chemical react lon ean be obtalned by measuring

the thermod.ynamle formatl-on constant Ka, or by measurlng K"

at a serles of flnlte lonlc stnengths and obtalnlng the

value of K" at lnf ln1te dtlut ton by extrapolat lon of thls
erperlmental data to zer.o lonlc strength.

2-2 The Enthalpy Channe AH

*f,"n4

Enthalpy ls
formatlon neactlon

enthalpy ehange le



AH=

=

? 'iEr
il tr.Er.

E- gur,, 
J 
,*

I

(products) - f rjEJ (reaetants)

..o..a.aa..o...a ao......o....o... 2-10

+ *"ro nIIt n 
[* (Heo )* ]"*

H-r = Gl r,p,r[*,, 
J,*,

n
[u (n 

zo) *]'*
of the aqueous

where for example,

ls the pantlal molar enthalpy or heat content

1igand..

2-2.1 The nel.at lgn_shlp between AII and A G:

The pantial molar enthalpy E da substance 1s related.

to the pantlal molar free energy E and the partlal molar

entnopy S by

E = G + rF (where r ls in o.t)

and. for a reaction,
... ...... ....... 2-11

AH = AG + T A S ..... t.. t... f. r........ r.... r. 2-12

\ilhen the reactant s and. prod.ucts are ln thelr stand.ard, states,
AHo = AGo + TASo ...r................e...o.. z-tl 3

A convenlent stand.ard state fon the enthalpy ls that of a

hypothetlcal solutlon of unit molar concentratlon possesslng

the pnoperttes of a very dtlute so1utlon, 1. €. 1 all ft = 1.

Thls stand.and state ls one ln whleh the mutual lnteractlons
between all solute molecules or lons are consld.ened.

negl 1glb1e.



9

2-2.2 The nelatlonshlp }-etwee.n AH an{ AHo:

From equation 2-5,

AG= AGo+RTInKc

But (aAC/af)pn = AS
- t..I('

+ RT i nolnfn

(see equation 2-21)

rhererore, as = aso RlnKc - -r( 
at%)p,nk

nnlnfu -tC
)r,'o

x
k

Multlplylng through by T and. substttutlng ln eguation 2-7,

Tas=TAso Ae+ AGo *r{41ffi")\ aT / P,nk

a ( xonornrs)

and. ther.ef ore,

AH = aHo Rrzft#)p,nk - Rr2#)p,nk ...2-1t+

= ^Ho-Rrr(t(i"-tS-r\ 
aT

.o.......2-15)

/ alnKj
The term [ 

-:l 

ls zer.o when concentratlons are\ aT /Prn*
expnessed. on the molal scale, because all nk are Bpeclf ied,

as belng eonstant I 1. €. I the d.egnee of dissoelatlon is
lnvanlant. To a flrst approxlmation thls d.lfferentlal w111

be zero when concentratlons are expressed. on the molar scale

aIg o.

nolnfo )Ri
AT

RTz ( t,,oAT

P,nk
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When the hypothetlcal lonlc aetivlty coefflclents fk
are e)q)ressed. by the Debye-Htlckel equatlon,

Arr?#
-1ogfo = *+

lt has been found. that

/ a 1oefu1

\ rt /r,,,n = z x 1o-3 16gfr ............... z-15

Therefore, from equations 2-15 and. 2-16,

zSoc)

1s very

2-11

small companed. wlth

/ t (-rH-A
F/t,on

Rr f 
3I5)

\ a[ /P,no

AH = ano zxla-hr2 f, noldr

= AHo 352 i nolnfn ( at

The last tenm ln thls equatlon

AH ( see ehapter slx).

/-e-Af, = - aso = -l-f\ aT lP,rn

= RlnKa

theref ore,

For mar\y react lons A H can be determlned. dtnectly by

ealorlmetry. AH=-% where b ls the heat llbenated. by the

neactlon at constant pressure. AH ls then corrected. to the

stand.ard state by uslng equat lon 2-17 .

2-2. 3 T-he relat lonshlp-betweeJr AHo-and. AG 
o:

From equatlons 2-8 and. 2-21 ,

raso =RrrnKa +Rrzf 
3hL)

\ ar lr,\
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1. e. ,

_ AHo
d.rllJ. 

- 

=
RT4

Therefore

coeffle lent

c onst ant ,

1. e. , AHo

A Ho = RTz('
\

AHo can

of the

= RT2 x

) 
",,,n

I
nK

T

a1

o
. . ., ., r. . . . . . . o .. . . . . 2-18

Prnk

AGO?F_.. RT

also be obtatned. from the temperature

1og of the thenmod.ynamle equlllbrlum

0t
2-1 9

ar

-S

[u(H zo)*fz*

where for

1s the pantlal molar entnopy

soLutlon. The entropy ehange

the enthalpy and. fnee enengy

2-1 t, and 2-21. The stand.ard.

t

the slope of the graph Iffi* vs. T.

2-3 The Entropv Chanse {S

For any atom, lon or molecule the entroBy i s a

funetlon of its mod.es and. freed.om of motion, Lnternal and

extennal. tr'or a eompLex f ormatlon reaetlon ln aqueous

soLutlon (equatlon 2-1) the entropy change is glven by

AS = ? rrE1(proaucts) - : rJE3(reaetants).. z-zo

-E J- -E- "1ut.,rr1 
"* 

T *H2o tsL -

exampJ-e,

I aEr \
= \ tr" )r,r,*[rrrrJr*, r[M(H2o)x]u*

of the ltgand. L 1n aqueous

for a reaetlon ls related. to

ehanges by equatlons 2-12,

st at e ls clef lned. as f or the
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enthalpy and fnee energy.

2-3 .1 Th.e. r elgt loIrshJp between _ A S and. A G :

Fnom equatton 2-11, fon an lnflnlteslmal change of
stat e ,

dG = dII - TdS Sd.f

= -d.q Td.S SdT at eonstant pressure.

Fon an lnflniteslmaL reverslbLe reaetlon,

therefore dG = -SdT and.

pr oee8s.

= -S for a reverslble

d.S = - -gq
T

(#l
Slml1an1y for an equlllbrlum

several specles,

/-! a,cl = aso
\ ar )p

reactLon lnvolvlng

Thenefore the entropy change for an equlllbrlum neactlon ean

be obtalned fnom the temperature eoefflclent of the fnee

energy change.
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CHAPTER THREE

TITERATTJRE STIRVEY

3-1 Hlstorleal

The stud.y of metal-ammlne eompl-ex formatlon ln aqueous

solutlon by Janniek BJernumt (t9h1 ) was the flrst major

contnlbutlon to researeh ln the f 1eld. of coord,lnat lon

thenmod.ynamics. H is work ind.icated. the eo-exlstence of

eoord.lnatlon complexes I u(Heo ) *J'*, [M(H2o )*_yLf'* , . . .

[MLr, '*f tn step-wlse equlllbnla in solutlon, (L = llgand.):

I u(n2o) *f'* + r ii [u(n2o) *_fJ'* + yHzo

Iu(n 20) *_f]'* + L = [r,a(naoL zyL2Jz+ + ffizo

I u(nzo )ytr _tf'* * L = YHZO ...... 3-1

For each equlllbr1um step there ts an equlllbrtum constant

d.ef ined.. For example,

;ur,r, J"*

*"r,

whene

= [M(Heo)*_zyloz'r*l / tM(Hoo)2- t x-y ] ......... 3-2t'*llt'

the eoneentrat lons ar:e those

The total coneentnatton of

tof al eoneentnatlon of ltgand (f")
aceounted. for by

applytng at equlllbrlum.

metal lon (TU ) anil the

ln solutlon, ane

TM = [ll(nzo)?\ + [u(nzo)*-yr"l + . . . *[mfi*], and



1l+

TL [r ] + [u(n zo) *_vL'*J + e [r'r(nzo ) *_ 2f7. J

aaa + 
"[r'.m,fi*l

where

lf it

shlp s

H++L

+ [nr,*] + lnrl,'*) + . . .

HL+ and. nr"'* may be protonated. fonms of the

is a weak base, iri whleh case the following
must also be consld.ered.;

= HL+ *", = [nr*] /ln*l [l]

+ H+ = nzL'* *., = lnrt * I / [ nr,*] [n*]

T' = [H*] * [rrr,] + zlnrlJ + . . . ............... i-u
the total concentratlon of acld. present.

Baslcally the erpenlmental method.s whleh BJ errum used. are

those stt1l used. for slmilar d.etermLnations. His theoretical
tr"eatment of sueh systems (4-t. t and. 4-l .Z) ls applieable to

all rapld.ly reverslble equllibnta in solution. Much work has

been d.one tn thls fleld and. many nesults publlshed. for
systems lnvolvlng both onganic and. lnorganlc 1lgand-s wlth
translt ion metal and. t inent-gas true I cat ions. A Chemlcal

Soelety Speclal Publlcatlon by G. Schwarzenbaeh et ^t3 glves

a eomprehenslve tabulatlon of nesults publlshed. up to 1955.*

...... 3-3

1i gand.

relation-

HL+

et e.

and.

The publieatlon of a
announced. ( Speclal

eoverage up
Publ leat ton

to 1950 has been
No. 17)
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Bjemumf s stabillty eonstant measurements have Ied. to
the subsequent measurement of enthalpy and. entropy ehanges

f or association and coond.inat ion reaet ions ln aqueous

solutlon. However, the usefulness of many of these results
ls 1lm1ted.. Often it ls not possible to eompane the results
of two wonker s because of the var i ety of physieal cond.it tons

employed.

3-2 The Letenm-lnation of the FrSe Energy chanee aG

A G i s obtalned. f rom the measurement of the thermo-

d.ynamic equl11brlum constant K" ( equat ion z-5) or the

concentratlon equlllbrlum constant K" (equatlon 2-9).

Y2.1 Potent iomgtrlc method.s

Most of the eommon llgand.s are weak

bases, and. the equilibrlum ( f ormat lon) con"tant s f or metal

lon llgat i on are d et ermined. by measur lng the equll ibrlum

hyd.rogen ion coneentratlon and applying the equations 72,
?3, and. 3-4. Most measurements in aqueous solution have

been mad.e potentLometrlcally uslng the glass electrod.e-

calomel electrod.e system with a pH meter. Often a tltration
method. has been used..

The use of the hydnogen eleetrod"e has not been wlde-
spread. d.ue to tts susceptibllity to tpolsonlngt and. the

need. f or frequent regenerat lon of the Pt-b1ack surf ae ..5 ,6

rt has been used. tn the stud.y of metal succinates, 15c
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malonatesrT'8 and. oxalate"15* ln aqueous solutlon. uslng(r) (rr)
the eell pt,H2 z uldl // s)fricr / u.,,ptE HCl HC1 L

(B=amlne ) wlth half cells I and. II of equivalent lonle
strength to cancel out actlvlty coefficlent terms, Pinsent

and. Everett9 were able to measure hyd.rogen lon eoneen-

trations d.1rect1y rather than hyd.rogen ion aetivitles.
Slnee the total ionlc strength ln each half-eell was equa1,

they assumed. that fHcr ln eaeh half-eell was also equa1,

and. theref ore,

IHir] (rncrrrr, )*
tnil (rircl( r ))*

Knowlng tHi l

Tn= tnl +

EeeIl RT-
=-InF

RT IN
F

t Hirl

tuiJ

3-l+ and.

[nr+] + [nnl+] = the total eoncentratlon of
base 1n solutlon,

and. uslng the nelatlonshlpe

they obtalned accurate coneentratlon equlllbrtum eonstant s

K 1 , K Z f or the eyst ems HCI/1 , 5-d.laminohexane and.

Hcl/1, 2-d,tamlnoethane at severar ionlc strengths.

For syst ems where a hal ld.e or other tnongani c anion i s
the coord.lnatlng 1lgand.r Brr electrod.e reverslble wlth respeet

to the anlon can sometlmes be used. 1 aog. s

' - 8'17'(X-Cl ,Bn) '

Reverslble metal or metal-amalgam electnod.es have

been used. fon some aqueous metal complex systema, e.g. r in
ee1ls of the trrp e2137

Ag,AgX fr- ,
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Metal M

or amalgan M-Hg

BJerr.um and. Nlel"onl S have used. the curH g/cuz+ eleetrod.e

f or stuclles on the Cu( II )--en system. In the above eell the

rlgftt-hand. eleetrod.e may be one respond.lng ind.irectly to the

metal lon. eo ge , R€l11ey and. Schmid.138 used. the electrod.e

syst em,

He/Hgy2-n, lfy 2-n , M2* (y=eata )

to measure the stabiltty of metal (U ) -edta eomplexes, the

applicat lon d,epend.lng on the very hlgh stabillty of the
2.tHg-' eomBlex.

y2.2 Aettvity eoeff lclent assunptlons:

For most systems stuilled. pot ent lometrieaIly, the

quant lty measured, by exper iment t o d.et ermine the solut ion
eompositlon ls the aetivlty of one of the equillbratlng
i ons s e . g. e con:rnonly the hyd.r ogen l on act ivlty .H* f nom pH

measunements. To be able to apply equations of the form

bZ, j.-3, and 3-l+ to the system when d.erlvlng formatlon

constants, lt ls necessary to convert the measured. lonle
actlvlty al to an lonlc eoncentratlon I i] by means of

ai = [i] fi

where fi is the hypothetieal lontc actlvlty coefficient of
the specles 1. Thls ls so even lf a thenmod.ynamie stabll ity

R eference

e1 eet rod.e

Metal salt
Ltgand,

Inert electrolyte

t__
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constant (K*=K.fn(fi)) r" belng d.etermined. because, except

ln extremely dlIute solut lons, lt ls not correct to assume

an ad.d.it ivity of actlvit les, o. g. ; Tlt \ .n**.nl** r^n2L2+

It ls not posslble to wonk entlrely ln terms of actlviti-es.
At aome stage ln the calculations lt is necessary to make an

assumpt ton regard.ing the f orm of the empirieal act lvity
coefficlent term.

Dilgt e solut ions: Few workers have used. solut lons suff i-
ciently d.llute ( < o.oo5 molar) to a1low the use of the

1lmlt lng f orm of the D ebye-Hiickel equat ion ln eal eulat ing

actlvity coefficlents. 1 ot 1 4

The Dayiegl-Equat io*, 1 1 This empirical equation fon

aet lvity eoefficients

-loef = Lz zv++ pI (B=0.2), ..o.o.... 3-5

has been used. frequently for systems with uni- and bivalent
ions .1 '8 '12'13'15 rt has been shown to be a reasonable

approxlmatlon at low lonlc stnength.. S Davi""1 1 consid.ered.

the equatlon to be aceunate to withln 2% tn solutlons up to
0.1 o molar lonle stnength. Although the equation was

d.enlved f on solut lons of pure electrolyt es only, lt has ln
centaln systems of mlxed. electrolytes Ied. to thenmod.ynamie

( t actlvltyt ) equllibrlum constants K* ln good. agreement with
those obtalned. by extrapolatlon of log K" to zero lonie

Rstrength" ( equat lon 2-9) ,

1

7E
1 +fu

Recently it has been shown that the Davles equatlon
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wlth the emplnical constant p =0. JO ls a bett er approxlmat ion

for most pure eleetrolytes studied. so far,16
The Gugsenhelm Equat lon: Thl s equat ion f or the aet ivity
coefflelent of lons tn mlxed. eleetrolyte systu*"18 has had,

little appllcatlon. fts use is cunibersome, requiring a

knowledge of the aetivtty coeffleients of all the component

lon palrs when in pure electrolyte solutions of the same

total lontc strength.

The pnesenee of lnelI_eleetrolytes: Most measurements have

been rnad.e 1n solut lons contalntng a relat ively hlgh con-

eentration of tinertr electrolyte. Commonly used. electro-
lytes are KNO3, KC1, and. NaC104 ln the coneentration range

0.1o to 3.amL. ft is assumed that the Iinertt ortsupportt
electrolyte d.oes not tinterferef wlth the speeles being

stud.led r and. that actlvlty coeff lelents remain constant f or

d.ifferent eomposltlons of the equllibnating sBecies. For

the purpo se of compari son lt has been assumed. that the t enm

Rr( i nrlnf, i nrlnfl) (equation z-B) ir constant ln
sueh systems and that the term -RTlriKc ls then a d.lreet
measure of the stand.ard. free enengy change, AGo.

3-2.3 Extrapolatlon teehnique

Thls proeed.ure r us lng equat lons Z-8 and. Z-9

AGo = RTlnKo = Lt [nffnX^]ct (r+o)- (;J

has leit to the most nellable K, and. AGo values when the

sol.ut lons used. eontaln an inent el eetrolyt e and. are not



suff iciently d.ilute to make valid. the use of the D ebye-

Huekel or Davies eguatlon. However, the extrapolation
method. is only re11able lf K" ls detenmlned. d own to 1ow

tontc str.engths, f
lonl c

f orms:

Ref . 9

20

9

22r 23

22-25

Curves fon the extrapolatton of K" to zero

strength have been found. to f it equatlons of the

16Sa = 168Ke+ oI

lega = le4e + o' ,t /(r +r* )

1og pn = los p; + Ar + 
"t3/z 

+ erz

logFn = logP; + A'I* + BrI

whene = *".1 . K"z' o ' ' *"r, ,

and. all the o ,

1lbnlum system.

*a., ' **r' ' ' ' **r,

A, B, C are constants fon a glven equt-

3-2.4 Speet_noseooLc method.s

For coloured complexes the coneentratlon equlltbrium
eonstant has sometimes been d.etermlned, by vlsible absonpt ion
spectroscopy. Thls method. has an lnlrenently Iow aeeuracy.

It has been used. to stud.y equlllbnlum formatlon eonstants

of the tetrameen complexeg of cu(rr) and. Ni(rr).5 The Job

Contlnuous Varlatton Technlqueh 1s very useful ln d.eten-

mlnlng the stolchtometrlc compositlon of colouned. coond.t-

natlon compound.g.

pn

9;
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3-3 The Measurement o.f the_Enthalpy Change AH.

Enthalpy measurements have been limited. mainly to the

neact ions between llgands and. protons and. the ions

Iun(rr)-zn(Ir), cd(rr;, Hg(rr) and Ae(r). rnparttcular,
react ions lnvolvlng ehelat es have b een stud.i ed., €. g. I

polyamines: ethylenediamirr" r4l d.iethylenetniamine, J9

trlethylenetetrami n" r38 etc; d.ibasic eanboxylie acld.s:

oxalate rl5^ sucelnate rl5b etc.

AH has been obtained. by two method.s.

3-3.1 (A) The J-elrEreratur_e .coejfJc_1snt_ of ths
e.ouillb$um_ cons_tgrlt: From equation Z-19 t

AHo = z.3oFr2( arogr.a/ ur)r,Dk

( a Lo6a/ O T )p.rr. at 25oc, has been obtained. for some systems* t"k
by measurement of K* at temperature intenvals of 5-l1oc
above and. below z5oc.7 19 rlor 26-29 The temperature coeff i-
cient ls equal to the slope of the curve le$a vs. r ( o.t 

)

when T=29BoA. When AH varles appreclably wlth temperaturerT

1og K" can be obtalned. ln terms of parameters a, b, and. c by

flttlng at least thnee values of K. to the equatlon

ls$a = a + bT + cTZ.

Thl s glves AHo = Z. 3o5ur 
2 (t + 2cT ) . 7

NasanenZS obtatned. for the copper-1 )z-dLaminopropane and.

1 r 2-d.iamlnopropane-perchlor tc ac id systems , a reLat lonship
lp$a = AT-1 + AZ + AjT, whence AHo = Z.3OIfRtL.' -arf 2).

The aecuracy of the stab11lty constants has not
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always Justtf led. this treatment. Rossott i51 states that the

preciston of AH values obtained thls way varles by J0.4 to
+2kca1sr/mo1e. Such large errors have rend.ered. AH values

unneliable for comparisons. For the ICo(tnen)]2* complex a

d.lserepancy of 4.7kca1sr/mole arose between the tempenature

eoeff ielent value and that obtained. calorlmetrica1ly.32 In
some cases however, use of a suffielently lange temperature

range has yleld.ed. AHo values in good. agreement wlth those

obtained. by d.ireet heat measureme nt.12

3-3.2 (g) Ca.lorlm-etry: The use of constant temperature

environment calorimeters 1s now wid.espread, .3'12,13'19 '33-41

Temperature changes are measured. accurately wlth
thermistor", JO '33'37 '42'43 r'|esistance thermometers

(pt, co)& and. nnrltl- junction thermoeoupl"".12 Errons of
< O.51( ln the reproduelbll1ty of heat measurement s , are

read.lly obt alned.. f sothermal cllphenyl- oxld.e

calorlmeters45-47 and, a t-butyI aleohol calonimetur4S have

been clescr tbed..

3-4 The Measlnement_of the_ EnjLropy Chanee 4E

AS has been d.etermlned by two method.s.

3-4.1 (.q ) U sinq- th.e GJbbs-He]$hoLtF Eqqgtlog: AS may

obtained. from the erq)erlrnentally d.etermlned. free energy

enthalpy change for a reactton accond.ing to the Glbbs-

HelmhoLtz equatlon,

be

and.
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AGo = AHo TASo.

The term T A So usually occurs as a small d.lff erenee between

the othen two experimentally d.etermined. quant it ies .

Theref ore the aeeurat e ilet ermlnat lon of ASo requires very

aceurate AHo and. AGo values.

74.2 (g ) The tennoelat.e cgeff is:ient mgthgd.: From equation

2-21 ,

aso = (aLeo/u1)r,
.-) n 9.

Ui'lren ls$a = (a+bT+cTz), then ASo = 2.3O5R(a+2bT+3e[z).

Only when there is a very large temperature coefficlent (fon

the free energy change) "ar thls lead. to more rellable
result s than those obtalned. using erpenimental enthalpy

valueg.

3-5 The Relat-i-o-nshlp of the Stgte Functioryr AGa AII3. Ad
to thsr_Stlu_c3uJ'e of Complexes. ln Aqugous Solutlo4

1-5.1 The flee energy_ change

For a metal lon ligation reactlon 1n aqueous solution,

-RTlnKa ls a measure of the free energ'y change when water

moleeules coordlnatlvely bound, to the metal lon are

replaced. by llgand. molecules or ions:

Iu(nzo)*)'* +t(aq.) = lrrr(nzo)*_yL]'* +yneo

For eaeh step-wise equillbrlum e)qpresslon lnvoLved., thene is
a fnee energy ehange, a state funetlon, vLz.s
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AG?

^c3

AC;

^ 
c?-r, .. +AG;

( see

-RTt*".,

-RT1nKa2

-RTlnKan

aci+ac;+. = RTI'K *1-n

equation 2-9)= -Lt I nrlffi". 
_J(r -+ o)

The K* values have ln several ways been nelated, to the

structures of complexes and. the natune of the 1lganils.

(") The ratio oL su-e-c-eslrJve-lfgJmatto.n constants:

The ratio betwee. K* and. K* ,, or K. and K. (see for
n *n+1 "n "n+1

example equatlons 3-1 and y2) nas been e)qpressed. statlstlc-
aIly 1n terms of the numben of eoordtnatlon sltes t occupledf

and. rfneet ln each eompl"*. 1 ,54 rf N 1s the maxlrmrm

eoord.inatton number of a metal ion with respect to a gJ,ven

llgand., then statistlcally,

I rul"l

I MLr,_. (nro )3. ] trl

and. aaaaaaaaoaaaaaa aa a aaa a 3-6

Thenef ore, logl(cn = togtel + logl{ los eF!)
Thls equatton lgnonee the orbltal- synunetry ln the ground.

state of the metaL lon, the d.lfferent bond. strengths of the

metal-llgand. and. metal-0H, bond.e and. the lncreased. or
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decreased. nepulslon between adjaeent 1lgand. groups as suc-

cessive water molecules are neplaced. 1n the coord.lnat ion

sphere. The equation

1oS,. = lod(^ 2 )r (n-1 )"n "r

has been shown to be va11d54 for some metal lon complexes

wlth lonic and. neutnal ligands. I ls an emplrlcal constant

charact eri st i c of each syst em (n ef . 31 r p. 14 ) .

The nelatlve ord.er of rnagnitude K 
^"r "rr crr r

is favoured, statlstieally (equation 3-6) and ls generally

valld.. Some reversals have been observed. and related. to
sud.d.en ehanges of bond. type or orbital hybrid.l sat lon with

changes ln the coord.inatlon sphere. For example,

Ir'rr (tetrameen) (Hzo )r*] 
t* is an octahed.ral paramagnetle ion

(weak f leId.) wh1le I rqi ( tetrameen ) r]'* is a square-planar

d.1amagnettc1on(strongfie1d.)and.thereforeK.o>
"rr er

Thls ls beeause of a change in multlpllclty of the ground.

state and. a related. increase in bond. strength and crystal
fleld. stabllisation energy in going from the mono to the

bls complex. slmtlarly for the Fe(rr)-2rzt-dlpyrid.yl and

1 ,1O-phenanthrollne complexes, the bis salt frelr( aq ) ]2* is
spin-free (weak f leld. ) while the tri s salt 1r"e, J 

2* ls spln-
palned ( strong f lelit) and. K^-TTI *II
crystal fleld. stablllsat1on and. lncneased. metal + nttrogen rE-

bond.lng ln the tnis salt.
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(t) TheJelatlonship b-etlqgeq eomplgx stablllty and

11san4 !-asjci-tJ: AGo may be expressed. 1n tenms

of an t average t f ormat ion constant o*r, 5t where lo$av=
1-
# lo8l(*r. . . loS*U and. AGo*rr= -RTlfrr, ls the average

stand.ard. free energy change per llgand. for the coordlnation

of N ligand.s to a glven metal ion.

The ratlo 1o8I( 
^.,/tod(rT'+, 

where *LH* is the f ormation

constant for the neutrallsation reaction
H+ + t = LH*,

has been found. to be approxlmately eonstant for a given metal

lon wlth slmllar 11gand.s, when fon each type of complex,

the bond.lng f orees and. tnt er-1lgand. f orees are es sent la11y

the 
"rrn". 

51

( e ) f nter-l-i-gand. f orces: The repul slve f orees between

adJ acent 11gand. groups may, fon a glven s5rmmetry , inerease

with the bulk or the change of the llgand. For example, for
a serles of metal eomplexes of N-a1ky1 ethylened.lamlnes

RNHCHZCHdffieT the lnteractlon between adiaeent 11gand. groups

in a coord,lnation sphere increases wlth the bulk of the

aIkyI group R.55 '51 There is arso an increasing repulsion

between the Ilgand. groups and. any water molecules ln the

coord.lnatlon sphere. The net effect is to d.ecrease the

metal-llgand bond. stnength and. the thermod.ynamle stab11lty

of the eomplex.

As a result of thls steric hlnd,nance and. allled.
effeets, lt has been found that log(K^ /N^ ) hcreases for-I "II
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the cu(II) and. Nl(II)
d.tamlnes RNHCH,CHZffiZ

eomplexes of some N-alkyl ethylene-
56 '57 and. some NN t -d.lalkyl ethylene-

d.lamines RNHCH'CH|Nffi 35'58 as the bulk of the group R is
incneased., even though the baslcity and therefore the elec-

tron d.onor power of the ligands remains essent ia11y constant

wlthin each series. The ratio togJ(-^/to$** d.eereases

wlth lncreaslng bulk of the a1kyl group R for each of these

serles of nitrogen-substltuted ethylened.iamtne-Cu( f f ) and

Nl(II ) complexes.

(a) The metal lonls-a-ttory p-ote$t lal : The stabllltles
of some complexes ln aqueous solut lon have been related. to
the gas phase lonlsation potentials I of thein metal

eomponent s by

le$c = p(r q)

whene p and q ar e emp ln i ca1 c onstant s dep end.ent only on the

ligand. for a glven temperature and. solvent.59 Other d.irect

correlatlons of stabllity wlth ionisation potential have

al so been mad.e .6o-52

3-5.2 Tle entlralpv chanrre AE

The values of the heats of metal lon llgatlon AHI

measuned. f on reaetlons ln aqueoue solutlon are the net heat

content changes when coord.lnatlvely bound. waten moleeules

are replaced. by llgand. molecules or lonsi aog.s

[u(nro)*]?ln) * nt(aq.) + lutrr]?lnl . szo . . . aHL ... i-7
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AHf, ts a measure of the strength of the metal-llgand bond.

in the complex relatlve to the bond. strength of the metal-

OfrZ bond. in the aquo ion. AHL also takes int o aeeount the

relative crystal field. stablllsation energies and solvatlon

energies of the complex and. aquo ions, and the variation 1n

lnter-llgand. repulslon fonces with subst itution ( sectlon

3-5. 1 e ). For the amine complexes of the dlvalent ions

un(f t)-zn(ff ) t - AHl, has values of the ord.er of 4-5kca1s,/mo1e

for each metal-nltrogen bond formed. ,32'41 These values are

very smal1 compared. wlth the I absolutet enthalpy changes

expected for llgatlon in the gas phase.

Metal-ion ljlqation in_the gas phase: For the reaetion 1n

the gas phase,

*?*rJ + rrl,(g) '+ *"fl) . . . an(g) ...... i-B
TE

AH(g) 1s mad,e up of three terms : the coord.lnate bond.

energy, the erystal f1eld. stabillsatlon energy for the

complex Mtrrt!; and, the lnter-ligand, repulslon energy.

A H ( g ) can not be measured. elqrertmentally.

The enthalpy of hyd.rat ion of a gaseous metal ion,

AH":

*?;) * rcll2o(1) -+ [u(nzo )*]?lq) . . .aHH .. . yg

ean be obtalned, e:rperlmentally a s the surnrnat lon of two

energy terms (ner. 63, p. 414):
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u"*(go) + "uf e) + tu(s) . . . -Hp'*

u(s) + 
"]f+(aq) 

+ treo -) tr-l(Hzo)*J'*(rq) .6 nr(s) . .aHF

..... 3-1O

A H' = AHf Hp'* because, by conventlon, the stand.and.

heat of formation of the hyd.nated. proton ( as in equation l-10 )

ls set equal to zero.5l+ Because of thls conventlon the

AHtt value obtalned ls not absolute. *

Comblnat lon of equat lons 3-7 and, 3-9 gives
z+

M (g) + nr,(aq.) + [Mtrr)'*(aq") . . . AIIcom

and AH*o* = AHI + AHft

AH"o, approxlmates to AH(g),

AH"o* = AH(g) + AH"oln(urz+) - naHsorn(L)

F'on a given metal lon wlth slmllar llgand.s ( g"seous ) , the

heats of solution of the llgand and. [ *rr] "* have been

consldered. approxlmately invaniant. Thug Geor gu55 has used.

AH"o* as a measure of AH(g) for eomBarlson purposes.

These conslilerat lons have been sulrunarlsed. ln the f ollowlng

energy cyele ( af ten George and. MeOlur u63),

* Hydnatlon enengles AHlr ean also be estimated. from the
lattlce energlee and. rr heats of eolution of salte. The
heat of solut lon of the anlon plus cat ion Bo obtalned.,
ls empllrleally separated. lnto two component terms, one
for each lon, by eompartson of a serles of salts
contalning a comrnon anlon or catlon, Hene agaln the
detenmlnatlon ls not absolute.
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z+
M (ev) +

-nA Hsorn(r, 
)

+n a, (L )

Mz+ ( gr) +

IMLr., ]'* (e)

t'
| ^ 

H soln(Ml'

J
lur,rrJ "* ( *q)

nl(e)
+

I

I

nL(aq.)

o nlr)

A H"ot
+

z+)

( on"o* = Atr* AHr, = AH(e)* AH
soln(Mri*) 

* tt' (L)*nA H"oln(l))

where I 1s the lat ent heat of evaponat ion f or a 1ic1uld.

llgand.. Alternattve ways of formulatlng thls cycle have

been adopted ln various theonetlcal dlscussionsJst4S '94
Desplte thelr llrnitat ions as outl ined. above, the

erperlmental values of AHI glve much lnformatlon about the

structure and" bond.ing in coord.lnation compound.s. For example,

( a ) Tlie $tnucture of complex lons jn aoueous solutl_on:

The magnltud.e of AHI d.epend.s ln part upon the relative
number of water molecules end,othermieally l iberat ed. per

Ilgand. group coord.lnated.. For exampl,e, the aqueous zn( rr )

ion 1s pnobably six-eoord.inate in solutIonrTT Lzrr(Heo)61'*.

rn complex fonmatton the zn(rr ) ion often adopts a four-
eoordlnat e tetrahed.nal structure tn whleh lnter-llgand
f orees al:e mlnlml sed.. Thus two of the water moleeules which

are end.othermically llberated. ln eomplex formatlonr hBX not

be neplaeed ln the coord.lnat lon sphere by llgand. d.onor

atoms. As a result, the aHL measured. has a Low negative

value and. A S a high posit lve value. For example. f or the

eomplex lon lzn(trlen) ]2*(aq), the values AIt=8.9Okca1*{nole
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and. AS -2 !. Oe. u. have been taken to lndi eate that Zn( f f ) i s

probably 1n f our-f old. ( tetrahedral ) eoorcllnatior. 58

(O ) The d.onor power of nltrogen at oms : The ord.er of
baslcttles prlmary nltrogen groups 

= 20

result of thelr relatlve heats of neutralisatlon. For

example, the aHt values for the pnotonatlon of mono-, d1-,

and. triethylamlne are 13,O9, 11.85 and 8.81keals,/mole

respect lve1y, 50 and. f or the d.iamines 1 ,2-d,La.minoethane ( f o 
)

and. plp erazlne ( zo ) 1i .g1 41 and. 10. 1 719 kealsr/mole

nespeet 1veIy.

For the nltrogen pnotonatlon of some polyamines

Paolettl et .1.19 found. a llnear relatlonshlp between AHt

and. the ratto (n ) of the nurnben of 20 nltrogen atoms to the

total nuniber of nltrogen atoms ln the amine , vLz. , 1 ,z-d.L-

amlnoethane R=O , AH. = -'l1 .91 kcal s/mol";41 d.lethylenetriamine

R=o .33, aH1 = -1 1 . 2okcal s/moru i121 trlethylenetetramlne
R=O .5O, AII.| = -11 .Ol kcal s/mol", 19 and plperazlne R=1 . O e

AHt - -1 O. l lkcalsr/mol ,.19 It was d.ed"uced. from the

nelatlonshlp that the monoprotonated. lons Hd,l"rr* and.

Htrlen+ exlst ln two tautomerlc forms, one protonated. on

the primary nltrogen and the other on the seeondary, ln
almoet statlstieal ratlo. It was eonelud.ed. that the

baslcitles of the 1 
o and. 20 amlne groups ln these poly-

ethylenepolyamtnes are nearly equal. However, the pnesenee

of a 20 or 30 nltrogen atom 1n a ehelattng group (e.g.,

trlen, tren respectlvely ) genenally lowers the value of A Hf,
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rel at ive t o that f or the corre spond.ing ethyl enedi amine

complex wlth the same t otal nunrber of nltrogen donors

eoond.inated.. For example, tn the mono trt"rrJ8 and mono

t*rn32 complexea of un(rr) cu(rr), (four nrtrogen atoms

eoord.lnated ) AHI is J. O to 4. 7kcals/mole lower than f or

the correspond.ing bis ethylened.iamine eomp1exe" r 
40 although

Paolettl et a1. consid en that this ef fect may be due in pant

to straln 1n the ad.d.lt ional chel-ate rlngs .32

3-5.3 The entropy change AS:

The entropy of an atom or molecule is a funetion of
1t s mod.es and. freed.om of motion, internal and. external .97

Any assembly of n atoms has 3n d.egnees of freed.om

(O.p. ); three are translational , and for non-linear poly-
atomlc molecules, three are rotational and. 3n-6 vtbrational.

A coord.lnated. water molecule has of lt self no trans-
lational D.F. i lt has three vibrational D.F. and. three

1lbrat1ona1 ( see p.22s). (The three llbrational D.F. cor-
respond. essent ia1ly to hind,ered. notations of a t free I water

molecul u.96) l" a group Lt also has one vlbratlonal D.F.

with respect to the metal ion (ftA-O stretehlng mod e ) . When

the coord.inat ed. waten molecule i s d.lsplaced, f rom the metal

lon and. t f r"eed. t it loees one vlbrat ional D. F . (M-o streteh )

and. the llbnatlonal D.F. wlth respeet to the metal lon. It
gai,ns three D.F. of translatlon and. three of rotatton.

Upon eoond.lnatlon a llgand. loses three D.F. of trans-
latlon, and ln the case of a ehelate its vibnatlonal D.F.
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are altered. and its rotational D.F. (a11 or some) are lost.
One new vibrational D.!'. (ttl-tlgand stretch) 1s galned. per

metal-1lgand. bond. formed..

The entropy change for a reaction d.epend.s on the re-
d.lstrlbution of the d.egrees of fneed.om within molecules and.

ions as they comblne to form new compound.s.

Certaln speeific factors lnfluenee the AS in complex

f ormat ton.

(") The coond.iJratljrn nlrmber of the comglex: Fon a

reaet ion of the type

frra(nro )*trr- j)'* + L = lru(nzo )*-/rr]"** yHzo

AS generally d.ecreases wlth inereasing values of rrlo '77
Thls has been explained. statistieally by considering the

nrunber of sltes available for coord.lnatlon by eaeh suecesslve

d.onon atom. 1 '93
(l) Interaetlons wtth the solvent: The entropy can

be conslilered. as a measure of the ond.er or d.isord.er ln a

syst em. An entropy incnease aecompani es increased. dl sorder

or randomness ln a system.

Thene ls evld.ence that for an aqueous lon of mod.erate

st ze , the lnnen coord.lnat 1on sphere ls surrounded, by a
reglon lees ord.ered, than pure wat"*.84 Thls region arlses
fnom eompetltlon between two lncompatlble stnuctures, those

of the prtmary coordlnat lon sphere and, the bulk of the 11c1u1d..

As the rad.lus of an lon of glven eharge d.ecreases, tt s
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power to polarlse and. ord.er the solvent ln its vicinlty
incneases. This ord.enlng d.eereases the entropy of the

solvent. The spattal extent of the eloud. of ord.ered. solvent

molecules about an 1on d.epenils on the radlus and. charge of

the ion. For example, the entnoples of equally eharged.

ions increase with ionic size beeause the power to polarise

the solvent d.ecrease^ /ao z 4e.u. r So + 14.4e.u. e.' t"Li* )o 
Na

S-?* 2l+. 1,€. -- '-o n
K . u. , oRb* z9.7e,ur r s: + J1 .8 elu. 90--att relative0s'

to S-:* =0e. o. 89 
) . Slmilarly the entroples of ions lnerease

H-
wlth d.ecreaslng ionie eharge ( sl. * -71+.pe.u. , s.] e* -28. 2e.u.,

AI'I - 
Mg

s: + 14.4e.,r. 99 A catlon has a gneater ord enlng eff ect onNa'
the solvent than d.oes an anion,

In metal ion ligation reactlons, both the effecttve
nailtus of the metal lon coord.ination sphene and. the effectlve
(peripheral ) eharge of the metal ion may be altered.. The

resultant change in the ord.ering of solvent molecules w111

contnlbute to the measured. entropy change.93 Entropy

changes for ad.d.itlon of ligand.s beyond the f irst arre smaller;
thie may arlse from a d.eerease in solute-solvent tnteraction
with d.eereaslng posit 1ve charge of the complex lon ( e. g. ,

ItJ* + JF- 92) , or from inereaslng slze of the solute when

lange llgand. moleeules ane used., (e.g.r Mn(II), NI(II),
Cu(rI), zn(rl) + "r,40 

or zrz'-d1pyrld.y177).

However, Eley and 8.r"r"85 1n considerlng the

hyd.rat lon of lons, stated. that the eff ect of eoond.lnat lon on

the movement (vlbratlon, libration and. lateral translation)
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of the Ilgand. (HeO ) fn the prlmary coord.lnation sphere makes

the maJor contributlon to the aqueous lonie entropy. Their

angument was based. on a ealeulation of the energy terms

involved. They noted. a eorrelatlon between AS fon the

solution of a gaseous ion, and. the eleetnostatie bondlng

energy between the ion anil the fraetional eharges on the O or

H at oms of wat er ln the pr imary eoond-inat i on sphere.

Yat siminskl i9l+ not ed. a slmtlar correlatLon. The entropy of

eomplex formatlon ts primarily determined. by the energy of

hyd.rat lon of a central ion. 9l+

Tbe eontributlon of T A So to the total free enersy ehanse.

For ion-assoclat ion react j-ons the T A So tenm i s usually very

important and. may d.etenmine both the sign and. magnitud.e of

AGo sinee AHo is usually small, cf., Table 3-1 . When

both the eatlon and. anion d.onor atoms are read.ily polarised.,

the bond,lng f orces and AHo f on ion assoclat lon lncrease and.

T A So becomes less slgnificantl J e f. , Table 3-2.
Fon the reaetlon of neutnal ligand.s wlth the lons

Mr(f f )-Zn(f f ;, AHo values are generally much larger than

for lon-pairlng reactions and. the value of the tenm TA So

eontrlbutes only slightly to the value of AGo . 39 ,l+1 €. g. ;

for the reactlon

Inr(Hzo)A?*("q.) + en(aq) '+ [r.rr(Heo)4(en)]2*(*q.) + zlzo,

A Go = -1 0. 5Okeal s/mole , A Ho = -8. 90kea1 s/moLe and.

T A So = 1.5okca1s,/mo1e. 40
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Ag ( kcaLS/m_ol.e \ TAs (tc.egr-sznc]_e \I on rralr
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13. 3
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Bn

I

4. 8gO.l

1 0.6+0.5

1f .6aO.J

5. 13O. t
2.73O.)

o.9Jo.9
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Exceptions to this generallsatlon arise when a chelate group

replaces more or less than its equlvalent number of water

molecules from metal ion coondlnat ion sites. c. g. e f or the
1 : 1 reaction of dien with lzr,(Hzo ) AJ'* (.q) , a lange

poslt ive T A So (+5. 55kca1sr/moIe ) eoupled with a relat ively
low AHo (-5.45kca1s,/mole) ind.ieat*rJ9 that d.len may be

replacing f ive water molecules f rom the lZn(HZO ) Al'* lon to
t),

glve the four-coord.lnate ion lzn(Hzo ) (aie^)]fdq).

The J'Slat-ion-sJalp-lgtlreeg-3 A So- and. -AHo. A linear relation-
ship exists between these functlons for the hydration of

gaseous 1orrs85 and. f or many cases of iorr paln f ormat ion in
aqueous solution'1oo the latter lmplies that both AHo and.

Aso may vary as the lnvense of ,Mr* (".g., Refs. 7, 156).

tr'or react lons lnvoIvlng neutral ligand-s no such relat ionship

has been observed.. For reactlons between 11ke metal lons

and. large polyd.entat e ligand.s, AS may remain essent ia11y

constant wh1le AHo varies consld.erably. €. g. , for the

rnono trien eomplexes of un( Ir )-cu(rr ) s - AHo increases

regularly wlth atomle number from 2.7kea1sr/mole for Mn(II )

to 21 .55kca1 s/mole f or Cu( f f ) while T A So remains ln the

nange (5 .7ao. 9 ) kcal s,/mol". 38

(e ) The-Shelate ef f ect. This is the observation that
for the fonmatlon of metal ion eomplexes wlth bid.entate

Ilgands, AGo and. theref ore the f ormat ion eonstant 1s

generally greater than fon the eomplexes eontainlng an

equlvalent nuntber of the eorrespond.lng monod.entate ligand.
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molecules. e. g. I this is shown f or the palrs of llgands:
2 r 2t -dipyr id,yl 1 22 > pyr id,lne ,2 '53 en

2

"nZ
malnly an entnopy effect ( A So more positlve for
chelat ion ) .26 ,53 For the Mn( II ) and ZI(II ) tons , with no

cnystal fie1d. stabilisatlon energy 1n thelr eomplexes, it is
almost ent irely an entropy eff ect .53 Fon other transition
metal ions there may also be an enthalpy effect ( A no more

negatlve for chelation), at tlmes qulte slgniflcanto €.g. r

for the aqueous reaetlons:

Iu(unl)r.]2* + !("") = [u(en)n/z]z* + nNH3,

M = cu(rr), Ni(rr).65"123
The Bame obsenved. chelate ef f ect arl ses between

poly- and. bld.entat e 1lgand,s. For exampl e , f or the f ormat lon

of the aqueous complexes [u(tren) (aq)] 2*, M=Mn(rr 1-Cu(rr ),
A go ls positive and. p-2Oe.u. greater than ASo fon the

eorrespond.tng lrrl(en) r)'* lons ,32r4o although the - AHo

values are conslstently s11ght1y lovrer (partly due to the

presence of a 30 nltrogen d.onor in tren).

3-6 Bondlns Theolples for Coor4inatlon Conrplexes

3-6 .1 The crystal f leld thegry

This theony assumes that the lntenactions between a

metal lon and lts surround.lngs are purely electrostat lc and.

between polnt charges and. d.i.poles. The metal ton electrong



39

are eonsld.ered. to nemain tn essentially metal lon onbitals.
( 
" ) TIre eryst al. fJeld. staLll_lsaj i on_enerjlv . C.J'. S_. E.

The approaeh of say six octahed.nally arranged. ligand. dipoles

or eharges ( cubic f ield.) to a transition metal ion l1f ts the

f lve-f oId. d.egeneracy of the d. orbltals. The d. electrons ean

pneferentially occupy the lower energy levels fonmed., wlth a

net gain ln stability with respect to the hypothetical lon
of the same slze and. 1n a spherleally synrnetrieal field..
This net galn ln stabillty ls the C. F. S. E.

Fig. 3-1 shows the erystal f le1d. energy 1eve1

dlagram for a d.2 ion in a cublc field,. The crystal fteld.
spllttlng A equals (E( 

"e)-E( rzg)) f or a eublc f 1e1d.. For

any transltlon metal ion 1n a cublc field., the C.F.S.E

= (0.5n"-o.4nt) , where re and. nt are the numbers of
electnons ln the ug and. trg orbltals neBpectlvely. The

value of A varles wlth the cublc fteld, eomponent, i. €. r

with the d.onor power of the ligand.. The nelative values of
A for the comnon llgands are summarised. in the spectro-

chemical serles: A for CN-

dipyr

Hoo1 Z r+ )
Br-

For weak f teld.s (poorer itonors) the lower and then

the upper d. orbltal energy levels are firstly oecupled. wlth
electron splns paral1e1 before palnlng oceurs in the lower

energy 1eve1 ( spln-free state ). For stronger crystal
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Fls. 5-1 The Crystal F ielil D lagnam

Cubic F le1d.

o.6 a

fon a dz fon in a

eg(d*rx"-yL)

1.1( d xyr 
^-, 

y.)

dr \ L
t

oi4a
sphericolly

sy mmetric

f ield
c ub ic f ield

f lel-d s A ls often large enough to alter the multlplieity
of the ground. state as found. tn the gaseous metal lon. Thi s

anlses lf the gain in C.F. S. E. thnough an electron tnansf er-
ring to a d. orbltal of lower energy ls greater than the

eleetnon palnlng ".*"gy* P nequlred. f or the ad.opt lon of a

spln-paired. state. For example with A=1, 10-phenanthnoline

or 2 12' -dlpynid.yI , I r'"A2 (Hzo ) uJ'* ls spln-free wtth f our

unpatred. electrons (panamagnetfc) whlle 1r"e,J2* is spln-
patred. ( atamagnet i" ) . 

55 A net tnerease ln ltgand d.onor

power from the bls to trls eomplexes, lncreases the crystal

I Electnon pairing energles for gaseous lons are obtalned.
from atomlc speetra.
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field. splitting of the d. electron energy leve1s to make

A

For strrnmetrieally t occupled. t d.o electron con-

f lgurat lons (c a2*, s"5*, T 1l++ ) , d5 electron conf lgurations
(weak f ield. Mn2+, tr'"J* ) and. dl o eleetron corrf iguratlons
(cu+, znz*), the c.F.s.E.=(o.5nu-o.lrnr) a = o.

Although a smaller term than the enthalpy of Ilgation,
the C. F. S.E. iB often suff iciently signif lcant to d.etermine

the strueture and,/or coordinatton nurnber of a complex. Fon

example, ln a strong ligand field. the NI(II) ion may ad.opt a

f our-eoordinate square planar ( spin-pair.ed. ) eonf iguratlon; a

slx-coondinat e Nl( II ) compl ex would have a hlgher bond.ing

energy, but this stability would be offset by a lower

C.F.S.E. For Zn(ff) complexes a zero C.F.S.E. term makes

lnt er-ligand. repul sl on a er it ical f act or d,et erminlng strue-
ture; Zn(II ) often ad.opts a tetrahed.ral eoord.inatlon

conflguratlon although this conflguration has a low erystal
fielcl strength companed. wlth octatredral or square planar

conflgurat 1ons.

(t) The epectro.scoplc C.F.S.E. ( O"n""). The energy

change A f or, an electron translt lon between the rg and. t rg
levels tn octahed.nal- translt lon metal complexes can be

obtalned. d,lrectly f rom the vls1b1e, near U. V. or near f .R.

absorptton speetrum (togr'e + O-2), except for d4 and d9

ions for whlch Jahn-TeI1er d istortions rmrst be eonsid.ered.

(l-5. 1f ). Thls A"p"", when corueeted for eleetron
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palrlng energi€s r is a d.lrect measure of the C.F. S. E.

(c) The thermod.ynamle C.F.S.E._l_LtI): Thts is the

enthalpy d.lfference between the A Hl value observed. for a

metal ion ligatlon reaetlon and that value

smooth tnt erpolatlon of the A Hf, values f on

and. zn(II).

A Hf obtalned. by

ca(rr), Mn(rr),

Ca, Mn and. Zn(ff ) eompounds have no C.F.S.E. and. the

A Hl values for their formation inerease approxlmately

linearly wlth atomie number. The lnerease parallels a

d.ecrease in lonl c nad.lus and. an aecompanylng lncn ease in
l oni sat ion energy , I,, +I ,.68 In the absenee of crystal
fleld stabllisation, the ligatlonal enthalples for the ions

Ca( II ) -Zn(f f ) would. be e)eeeted. to increase negularly wlth
d.ecneasing ionlc rad.ius, and l-ie on a smooth eurve ( A HT )

through the ca(II ), Mn(II ) I and Zn(II ) AHI values. In Fig.

3-Z, the A Ht curve and. the heat s of hyd.rat i on A HH f or the

dlvalent lons of the flrst-series transitlon metals are

plotted,. For eaeh atomte numben r 6H= AHt,- AHT.

The cnystal f ie1d. theory d.oes not requlre that - A Hf

values should Ile on a stralght 1lne, but that they should

inenease steadl1y with d.ecreaslng ionic nadlus. The values

( anr- A"nu") (or €.g.1 ( AHn- A"p""), Fig. 3-z) rre sllghtly
above the lntenpolated AHf values, showlng that OH is only

an approximate measure of the C.F. S.E. The d.lfference
( AHf- A"p"") - AHf, has been associated wlth the sma1l
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FLg,.3-2

600

d.ecrease ln l onlc

whleh aceompanles

o
6
E
o
o
u
.v,

Ir
I

Hyd,nat ion Enthalples f or i[iva]- ent lons of the
Finst Serles Tnansition Metals.

Er

I

Expcri m cntol AH"

(aH" - A.p.o. )t

nadtus and. subsequent lnerease in A Hl

the loss of d. orbltal degenenaey .7O

(a) E
Fon the elements Mn(II) zn(II), Er

Eo(Mn(rr)-zn(rr)) = ( an',Qn(rr)) +

ls d.ef ined. by

A Htt (zn(rr ) ) )

( aHl(un(rr)) *

= AH"o*(zn(rr)) - A

AHlr(un(rr 
) ) )

Hcor(un(rr 
) ) . . . .(i-5. z)
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Er(un(rr)-zn(rr)) is usually in the nange (ZS! o)kca1s,/mole

f or the eoord.lnation of any glven nunrben of 0- or N- d.onor

ligand s (nef , 63, pp. 431-7) , and. usually lncreases slightly
wlth increaslng coord.inating poyrer of a ligand. and with net

1lgand.-f 1eld. strength ln a compJ"*. 5 3 r72

(e) The lrvins-Wllliams ord.er: Wtren the total spin-
quantum number of the dlvalent metal ion ls unaltered. by

complex formation, the Irving-Vlllllams ord,e:: of

stab1I lt iu"6 2 r51 Mn

fo11owed.. The high values fon Cu(II ) are contributed. to by

Jahn-Te1Ier d"i stontion.
(f) The Jahn-Te1ler effeet: The Jahn-Teller theorem

states that a s3rmmetrlcal polyatomlc moleeule in an

orbitally d.egenerate eleetronie state w111 distort to a

conf ormat lon of l ower energy ( and. d.egeneraey ) except when

the molecule is llnear.82 Thls illstortion w111 be langen

f or a d.oubly d.egenerat e Eg stat e ( ror exampl e tZeu| t a4l

cr(rr), Mn(rrr1; t2*.t*(a9) cu(rr)) than fon a tr1p1y

d.egenerate rz*, (fon example tle(al ) Ti(rrr ) ;

t2*.?(45 ) Fe(rr ) ) on ,r g (ror example 
"3r(a2) 

v(rrr;;
#rr"f,fa7) co(rr ) ) state.

Beeause of this effeet, the slx-fold coondinatton of
11gand.s around. cr( rr ) , Mn( rrr ) and. cu( r r ) should be aslrm-

metrlcal. Thls has been conflnmed. by X-ray work,63174175r82

There 1s no crystallographic evld.ence for d.tstortlon

in trlply d.egenerate moleeules. Copper( f f ) eompound.s have
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f oun d.onor atoms coplanar wlth and relat ively close to the

metal lon and often two more d.istant d.onons above and. below

the p1ane. The d.istortions account for the large C.F.S.E.

and ligatlonal enthalpies for eompound.s of these elements.

The nelatlvely hlgh stabllitles of Cu(II) eomplexes ane

eritleally d.ependent upon the tetragonality of the ligand.

field..77

y5.2 The- llJrand field. theory

This is a mod.ifieation of the C.F. theory to aceount

for small amounts of overlap between llgand and. metal lon

orbitals. The mod.ificatlons lnvolve uslng the parameters of
inter-electronic interactlon (viz., the spin-orbit coupllng

constant l, and. the Raeafi Barameters B and. C ) as varlable
panermeters rather than maklng them equal to the values for
the free 1on. Values for these parameters can be obtained.

experimentally fnom electnonlc absorpt 1on speetra and. the

amount of covalency (ttt-t,) f rt a eomplex est lmated. by

coqpaning the values for the complex and. a free (gaseous)

metal ion. With increasing covaleney ln the metal-1igand.

bond., the transitlon metal d. electrons beeame less loeali-sed.,

i.e.1 thein orbltals have lncreasing ligand. onbltal character.

An ord.enlng of l1gand.s accord.lng to the ir eff ect upon the

parametene for glven metal lons glves a serles caIIed. the

Nephelauxet lc ( eloud. expand.ing ) serles ( af t er Jorgensen,

€. g. , Ref. 49 ).
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Sat 1sf actory agreement between e)eenimental
( A Hr,- A 

"pu" 
) values and pred.let eil ( a Hr ) enthalp les of

fonmatlon for complex lons of the transitlon metals appears

to justlfy the lnterpnetatlon of results in terms of a

erystal field. or ligand. fleId, theory. It is constdered. that
the exlstence of a crystal field. term stabillseo transltlon
metal complexes with respect to those of lnert gas type

L ong.

t-5.3 The Mo1ecular Orbltal Theory

The htoleeular Orbltal Theory as applled. by OrgetTS to
an oetahedrally coord.lnat ed. transit lon metal ion conslilens

o -bond.lng to occur between the six axial llgand orbitals
and. slx metal lon orbital s of sultable s;rmmetny, e. g. I

4s , 4p* 
sy r z, fr _2, 3d n o. The conibinat lon of twelveA zt xt-y'

atomlc onbitals glves twelve moleeular onbltafs, slx
bond.lng and. eix antt-bond.lng. The metal orbltals have a

lowen etabllity than those of the 11gand.s and. thenefone make

a emaller contnibutlon to the bond.lng orbltals. The anti-
bond.tng orbitals have a eharaeter pned,omtnantly that of the

metal onbltals. The metal .g and tZS orbltals approximate
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to anti-bond.tng and. non-bond.ing orbitals respectlvely in the

M. o . mod.el (p ig. 3-3a) . The metal lon d. electrons can

oeeupy either the lower energy non-bond.lng orbltal s and

thereby not aff ect the bond. strength r or the ant i-bond.ing

orbltals and. thereby d.establIlse the 1on wlth respect to a

eorrespond.lng lnert gas t3rpe ion. For a weak field, spin

free system, the result ing destablllsations ln units of A

(r'ig. T-la) are for li2*, v]*o; c*2* A; Mn2+, F"2*,

co2*, Ni2*, -2L; cu2* -l,L i nnz* -ha o

Sfrutt 79 appll ed, the M. O . theory t o the hydrat i on

enthalples f or ca(rr ) zn(rr ) lons ,79a the lattlce energles

of some ca(rr ) zn(rr ) eomplexes with oxygen d.onorsTgb

and the heats of fonmatlon of some Mn(II) Zn(ff) complexes

contalnlng nitrogen d.onor Ii gand.". 79"

For catlons wlth lnert gas type structune, there ls
an emBinleal relat lonshlp between hyd.rat ion enthalpies and.

the catlon lonisat lon energy r = I, +Ir. 8o 
' 
81(f or d.tvalent ions)

- AHn

where C

For the six
shuttT9a has

valtd. ,

= I+C

= a constant for eat ions of equal

charge , 3 180kcalsr/mole fon d,lvalent ions.

eoond.lnate hyd,rates of the lons Ca(II) Zn(fI),
shown the fol1ow1ng emplrlcal equatlon to be

AH' = I+C ileAt
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p iE. J-fg Molecular orbital energy leve1 d.iagnam f on an

Oetahedral complex (aiagrammati") . 59

4p

4s

3d
atr+ Ct + t1,^

metql

on bito ls

moleculor

orbitqls

\$ .t

llgond

onbitols

F 1s. J-Jb Molecular orbital energy 1eve1 d.lagram for an
0ctahed,raL complex with metal-1igand. zr-bond.ing^ -

tr,^(c',rr*) 
(aiagrammatic )o:

E

metol

or bito ls

'tadrg, q(n9,t,Jot,"

moleculor

or bitols

lf gond

orbitqls
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whene tre = the nurnber of d, electnone in antl-bond.ing

"g orbltals
at = the thermodynamlc fleld. splltttng faetor,

found. to be approxlmately = A rp"".
Thls eguatlon illustrated that the M.o. theory glves a
satlsfactory lntenpnetation of the relative aHn fon

ca(II ) zn( rr ). A mod.if led equatiorr79" aecounted for the

stabillsation of Cu and. Cr as 4s' states and for Jahn-TelLer

d.l st or.t i on ln iltvalent Cr and. Cu eomporrnd.s :

AHu = r*+c-nlat(r) ":at(h)
where r" = the electron afflnity of the ion fon a

palr of s eLeetrons.

A t ( 1 ) = the energy d.lff enenee between the t l.owen

"g leveIr and. the t r* Ieve1.

At(h) = the energy d,lffenenee between the ?highen

ug Ievel I and. the t ,g leve1 .
'l

n; = the nrunben of electrons ln the t lower

"g level t .
hn" = the nuntben of electrons ln the t hlgher

"g Ievelf.

An extenslon to N- d.onon complexes aLso eonsld.ered. the

eff ects of t acceptor I and. t d.onor t pi-bond.ing upon the

speetroseoplc f le1d. epltttlng factor A' (tr'ig. 3-5b).
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CITAPT.ER I'OIIR

TlrEoRY OF ITNATYSI S

4-1 The Measur.ement of F grmat ion C onstant s

Concentnatlon equtlibrium constants K" fon the metal

lon ligation and the neutralisatlon of some earbon-

sub st ltut ed ethyl eneiliamlneg have been d.et ermined at a series
of lonlc strengths (0.04 to o.3jm/l). aco values were

d.er ived. f rom the se eonst ant s uslng equat i on z-9. ^A,1r

measurements were mad.e at Z5.OO+0. 01 oC.

K" values were calculated. from elqperlmental d.ata by

Bjenrumr s method. of suceesslve substltution.l ,124

4-1 .1 The protgnation of d.iamines

F or the equtl lbrla 3-4 BJ erruml a"rtned I the d.egree

formationt for the total systeil,

= the average number of protons attaehed per

Ilgand moleeule.

= thg t otal concentnat ion of H+ bound. to the l igand.
the total concentratlon of 11gand. in the system
rH [H]

, where I n ] is the equlIlbr.lum hyclrogen

ion eoncentration,
Tt,

I nr,] + zlnzl,l K^ [ n ] [r,]+ a\, nK^ [n]2[l]-1 "1 -2

of

n

II]*[nr,] +[n,lJ hl+ *". [tt] [l] * *"r*"rln1eF,t



K,. [H]* ZKn K^ [H]2"1 "1 "2
=

1+K",,I ril * n", n.r[n] 2

By rearrangement,

"",, = ffi

5o

r.. l+-t

...o............ 4-Z

e2Kl

)

t

.u
K

;
( t -fi)+(
(n-t ) +

(

(1=Tfr':I

2-E) [H]

t ,F
L HJ Kc-r

and. K,.
"2 ( 2-n)

If lt i s eonsld.ered. that to a f lnst approxlmatlon the ,rth
step-wise equlltbrlum neaetlon d.oes not oecun untll the
(n-1 )th reaetion has gone to completlon, then

1

et = Ttrf;=o.5

[tt] -n=O .5 , and. 4-Z f or E=1 .5 ,
tl

K^ and. K^ are obtalned.:-1 "2

and

[H ]i=t . 5, new lmproved. values

*., = d'l-t =1 . j
and. in the general case,

K,. - 1 fon any coondinatlng specles A.. 4-3-n I n];=rr -o.5

However, these relationshlps are only approxlmate because

they lgnore the slnultaneous exlstence of mone than one

equillbrlum reactlon ln this system. Substltutlng these

approxlmate K.. and. K^ values lnto the nlght hand. sid.e-1 "2
of equatlons 4-1 and. 4-2, and. equattng 4-1 fon E=0.5,
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Iy__ 1 / 1 \ ,........... ,-,'*"1 [H]i=o.! \r + JKc^[n]-n=o.5) """''-2 |

and.

l+-5

ff the constants are not too elose together, say

1og(K.. /\". _)*1 "2
rapidly. Alternatively, the improved. K" values may be

resubstituted. lnto the right hand. sid.e of equations 4-4 and.

4-5, and the process of successive substitution contlnued

until lnvanlant K. values nesult.

Ihe requlred. values of [tt 1-n=n-O. 5 were obtalned by

graphleal interpolation from d.treetly measured.

(potentiometric) hyd.rogen ion coneentrations fon ligand.-

HC104 mlxtures of lm.own i. For protonation of the earbon-

subst ltuted. ethylened.lamines the equl1lbrlum hydrogen ion
concentratlon was

Extnapolatlons of K" to zero lonle str-ength: These were

d.one to obtaln values of 1og["= - AG o tht ( equat lon z-g) .

Llnear relatlonshlps were obtalned. by plotttng logK^
1 1 "1

agatnst r and. (ro$<e_-rtr/(t+ru)) agalnst r. Erpnessing fl
2

by the Davles equatton (equatlon 3-5) rt whleh p is an

emplnlcal eonstant, then to a flrst approxlmatton,

lo$o = 1oS^ + ptt (from equatlons 2-r, 2-6)*1 '1

and- 1oBKa1 = (, lao ) 
(to*(cl ) . . ... ..... .. .. .... . l+-5



Slrnilar1y, 1og *^, = tog(c2 z^rt
1 +Iz

tml (K. trl + z\n K^ l,qz +-I "I "II

[M] (r + K"r[r,] + o"r*rrr[r]2

ilpI
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t, that

.. 4-g

and' loso Lt . (logK,. ry) ., .... . , ,. ... . . I+-7o2 (f -+O) uz 1+fE

I t was f ound, that p tt + O.

4-1 .2 The st_ep:Jr_lse f onmqj! J.on of me_tal lonJognd.lnat ion
compl exes

For n sueeesslve step-wlse equllibrium reactlons
( equattons 3-1 , 3-2) ,

; = the average number of ligand.s L eoond.lnated. per

metal lon M

= (trre total eoncentratlon of L bound to M) /
( ttre total concentrat lon of M in the syst e* )
T. I t,]lr= a11-- , where [l] ls the equlllbrlum 'free'M Ilgand. concentratlon

(-g ln the ease where the ligand. ls a weak acld or the

conJugat e base of a weak aeld.,

n = (T- tt] [nr,].. . . ..lHrrlf )ltg,whereL isn-baslc)'Ir

. . . * *"_. . .*"*[t]N)

+ ' ' '**or' ' '**nntl,]N)

( from equat lons 5-2, y3)
ete.where [M ]

the case uhen

= [u(nzo) *'*f
n = 3 lt followsr ooFor

KeI

en

,)

rearrangem

1l_ ;= Tti\ rl
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K=crr

and.

K
'- tt"I II fr(

(n-r).qh
er- J

"I II

(i-z) **e +

\
J ....r....o....... 4-9
t

*"r.K"rr Ll le

) "".... 4-1o

n

Analogous to the

appnoximat 1on,

and. tmproved. valu

be obtalned. from:

t.1 /K=+_l--er 
[r, ]-n=o. 5 \

K=crr

and.

Kt =cr tr

1

[tJE=t.5

(l-i)

pnotonatlon reaetlons (t+-1 .1), to a flrst

K1"fu 
[L ]fr=l{ -o.5

eB of the formatlon eonstants t*l ) can
1(

/
"II "II "III

. r . . . . . 4-t t

(- Xn Ir,1-n=t.5-III
\ .......r........ 4-12/ 

........

1+

+,- (', ++ + ;^:. \
ItJ7.=2.5 \ K^ [t]i=2.5 K^ K^ lt)2fi=2.5 /-II "I "II

ln whlch K^ , K,. , and. K^ are the appnoxr-;;"';^"' 
4-1 3

'rr 
' trr - srrr eN

varuee obtalned. from the formatlon curve, Constant

K..__ were obtalned, by successlve substttutlon of lmpnoved.-l{
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values in these equations. The bracketed. terms eonverge

rapld,ly when 1og(*g*_,, /*^) t 2.

Values of t t] and. the formation fr:nctlon
; = (Tr, -tt] - [nr,] -[n zL))/rr', were obtained. by measuring

tH] for mixtunes of varylng compositlon of metal per-
chlonate, llgand and Hcloh, and. by uslng the equations:

TH = [H]+[nr-,]+zllf.dLl (equarlonf-l+)

rr-lnj = [l](xc,In] * %*Ko^ tulz)'1 "1 "2

where K". = [ttt] /Ln17a1 and K^ = [nzr,] Ar:u*ll n] ."1-ez
The K^ and K,. values used. were those obtalned expenl--1 "2
mentally a t the correspond.lng ioni c strengths.

4-1 .3 Solutlon compositlon:

For metal ton eomplex formation, TH was lese than

O. g-EL to mlnlmlse the formatlon of protonated. coord.lnatlon

eomplexes, Iu(r,u*)(aq)1+, etc. A known coneentnatlon of
Hc 104 (Tn ) was ad.d.ed. to eaeh solutlon so that equat lon i-4
cou1d. be ut11tsed. (Tn=[tt] *[ Ht] + 4 H *l). For solutlons with
;

aquo lons:

I m( n ro ) Uott ]+ + H+ = [r,a(n zo) O]2*

F or all eyst ems , solut lons were mad.e up at lonlc
stnengths O. 0l+, O. 1 O , O. 15 and. O. ZOrn/L. NaC 104 and.

na(ClOh)Z were used. as lnert eLectrolytes. The
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coneentnatlons of NaOlOh and Ba(C1Oh)2 were varled. to keep

the total lonic strengths of monovalent penchlorates

(ncro4, L(Hc1o4), Nac1o4) and. d ivalent perchlorates
(l(nc1o4)2, Ba(clo+)2, Iw*(*q ) ](c1oh)2) in the ratio 2zl

in all solutions. For I=O.ZOw/I separate solutions were

mad.e up f or each ; stud.ied. (tfrf s gave a hlgher inherent
aeeuracy than a titratlon method.. ) tr''or each -n, soluttons
at lower ioni c strengths were obtalned by d.llut ion with
d.lstiI1ed, water. For the 1-methyl 1 )2-d,Laminoethane (pn)-

HC1O4 and. pn-M(C10h)2 systems, solutions with I=O.35mh were

al so used,.

For each systern a plot of n vs. [t, ] (metal ligation )

or itt ] ( ltgana protonat 1on ) was mad.e at each ionic strength
( a I f ormattonr curve) . Values of [L]; = n-0.5 or

[H] " = n-0. 5 were obtalned by lnt erpolat lon if neeessary.

Fon each equllibrium step stud.ied. several solutlons (4 to 7)

were mad.e up wlthin the eomposltion range -n = (n-0. 5 ) +0. 06

to-n = (n-0.5)-0.06. €.g., for H+L = HL, solutions ln the

range i, = o.l+4 to 0.56; for HL + H :i HzL, solutions in the

range ; = 1.1+4 to 1.56.

4-Z The Measunement of Step-wise Enthalp.v Changes

Enthalpy ehanges were measured. calorlmetnlcally.
Fon each equtllbrlum step ln an aqueous eomplex

f ormat lon reactlon there ls a eorrespond.lng enthalpy ehange,

O.$.1
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[r'r(neo) 6]'* + r [u(nzo )4L ]2* +

I M(Hzo )4r ]2* + = lll (n 
zo) zlz]z* +

ffizo,

Et-

a1 =-AHt

QfI= - AHtt

Qrrr= - AHttt

ffizo,

ffizo,L

L

H

I u(nzo) *f. + I ur, j]'* +

where Afu
[*h ]t* 

+ o'ro

tr'or a glven value of -n, the measured. heat of ligation
(-g. eaLorlee per mole of metaL lons) will be the sum of the

enthalpy tenms fon the converslon of one mole of lu(nzo) i.
to a mtxture of lffi:f2*, [u(Hzo)zLr]'*, IM(Hzo)4r]2*, and.

[u(n Z})AJa*. If x, Vt and z are the fnactlons of TM

exlstlng as [u(nro )4r ]2*, I u(Heo ) ,n r]'* and I ur, ,]r*
respect lvely in the f lnal equlllbnlum mlxture , then

-q. = (x+y+z) An, + (y+z) AHrf + "AHII'
= al AHt + bt AHtt + 

"1 
AHttt .......,.. 4-14

whene a1 ls the d.egnee of fonmatton of I u(nzo)4t ]2*, etc.
Ad.ctitlon of a Lange excess of ltgand, converted. vlntually
all of I u(nro )a]'* to Imt J2*,

-Q = AHt + aHtt + AHttt = A Ht-ttt (ny clef lnltlon).

The AIfo values were obtatned by the solutlon of N

(hene thnee) efurxultaneous eguatlons Ltke h-1h, eaeh cor-
respond.lng to a d.lfferent val-ue of ;, 1.e., each wlth
d,lf f enent values of a, b, c, and. ([.

E ,n.
tuh- .f'*

Fon the dtamlne pnotonatlon neactlons
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H++t = HL+, q1= -AHl
HL+ + H+ -. HzL'*, a2 = -aHz

and' -qt = ai AHt + bl A H2 ........ r.. ..... . . 4-t I
where al and, bi are the d.egrees of
formation of HL+ and nr"'* respectively.

To account f or the presence of aeid. (HCf oU ) itr the metal

1on ligatlon react ions, equat 1on 4-1 4 was mod.if ied. to

-e.2 = aZ AHt + bZ AHtt + cZ AHttt + ai AHt + bi AHe

The numertcal value of (^LAH, +b! anz) was ea1cu1;;";'rr:;t'
previously obtained. A Ht and. AHZ values.

To mlnimi se the eff ect of elq)erlmental error s ln the
so1utionofthes1rrnr1taneousequat1ons,va1uesofi<
approxlmately 1 .8 -2,2 and. 2.8-3.O were chossn. These -n

gave a wid.e spread. of values for er b, and" c. The errors in
AHZ wene gneaten than ln AHt , and. ln AHttt

4-2.1 Analysls of ealorlmeter reaqtlon mlxtures.

Each resultant reaetlon mixture was analysed. potentto-
metrteally to d.etenmtne lts equilibrlum composltlon.

( a) llsand. neutrallsatlon: The eoeff iclents ai and. bi
ln equation 4-15 are related. to the f ormatlon constant s K,.

-l
and, Ke^, and. the equlllbrlum hyd.rogen lon concentratlon IH].-2

[Het) / ([Her] + [nr,] +[r,]) = [Hrr,] / rlbi =

ai = ([ttrt1 + [ru]) / rr .



But Irtl,]

[nzr,]

and.

at
1

and

bl

*o., tnltrl
K^ lnrl tn1
"2
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o . o | . . . . r . . . .. . r . . . . . . . . .. a l+-1 7

TH tnl = [r,](r", [nJ + o"rn .rln1z ) (rrom equation f-4)

and from these relationshlps we obtaln

(r+no^[H])(rn-tnI)
"2= ,,.*"^t- D t,-2

K.^ tH I (rH- tu I )"2

-

(t+x"r[n])rr '

(t + K^
"II

(K. It]-rr

. o o . . r . r . . . . . . . . . . . . . r . . . r . . . . lr-1 I

Fnom the nelatlonshlps 4-151 4-17, and. h-t8 it is seen that
the aecuracy of the ffir, val.ues is governed. by the aecuracy

both of the NF values and of the equlllbrlum hyd.rogen lon-n
coneentratlon tH ] d.etermlned. f on each resultant react ion
mixture.

(U ) Metal lon llsatlon reactlons: The values of a) b,
and. c ln equations l+-14 arrd, 4-15 are nelated [f,] , K,. , K,.-I "II
and. K,. and, are llmlted. 1n rellablIlty by the accuracies"II I
of these quantitles. Fnom equatlons T1 , yZ, and. j-3

b

trl + K^ K^ trl2) / n"II 'TIr
K^ K^ [r]2) /n-II "III

[r] 2) / Dand. (*"rr*crtr
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wheneD = F-+TT+1+K,. [t]+K,. K^ tl]2 .....4-19
'-crL -J "II "II "III

t l] was obtained. f rom the measured. t frl by uslng equat lon

TI+.

The aeeuracy of the experimentally d.etermined. co-

efficlents d2, bz, "2, and. ai in equatlon 4-16 was ehecked.

by their substltutlon ln the followlng equatlon:

TL = T*(ar+vr+c2) + r'aL + tL] ............. 4-2o

= [ur] + z lwlzl + f[ml:] +[Hrr,] + [HL] + tr,l

An analys i e wa s cons ldered unsat i sf act ory lf the ad.d, it lon of
the terms on the rlght hand. sld.e of equatlon 4-2O did. not
glve a value ln the range Q.97Ta to 1. olffLe i. €. I if the
t total I ernor was

Yas obtained,.

4-2.2 Conver-sion of AH. to AHf,

The erpentmental AH^ values at vartous ionie
strengths r were eoruecteil to AH; values (z-2.'t ) by uslng

equatlon 2-17. It rlas assumed. that the actlvlty coeff icients
f or the aqueous specles Im(nro )6] (c104)2, Iu(nro )r*r] (clou)2,

[M(H20 ) *r]1croU)r, ana [m3J (cloh)2 were atl equal , and

therefore that NI= AHi, &II= Mi* and M'II= Nirr.
By uslng the approxlmate form of the Debye-Htlekel equation
for hypothetical lonlc activtty coefficlents
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m?tt
-1eef f = -I-"1 +Iu

lt was a ssumed, that

todn* = todnr* = o-25 to*n 
,"r*

and. theref orPe

AHr + AH?

and
I

AHz = AH; + 8.1x1 02* :Atlf . r.. .. . . .
1 + 1E 't"""'o.... 4-Zl

fon the L1gand. protonation reactions.
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CH4PTER FJVE

E)CP_ER IUENT4,I

5-l The DlJect Po_teJrj.bjometrlc DeteglE!_nati_oJr of
Hyd"rogen I on C onc_e_njralions

Intro-d.uetlon: The system used. ln equllibrlum measurements

had the compositlon: ligand.(nCn(NHZ )CtrdHz ) ;

Nac10,. , Hc1o4; M(c104) z, na(c1o i z. The eoncentrations of+'
NaClOr. and. Ba(c10h)2 were varted. to keep the total- ionic+
strengths of mono- and. d.lvalent perchlorates in the ratlo
2z 1 . In determining the equllibriunr eoneentrations of
conponents ln sueh aeid,hase mlxtures it is generally

necessary to expenimentally d.etermine the equil ibrium
hydnogen lon eoneentratlon ( see j-z.z). potentiometric

analysls of these soluttons generally gives aeld.it ies in
terms of hyd.nogen 1on aetlvities, making it necessary to
use empirlcal activlty coeffietents to obtain the hydrogen

lon eoneentratlon (l-2.2). In most cases the coefficients
usecl have been thoge derlved. strletly for very dilute
solutlons of pure eleetrolytes. Their use for mixed electro-
lytes at hlgher lonlc strengths introd.uces unnecessary

errors when lt le posslble to measure hyd.rogen ion eon-

centrattons d.lrectIy.

In thls work a Glass electrode-Calomel electrod.e

system was rigorously ealibrated. to glve a d.lrect measune

of hydrogen ion concentrations nather than actlvltles. To
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d.o this 1t was neceseiary to prepare buffer solutions of
known [H*]. Thls requined aecurate K" values (e. g. , Kc r

[nm* ]/Ln* I tn] where B ls a base) at given lonie strengths.

Suitable K" values had. been d.etermined. by Pinsent

and Everett . 9 They measured the equll ibrlurn constant s f or
the pnotonatlon of 1 ,2-d.laminoethane ( en ) and I ,z-d,!amino-
hexane. The equilibrla for en are:

en + H+ = gnH+ ..........,. o........... 5-1
gnH+ + H+ ;a "*3* .....,.................. 5-z

The ceIl used. was:

HzrPt Hcl( 1 )

NaC 1

Hcl(2)
NaCl

B

PtrH2 where B is the
amlne.

The lonlc strength was kept equal and. constant in eaeh

half-eell. This was assumed. to make the hypothetleal
hyd.rogen ion aetivlty eoefflctents equal for eaeh electrod.e.

thee.m.f, E =-Ftur;H:!1) =
H*(2)

RT
T-

[u*(r ) ]
]11 

-

[H* (z)]

Knowtng [H*( 1 ) ], then I n*( 2)] was calculated. from the eell
e.m. f . Ihis led. to aecurate (:O .596) coneentration equl-
Ilbrlum constants K" for the buffer eystems at ionle
strengths 1n the range 0.O7 to O.3Omh.

Assumpttons map.e_ ln th_iF wor}: For the equlllbrtum S-1, Kc

ls relat ed. to the thermod.ynamie equll lbntum eonstant K" by
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l1n*. = *",, ' (f enHar )t / ( t"rr ) ( fHcr )u

Pinsent and. Everettt s9 K,. values were lnvarlant wlth
"1

eomposltion at constant ionie strength, showing that Hanned"

and. owenr s rule11l+ Is appllcable in this multl-eompenent

syst em; f^ fl
i-. e. , 1og # = f og f olZI , where fi is the,B 

^B

actlvlty eoeffielent of A ln a pure eleetrolyte system of
constant t of aI moIallty f , and.

o1z = falog(to/rr) /urJr.
Thls lmplles that fon the buffer system 5-1 , (f"ogc i/ (fucr )

ls constant at constant tempenature and. constant total I.
(ft was assumed. that f"rr=1 , lnd.epend,ent of eomposltlon and.

of lonle strength wlthln the lontc strength nange stud ied.. )

Therefore the ratlo of aetlvlty coefflcients for thls
system ls lnd.epend.ent of composition at constant total f .
Pinsent and. Everett9 also found. that *"r= lerrH3. lt[n*] [ entt*]

was lnd.epend.ent of compositlon at constant total r.
In thls work lt was assumed. that the K" values would.

be constant for a mrltl-component system lnvolvlng
perehLorates lnstead. of ehlorides; 1. €. ; the K" values wene

agsruned. lnd.epend.ent of solut i on compo sit lon and. of the ani on

at constant total lonie strength. Uslng these K" vaLues

tnterpolated to z5oc and. to d.eslned iontc strengths
(fante 5-1), the equillbrlum hyd.rogen ion coneentratlons for
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TABLE 6-I

(prom the d.ata of Finsent and. Everett9)

Concentnatlon equlllbrlum eonstants for the step-wlse
protonat lon of 1 , 2-d.iamlnoethane at 25oC

Ionic stnength. m'

o.350

0. 200

0.150

0.100

o.040

K^ . 1 O-91m-1
"1

. _-7_ -1K,_ . 1O ',1m-2

10.8

9.93

9 .35

9.12

8.57

1.83

1 .54

1.41

1 .28

1.07
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en/H1lOh buffer systems were found. by solvlng the cubie:

K"..Kc^.[n*]5 + (zKc..K,r_.TL + Ko..K,r-Trt) [n*1 e 
+"1 "2 "1 "2 L' "1 "2 r

(Ko.Tr + 1 - K".Tn)[n*] TH = o
"1 Lt "1 rr

Thls cubie was d"entved fnom equations 3-4 and

TL = [l] + [nr,] + [nrr,1

E:merlmentaJ: A rE,ad.lometer 22Rtt pH meter was used. wlth
Calomel ref erence electrod.e (naaromet€r r type K4o1 ) ana

Beclsnan Genenal Purpose Glass electrode (ttg lnternals,
tJDe 40495). Fluctuatlons ln the malnt s voltage supply to
the meter wene suppressed. by ustng a constant voltage

transf ormer . The eeII cons i st ed. of two compartment s , one

contalnlng the Calomel electrode 1n satunated. KC1 solutlon,
the other the buffen or t test t solutlon and. Glass electrod.e.
(tr'ig. 5-1) Eleetrical contaet between the two solutlons was

mad.e via a non-greased. stopcoek (s). To brlng the ttestt

and. KCl solutlons ln to contact at the stopcoek, a ltttIe of
each solutlon was run through the stopcock to the outlet (O ).
The use of a stopcock ls essentlal when uslng a Calomel

reference electrod.e with satunated" KC1 ln solutlons of low

lonic strength. Both solutlons were at 25.oo+0. 01oc.

The sensltlvlty of the meter read.lng was lneneased.

to +0. OOO5 pH r:nlts by connecting to the meter necord.er

output a pof ent lal illvlden ( eOO: fOO n- ) and. a PYE potent 1o-

meter wlth a Tlnsley Galvanometer (f ype AS\/45;51+O ru, 2OOOrffn.
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per mlcroamp d.eftection) "s null-point lndicator. The

stabllity was +0. 0ol pH and. the reprod.ucibllity J0. 0ol pH.

The magnitud.e of the reprod.uelbil ity was mainly due t o

varlatlons in the f-iquld. Junct lon potent 1al. Repnod"ucibil lty
of thi s potent lal was lmproved by f nequent grind.ing of the

st op-cock with f lne carborund.um. Although the solublllty
prod.uct of KC104 was exeeed.ed. at the stop-cock when the

Kc 1 and. perehlonat e solut l ons were mlxed. , there was no

evld.enee of tt s precipitat 1on.

Resu]ts: Fig. 5-Z glves the eleetrod.e calibration curve f or

ethylened.i arnLne/E0lo4 buf f er s in NaC tO U/BalCf OU) , med la.
The d,ata ls glven in the last two eolumns of Table 5-2. The

values on the voltage axis are proportlonal to the meter

read.lng ( 1. e. , to -1ogl ga11+ ), and. eorreeted. to the scale

read,ing v=1 . o70ov. abs. f on 0.05M potasslum hyd"nogen

phthalate buff er. The -togl g [n*] = p[H+]values rrere ealcu-
lated, from the d.ata of Pinsent and. Everet 1.9 Dalry
variat lons ln the asJrutmetry Bot ent lal of the Glass el ectrod.e

were small and. were accounted. for by t zetolngr the lnstrument
wlth a 0.05M potasslum hyd.rogen phthalate buffer before each

serles of measurement s.

Assumlng that the eleetrod.e syetem obeyed the Nerast

equatlon, E = Ecalomel*O.o59, n"r*, for the stand.ard.

phthalate and. borate buffers, then the calibratlon eurve wag

found. to obey E = const.+0.0598 p[H+], whene 0.0598 ls the
taverage slopet of the slightly S-shaped. callbratlon curve.
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rAPtE 5-3

Equl1lbr1um hyd.nogen lon eoncentratlons (n[H1 I fon ethylene-

fl

It

It

0. 'l 000

o. ogg5

o.og875

o. og75

o. 0950

o. 0875

o. 0625

o. o550

0.0500

o.0450

0.0550

a. o25o

o. 01 50

o. 0800

o- 0780

o. o76o

o.0700

o. o50o

O. 0hJ+0

0.0400

o. oJ8o

0. o50o

rf

tl

rf

lf

ft

tf

tl

tl

ll

tl

lf

rf

0.0400

tf

It

|l

ft

tl

tf

tf

It

It

d.lamlne-H0lOU buffers in Ba(cl-o4 ) 2/1tac1o4 med.la, zi.ooc

Ionlc strength
mA

o. 350

fl

lr

0.200
It

tt

lf

It

il

|l

il

Totat fncro4J rotal [en]
( rn ) n/t (rr, ) n/t

n [nl eqbm.
( cale )

4.278

5.263

5.56t+

5.976

5.3oo

5.776

7.721

8. 150

9.644

9.137

9'67t

1O. O37

1 0.4o2

4,293

5.911

6.29+

6.71 't

7 .656

8.087

8.593

8. 875

V"o"rt o.oooiv.

("c ra"+)

o.96oz

0.7081

o.5939

o.5o1 2

o.4og2

o.2694

-0. oo75

-0. 1 4lo

-o.3025

-0. !J+O6

-o.5852

-0.5951

-a.7955

o.9625

o. 5 252

o.4Joo

o.2897

o. 0'l33

-o.1311

-o. 2800

-o.3699
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Totalf en] p[H*] eqbm. V"o**1 0.0005u

(Tr.,)n/t (ealc) (*pan+)
Ionie strength

0. 200

tl

ft

0.150
tt
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tl

|l

0.100
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rot ar lnc 104]
(rn ) n/L

o.0280
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o. 01 20

o.0500

o.0585

o. 0570

o. 0525

0.0J30
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0.0400

0. 03go

o. o38o

0. o55o

o.0220
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0.01 90

0. ol 40

0. 0060

o. 01 52

o. 01 40

0. 01 00

-4.5723

-0.6754

-o.7785

o.9487

0.53W

0. l+1T29

o. Joo5

-0. 1 193

-o.2721

-O. 361+5

-a.5629

-o.7693

o. g 376

o.5w3

0.4548

o. 3102

-0. 1 Ol+7

-o.271O

-o.3571+

-0.5580

-Q.7596
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4.3352
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ff
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0.0200
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il
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t?
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It

9.642

1 0. o00

10.365

4.337

5.872

6. 195

6.573

8. 051

8.561

g. 945

9 .610

1 o. 331

4.405

5.828

6. 151

6.629

8.01 0

9.533

8.827

9.598

1O.328

6. o76

6,5i j
7.499
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It was assumed. that -lo o . ^(f---- - 7* would be eonstant610\*HC104

at constant lonic stnength with the ratlo of concentrations

of mono- and. dlvalent perchlorates constantly 221. However,

had. -1og1 O(fnCtO, ) rematned. constant, then the plot of
p[H+] vs. v ( * pL* ) would. have been llnean slnce

p"n* losl 
o 

(fncrou)zp[tt+ ] = 5-3

Smal1 d.eviatlons fnom 1lnearlty ( f n the observed. dineetl on )

are e:qleeted. above pan+=9 when sod.lum lon eruors beeome

lmportant. Also the K" values of Pinsent and. Everett may be

s1lght1y elrroneous beeause they d.id. not keep the rat 1o of

eoncentrat lons of mono- and d.ival ent salt s eonstant in each

half cell. From the Guggentrelm equat ion, 18 it ls seen that
the activlty coefficlent of any lon in a mixed, eleetnolyte
system at eonstant lonlc strength, may vary with the ratlo
of the coneentrattons of the other lons d.ue to spectfie
lonlc lnteractions.

The variat lon of -1og1 o 
(fnclo*)t with r should., from

equat lon 5-3, 1ead. to para1Ie1 calibrat l on curves f on d.lf f er-
1ent lonle strengths lf -logl o(fncro4)E 1s a function of r

only. The eurves are parallel and. tn fact vlntually
cotncldent . For 43 polnt s the stand and. d,evlat lon
s=;qo. 006 p [H+] and f or 30 potnt s s=30. ool+ p[H+] when one

curve of best f lt ls d.rawn. The d.evlat ions from this curve

are greatest about plnl =1q.2, where -n ls = 2.o; the buffer
eapaclty ls 1ow ln thls reglon, and. the n [n+1 very
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suscept ible to smaIl traces of tmpurlty.
Applieation of the Guggerrhelm equatiorl 8 pnedicts a

I
d.lff erenc e between togl 

O 
( fnC tO, )e at f =0, O4omr/l and.

'4
r=o .35onft of approximately o. 02 p [H* ]. This should. be the

separatton between the calibratlon eurves at these lonie
strengths. Therefore it can be aszumed. that fortuitously
the cond"it l ons ehosen were such that the varlat l ons of the

f ixed. bound.ary l iquid. junct lon pot ent lal and the t enm

-1o8l o(fnc1o, )+ with r were approximately equal ln magnitud-e*"4
and. opposite ln slgn.

Dlseusslon: The eoineid.ence of the calibration curves makes

thls appnoach a very lnteresting and. useful one. The

assumpt ions mad.e , part 1eular1y regand.ing aet ivity
coefficlents, were Justified by the internal eonsi.stency of
the nesults obtained.. The method of calibration removed the

necesslty to use rabsolutef activity coefficient values.

Brannan and, Nancollas8 used. a slmllan method. of eal-l-
brat lon with malonic acld.r/sod.lum mal onate buff ers in
solutions of ionie strengths 0.0J to 0.20 nn The data of
Pinsent and. Everett9 was the only data lcrovrn whieh would.

permlt a [n*] calibrat ion over the necessary wld.e range of
acid.ltles nequlred for stud.ies on d.lbaslc amlnes.

A Radlometer Glass electrod.e (fype G 2O2B) gave the

same callbrat ion eurve up to p [tt*] =9. O. Unl ike the Beekman

electrod.e, whieh has Hg lnternals, the Rad.lometer electrod.e
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eould. not be sat isf aetorlly shleld.ed. from eleetrical
dlsturbances, viz. , those at the Pt-Hg eontact of a Hg-

toluene thermostattlng unlt.

5-2 The Reaction Calonlmeter

The constant tempenature envinonment ealorlmeter ls
shown 1n Flg. 5-3. rt consl st ed of a Dewar vessel (a )

2l+.5x5em, fixed. ln positlon in a thermostatted. water bath
(z4,8oc to 25oc). The vessel was held by brass rod.s (et)
between a brass plate (e) and a wood.en support (W) whleh was

elamped. to the water bath. A tufnal dlsc (o ) supported. on

glass flanges (C) above the reaction compartment, earried.

the gl as s mount ings f or the thermi st or (u ) , res i stance

heater (n), bulb support (e) and heatlng finger (ttt). The

neactlon eompartment had. a eapaeity of 11Omls.

The temperature measurlng d.evice was a thermiston
(n) , Phlllps Type BB 32o oT/A<3 reslstor , RzSoc=i175 *. rt
was conneeted. lnto one arm of a D.c. wheatstone brid.ge

clrcult (ptg. 5-4) tv 28 guage enamelled. copper wi-re leads
(r')' (n=0.33rr.). The thermlstor lead.s were sealed. off from

the solutlon wlth arald.lte, fhe heater (tt ) was approxlmately

20 g of cotton wound. manganln wlre (3zo/yard., ffi/dT = o) and

was wound. on a hollow glffi fonrrer (G). It was eonnected. to the
I heat er clrcult I (r're . |.-5 ) tv zz $rage copB en wlne
(0. of 6n/toot ) and. the leads sealed. off from the solutlon
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with arald.lte. Bef ore mounting the heater wire, lt s cotton
cover was lmpregnated with arald.ite; the wlre was wound- on

t o the glass f ormer (O ) whll e the aralill te nas vi scous.

The amlne solutlon ( 4-lrof s ) was contalned. ln a thin-
walled. glass buLb (.r ) . The bulb f itt ed. ln to the base of
the former (e) and. was weighted. d.ovrn with a glass rlng (r ).
The bulbs were bnoken with the splkes on the end. of the
glass stirrer (X ). The stirrer was coru,rected to a synchro-

nous motor (r ) mount ed on a base supported. by sprlngs ( s ) .

The bulb could be broken by depresslng the whole motor

housing. The synehronous moton (r ) ( l rev/sec) had.

ext ennal gearlng t o give 2O9 rev/mLn.

To attain thermal equlllbrlum between the reaetlon
eompartment and, the calorlmeter suruorrnd.s, water from the
thenmostatted. bath was puryred. through the heat Lng/eooltng
f lnger (f, ). The pump was a small eentnlfugal one, lmmersed

in the bath. The f inger (t ) fitted. snugly ln to the thlmble
(U ) whieh was permanently lmmersed. ln the react lon mlxture.
Durlng a reactlon the t f lnger t was completely withd.rawn from

the I thlmblet ; when withd,rawn it stl11 kept the polystyrene

d lscs (N, 0, P, O ) at a temperature close to that of the

bath. The alr ln the calorlmeter was flushed. by a slow

stream of N2 heated to the bath temperature, saturated. with
waten vapour, and. scrubbed of oz (cr2*/11*).
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(a) The brid.se eincult (tr'l_e._ 5-l+): fhe resistance of
a thermistor d.ecreases slightly as the applied. voltage is
increased.r4Sa 1.e., lt d.oes not obey ohmrs Law. To keep the

curnent through the thenmistor constant, the d.ecad"e box RZ

and. the thermlstor were placed. 1n the same arm of the brid.ge.

The potent ia1 aeross R5 and hence the current in each arm of
the brid,ge was period.ieally monitored. with a PYE potentio-
met er (C amUrid.ge , No . 27853) . The t otal brid ge curnent was

eontrolled wlth the Rheostat R7. V[1th a eunrent of 170.8 pA

through the thermistor, 1ts reslstance changed. by approxi-
mately 1 tt per pA vaniation in eurrent. All resistances
other than R7 and Rg were Armstrong-Sullivan non-ind.uct ive
manganin resistances, toleranee !O.1%. The galvanometen,

T lnsley Tlrye Ls4/4j, (Ri 540n- , 2Ooomm d.ef lect lon per p A )

was shunted. wlth a l OOO rL pssistance. The power supply was

a 2V lead. aceumulator.

(n ) c al ibrat ton of the thermi stor : The pl ot of
reslstanee vs. temperature (tr'1g. |.-6) was linear wlthin
exlperimental error f or the t emperatune nange 24. I to 26.1oc .

The graph obeyed. the equat lon R=a+bT , wlth b= { 1OZ. 14t0. 05 )

n fc. The current through the thermistor was 17o. 8 p A;

* rroa =3174.9620. ola-; (dn/ar ) r5or= -3. 21 8 %. The callbrat ion
eurve was unchanged after four months. It has been obsenved

that any changes of the thermistor reslstance wlth tlme ane

untform along the callbration curve, not affeetlng the

temperatune coeff lcient of reslstanee.l+3a
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F lG. 5-4

D. C. BRIDGE CIRCUIT CONTAINING THE THERMISTOR.

Rl

R2

Rj

R6

Rg

G

1 Oooohms (t0 .14)

Anmstrong Sulllvan
4 d.lal (t0 .o3%)

5o00ohms (S0 .196)

5OOohms

5O0K Potentlometer

TlnsJ-ey Galvanomet en,
2}OArrrm/mlenoamp.

T = Thermiston

Decad.e Box, O-1 OOOohms,

Rh = R5 = l OOOohms (:O .1%)

R7 = O-SOOohms Rheostat

TI.pe Ls4/45; 540ohms,
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FIG 5-E

CALORIMET,ER HEATER Cf RCUI T

R2

E

q

R1 : 2't ohmr (t0.1?r)

Rz = 14000 ohrtrr (to.l'?rt

R3 =' 1,000 ohms (t0'lorr,

RB = RC i 20 ohms
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The calibration was d.one by plaeing the mounted.

thenml stor ln a thermostatted. water bath. The bath temper-

atune was reeord.ed, with a mercury calorimetrie thermometer

gnad.uated. to o. 01 oc and. read. with an eye lens to +0. oo1 oc.

The current through the thermlstor was kept low to
prevent excesslve heat d.isslpatton d.urlng thermal measure-

ments. Wlth I =1 70.8 FA, only 0. 0Ol 3SeaIsrlmln. were d.lssi-
pated. at 25. OOoC. Thls heat output remalned. essentially
constant dunlng a thermal reaetton beeause the total ehange

1n the thenmlstort s reslstance was generally

lnit1a1 reslstance. The copper leads mad.e a negligible
contrtbution to the temperature eoefficient of the ther-
mlstor beeause of their low temperature coefficlent and.

re sl stance .

A change of O.01 rt- ln the d.ecad.e box gave a lrnm

galvanometer d.eflectlon. The system was suffielently stable
to use the galvanometer d.eflectlons to estlmate changes ln
resietance of g0. Ol a (= +0. OOOI oC ).

The llnearity of the ealibratlon curve for the

tempenature range 24.8 to 26.1oC gave a constant proportion-
allty between changes ln t emperature and. the correspond.lng

changes 1n thermlstor reslstance wlthln thls range.

( 
" 
) The hgaten elneutt (!'1e. q-q \ t R" ls the calori-

meten reslstance heater and R" a ballast heater of slmilar
reslstanee lmmersed. in an oil bath at z5oc. Rc was

neces Eary f or e:q)eniment s to measure the thermal capactty



75

of the react lon mlxtur e/ealo,nlmet er assenibly af t er eaeh

chemleal reaction stud.ied.. The power supply was a lead.

aecumulat or , 2-12V d.epend lng on the heat lnput requlred. t o

make AT ( caltbratlon) - AT (reaction). To stablllse the

voltage supply, the battenies were dlschanged. through Rg

for at least 30 mln. before supplylng heat to the

c al or imet er .

A. B. C. ls a mleroswttch operated. by a revolvlng cam

attached to a synchronous motor (Vennen Type M, l rev/1z}
secs ). When the sSrnchnonous motor was swltched. or, the

revolvlng eam d.epnessed- the mlcro-swltch f or a known period.

of tlme and. swltched. the cument from RB to RC and the

neslstances ln para11eI with lt (nr+n, ) . The cam was

a1lowed. to make one revolutlon only. The perlod, of heatlng

thnough RC (62.049:0.O12 sec) was d,etermlned. by connecting

termlnals A. C. orl the mlcroswltch to the malns supply vla a

varlac and. 1CK potentlometer, and counting the malnrs

frequency wlth a sealer unlt whll-e the eam mad.e several

revolut 1 ong.

(a ) The thermost at_ bath : I t was ema1l and. well
stlrlred. and. the temperature controLled. with a mercury/

toluene regulator. Heat losses were ned.uced. by floatlng a

thtn layen of paraffln oil on the water. The sensttlvlty of

the regulator was lncreased by uslng a lange volume of

toluene wlth a large surfacer/volume ratio, and by maklng

the bore (A) (f'f S. 5-7) very namow. Good stab111ty was
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achieved. by floatlng some non-eond.ueting otl (g ) on the

surface of the mereury to prevent d.lscharge between, and.

thus eontamlnation of the Pt wine (C) and. the mereury. A
f lne plteh on the screw (O ) gave sensit ive control- of the

bath temperature.

(e) Thln-Jralled. glass bulbs were blown fnom pyrex or

sod.a glass and. were of 5m1 eapaeity. They were filled. via a

syrlnge or d.rawn-out pipette, sealed with a sma1l rubber

tube and. glass st opper , and. thelr eont ent s d.et ermined. by

weight. When plereed., Pyrex bulbs br.oke lnto two or three
large pleees with a heat of bulb breaklng eB { o.olcal.
Sod.a bulbs broke lnto a vast nurnber of small fragments,

QB + -O. Ol 5ca1.

(f ) The proeedune: The aqueous dlamlne solution was

eontalned. ln the bulb (.1) (r ig. |,-3) . The solut ion composed.

of M(c1o4)2' ea(c1o4) lftclo', NaCIO', mad,e up the bulk of
the neaetlon mlxture and. was plaeed. ln the Dewar by plpettes

and. a burette with a long r:rozzl,e. The volume ratio of the
two solutions was kept constant fon stmilar reaetlons
(usuaIly 4 mI :90 ml) r so that the heat of clllutlon of the

d.tamlne solut lon lnto the perchlorate med lum ( n* (cro' ) ,/
NaOlOh) naa to be d.etermined. once only for each serles of
neactlons. The whole lntennal assembly of the ealonlmeter,

wlth bulb ln place, was lowered. ln to the Dewar, and. the

centrlfugal pump and. stlrner motor started.. Equllibratlon
of the lnterlor to bath temperature took B to 10 hours
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(overnlght ) ty uslng the heatrng f ingen (r,). The equi-
l tbrat lon time wa s red.uced. t o approximat ely f oun hours by

using the calonlmeter reslstanee heater fon the inltial
perlod. of heattng.

vlhen the system was at thermal equilibnium, the

heatlng flnger was removed. from the thlmble. A slow fa1l ln
the temperature of the reaction mlxture f oIlowed, ( approxi-
mately O. oOol 5oC/mtn). This was record.ed. f or sevenal minutes

before breaklng the bulb. Mlxlng of the diamine and. per-
ehlorate solutlons was complete in 10 to 15 sec, and. a

cooling ( temperatune-time ) curve plotted. for approximately

40 mln aften tmlxlngr.

Before measutring the thermal capaclty of the system

by lnput of a known amount of electrieal energy, the ealori-
meten was agaln equillbrated. to bath temperature by uslng
the coollng f lngen (f, ). Two temperature-time eurves (terore
and. aften heatlng) were plotted. for the callbnatlon run.

( g) CooliJrs-eurve--extrapolatlons: In maklng eooling-
curve extrapolatlons to the tlme of mixlng, (see Flg. 5-B),
lt was as$rmed. that Newtont s Law of coollng for heat loss by

radiatlon and eond.uctlon was appl1cable, i. €. I

dr/dt = kl(rl To) ,

because of the small temperature d.lff enence 1f r-f o ) between

the lnsld.e and. out std.e of the cal on lmeter ves seI . For the
perlod. of untf orm heatlng d.urlng the calibrat lon run, it
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Tvas assumed. that the average nat e of loss of heat was equal

to kl . (T 
Z-T 1)/2. T1 and. T z were the temperatures at the

stant and. flnlsh of the heating peniod respectivelyr EIB

found. by cooLlng-curve extnapolatlon.
(n) cal he therm rqy of neaet

During the heatlng perlod. the potentials v4p and vnp

(f ig. 5-5 ) wene measured. Fnom these were calculated. the

current thnough and. potentlal across Rc, hence the heat

rnr
vnF

= -a--
)

vEF

E
vEr' t^tr (Rz + *t)

energy llbenated. by the heater ln A t
second.s ls Qn vD . ro Lt/4.1 g4O

^'c ^'c

Atffi80 "" 5-4/vn vup \ /urt= \E-E/\E (Rz + *r)

The thermal energy of neactlon AR was equated to the
electrical energy lnput by

n aRp
% . G 

(see Fis. 5-8 , 5-9)... o... 5-5

llberated. by the reslstance heaten. If rtot,, Igr,, h^, and,
^'c

Vp are the total eunrent through the system, the cunrent
'*c

thnough Rj and. RC, and, the potentlal d.rop acrosa RC

r espect lvely,

rtot.

hc

VD=
^'c

and, the thermal

then

vAD=rq
van=q
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5-2,1 The heat of JEutraLlsatlon of. aoueo_u$ NaOII and HC1:

fhls was measured to test the ne1tabl1lty of the

calonlmeter. The coneentnated. ( 1 . 1 21M) traOn solution
(\*onml ) Tras contalned. 1n the bulb. A sllght excess of
0.0482711t HCl sol-utlon (Unrlml ) was used. to ensure a complete

reactlon. The nesults are given ln Table j-3.

TABLE S-3

Run

1

2

3

4

5

6

- AHO

ke/m

1 J. l{l+

13. 38

13.35

13.41

13.10

1 5.25

vN.ott*l
(r.1z1nh)

3.855

3,983

3.36t

4. o2o

3.792

3,996

vuclm1
( o. 048 z7n/t)

gg. 560

92.5OO

78. O5o

93.355

88. O75

92.585

a% ( corr )
(ca1s)

58,59

5e, zo

50.73

5o,9i

56.98

59 .61+

aHn

ke/m

I 3.55

13.49

13.1+7

1 3,52

13.41

13.36

AHorr= - ( { 3.3530. 05 )kcaL srlmole

A %(corr; was the heat llbenated. in the neutrallsatton
neaetlonn and. ras obtalned. from

a%(conr) = (=t'a%)-% ,.. 5-6

A% QB , where QB was the
t heat of buLb breaklrrgr .

Al{*was the enthalpy ehange per mole fon the reactlon and.

was ealculat ed. from A rr :'wR(eonr)'
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= 
1o-o0 A%J-"oo" t = 

1 oo-o- A %( 
"oo" 

t

v. c llaon]vrq"oH

=ffi""'5.7
whene V = VU*OH+VHC'

I ttaOtt] = the lnit 1al eoncentrat ion of NaOH bef ore

neactlon, etc.

,n [Naolt].vN"o' [ncrJ ,v'c'
t, = 

- 

- 

-

vN*on*vttct v

AHn eontalned. a term for the heat of d.llutlon of the NaOH

stock fnom 1.121m/t to o.ol+6zBmh. ( AHo(N.Off ;) and. a

smallen term for the heat of dllution of the HCl solution
fnom 0.o4827n/t to 0.046zhn/t ( AHo(ncr)). Thus aHg ls
related. to A HU the enthalpy change for the neutraLlsatton
reaetion at an tonlc strength I=O.O453nh and. mole ratlo of
reaetant to solvent waten = 1 :1 2O0, by

A Hn = a HN + AHo (naoH ) + AHn (ncr )

+ AHn + AHo (naon )

AHo ls the enthalpy ehange per mole when the reaetants and

product e are ln the hypothet lcaI stand.and. stat e of an

lnflnltely d.llute solutlon. AHo was obtained. from

by eonsld.enlng the foll-owlng enthalpy cyele in whleh, fon
exampl-e, NaOH( t ZOOttrO ) nef ers to an aqueous NaOH eolution
wlth a mole ratlo of NaOH:H'O = 1:12OO.

AHn

A Ht't
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)

o)

3
5a

a

+

+

NaOH( o" H20

I on,

I

NaoH ( r zooH,

ffi1 ' Nlz' AH

from N. B. S. d.at

aqueous solutes

+ Hcl(-nro) olo 
HeO + NaCl(*H2o)

IAHz la'jI on, I+ HcI(r'zooHcl ) 
rHtt 

H o + Nacr (r eoorlo )

are enthalples of d.llutlon and. were obtalned.
4 for partial mo1al heat eontents of the

Naon(tzootrza)

HC1( r ZOOHTO )

Nacl(12oon2o)

Hzo

Hzo

Heo+F

d.at a ,

NaOH(o HrO )

HCl( *nrO)

Nacl(-H2o) AH, =

AIII =

LHZ =

-97eals/m

-99eal, s/m

-71eals/m

also fnom this
NaoH(lou2o) + (trlolrro) NaoH(tzoonro)

Therefore, AHo A Ifo + AHf AHr

A% (naon ) = 14ca1 s/m

aHz

oHj+ aHR - AHo (ttaon ) * AHt - LHz

+ AHR + 110ca1s.

The average aHo value obtained was on!r, = -(l 3.3630. 06 )

kcal-e/moLe. Values obtalned. by othen workers are in the

rarrge -(l 3. 34 to 1 3.15 ):0. 02kears/mor". 41,115-8

5-2,2 Dlecusglon

Slow thermal equlllbratlon has been the maln d.ls-
ad.vantage tn uslng Dewar vessels for caLonlmetr.y. Thls
pnobLem was overcome by Lneonponattng the heat Lng/eoollng
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flnger. The hlgh thermal lag was then an ad.vantage for
obtainlng cooJ.lng curves which eouId. be aecurately extna-

polateil beeause of thelr small sIope.

Thermlstors are most satisfaetory d.evlces fon

measuring small temperature changes near noorn tenrperature.

They have 1ow thermal lnentla and are read.ily eallbrated.,
R vs. T. Beeause of thelr large temperature coefflclent of

resi.stance, very accurate or sensltlve brid.ge circults are

not requlned., ( cf . Pt resistanee thermometers ).
Over long period s (up to two d.ays ) tfrere was no

evldence of evaporat lon and eond.ensat 1on within the

calorlmeter vessel.

In sub sequent measurement s , it was f or:nd. that a

smaller t emperatune change 1tr-r, ) f on a neact ion lrupnoved

the accuraey of the coollng eurve extrapol.at lon. The

optlnnrm value of A % was approxlmately 20 calotries.
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5-3 The Prepanatlon of Dlamines

fhe d.iamlnes were prepared. and. punif ied, by recrystal-
llsatlon of thein hyd.roehlorld,e salts. An aqueous solution
of the d.lamine was obtained. by distlllatlon in a NZ atmo-

sphere f rom an aqueou s solut lon of the hyilnoehl or ld.e

eontalning a sllght excess of alk-ali. Using this proeess

the yield of diamlne from the hydroehlorld.e was generally
1ow.

5- 3. 1 1 -Ethr.I 1-. 2-d.lamlrroeur-aJrj: _d.1hy_d.r_och_1_or id.e

Pnoplonald.ehyd.e I was prepared. from n-propanol by the
method of Hund and. Melnert1126 drled. over anhyd.rous NarsoU

and the l+B-55oc b.pt. fractlon distlrled. off. yleld., U7w,
33fA. I (4zg*) was eonverted. to o-amLno butyrlc nltnlle II
(cHf . CH z. cH (NH2 ) . ctt ) tv the method. used. by c l ark and. Bu^n1 27

to prepare c-amino lsobutynlc nitrile. The r.esultlng
methanolle solutlon of II was d.r1ed. over anhydrous CaSOU and.

TI converted. to o amino butynlc nltrlle hyd.rochlorld.e III by

saturatlng wlth dry HC1 gas. The whlte erystals of III were

recrystall lsed fnom ethanol , yleld 2Ogn , (Zj% fnom I ).
III was red.ueed. to 1 -ethyl 1 ,2-d"Lamlnoethane d.lhyd-ro-

chlorld.e IV by catalytlc 1rtO, ) hyd.rogenation ln solvent

aleohol satu-nated wlth Hcl gas .128 Hyd.rogen uptake ruas

complete ln four days at 3 atmospheres pressure, 2ooc. The

whlte enystals of IV which f ormed. in the reaetlon mixture
were d.l ssoIved. by heat lng and. ad.d. it i on of al cohol and. the pt
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residues filtered. off. IV separated. from the filtrate on

stand.lng. The yleld was increased, by evaporat ing the
aleohol resid.ues to d.ryness, taklng up the solid. tn iso-
propanol and preeipitating IV with ethen. The pr.od"uct was

recrystalllsed. from absolute alcohol by Soxhlet extraction.
Yield. from 2ow of rrr , 16.5gm (62,5%). ki.pt. t GB-9oc,

(rit .128 1 85-7oc ). The prod.uet obtained was reerystallised.
three times from absolute alcohol , but the M,pt. was

lnvariant. cH 3.cH2.cH(NHe).CH2.NH 2.zJrcl- requires cl,
4l+.02. Found. Cl, 43.93 ,

5-3.2

a acetamlno lsobutyrle nltrile (Ctt, ),C (Cn )wnCOCU, I
was pnepareil on a * mole scale. NacN ( $g*) and NH4c1

(t+Ogn; were dissolved. in 200m1 of water, and. 55m1 of aeetone

were ad.d.ed.. The mixture was lefi 48 hours at room temper-

ature. The o- ami.no lsobutyric nltrile formed. was liquid.-
ltquld extnacted. with lr00m1 of ether ( g hours), and. then

acetylated, by ad.d,itlon to the ether solutlon of a mlxture of
12Om1 acetic arrhyd.rLaeh 2Om1 glacial acetie acid.. The whlte
solld' I qulckly crystaIllsed and. the yieId. was inereased. on

coollng and. ad.d.it ion of ethen. I was recrystalll sed. once by
s oxhlet extractlon lnto ether. yield. r+7gn (>o%). M.pt.
1ozoc (rrt.129 lo6oc).

I was converted to 2-rnethyl 1rz-d,iacetamtnopropane II
by catalytic hyd.rogenation ln acetlc anhydnld.e solvent.

i amlno eth
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32gn of I were d.is solved. ln 90m1 of acet ic anhyd.rid.e and.

0. 20grn of PtO 2 eatalyst ad.ded.; hyd,nogen uptake was complete

ln 10 d.ays at 1 atmosphere , zooc. The pt residues were

flLtered. off and. the aeetie anhyd.rid.e removed. under vacuum.

The viscous resid.ue containlng II was d.issolved. ln 1ZOee of

,O% alcoho]./eoneJl0l, and the mlxture refluxed for 24 hours

to hydrolyse the acetyl groups off the d.iamine. 7a% of the
solvent was d,ist illed off under vacuum to leave a brown

vi seous solut lon. From thi s solut ion 2-methyl 1 ,z-diamino-
propane d.ihyd.r"ochlorlile III crysta111sed. on coo1lng, and.

was f lltered. off . The yleld. was increased. by evaporat ing
the filtrate (water bath) until a tarry resldue remalned.;

thi s resid.ue was d.issolved. in a small volurne of methanol.

Acetone was ad.d.ed. unt 11 cryst all1sat ion commenced. and. the

solutlon was cool ed.. Yield of crud.e materlal 2)gm. (lz%

from I ). III was extnacted. with absolute alcohol to remove

tarry nestd.ues, then twlce recrystalllsed. by Soxtrlet

extraction lnto 25fr aqueous alcohol. M.pt. 2gl4oc, d.arkens

28joc, ( 1 rt.129 JoJoc ) . 2-methyl 1 ,z-d.ra.rnino propane d.i-
hyd.noehlorld.e requires C , 29,83; H, 8.76; C1, 4h.02.
Fonnd. C, 29.85; H, 9.19i Cl, 43.4j).

An atteqpt to eonvert rr to 2-methyl 1 rz-dLamtno-
propane My alkaIlne hyd.rolysis ln 15% NaOH ( t ZOoC, sealed.

tube) roffowed by ether extraetlon of Iv and. converslon to
lts d.lhydroehlonid.e gave only a ZO% yleld..
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5-3.3 1-Phenyl 1 . z-d.iamtnoethane

o-amino phenyl acetonitnile r was prepared, by a

method. based. on that of Ste iger .1 3a NaCN ( t OOern ) and NH'C 1

( t t Bern) were dlssolved. in 400m1 of water tn a 3r. round.-

bottom flask equlpped. with a Hershberg stlrrer. Benz-

ald.ehyd.e (Zl Zgn) ftt 4OOm1 of methanol was ad,d.ed, ln one

portion and. the mlxture stirred. for thr.ee hours at room

temperature uslng a well vent ilated. hood.. The mixture was

then d.llut ed. with wat er ( t f ) and. I extract ed. w lth benzene

(4*looml ). The bulk of the solvents were nemoved. und.er

red,uced. pressure ( rot ary evaponat or ) , I was convert ed. t o o

acetamlno phenyl aeetonitrile If by slow ad.d.it 1on of aeet ic
arrtryd.r ld.e ( ZOOmf ) t o the i ce-cool ed mixtur e. II crystal -
1l sed lmmed.lat e1y, was f lltered and, washed. with ether.
Yield. 1 o5gn , 62%. M. pt. ( crud.e ) 1 oo- zac . Benzald.ehyd.e

impurities were removed. from II by twice recrystallislng
fnom benzene. M.pt. 1o9oc (rit .1 31 11Joc).

II was neduced to o, B-d.iaeetamino phenylethane f II
by catalytic hyd.rogenatlon. Jhgn of rr with 0. jogn ptoz

eatalyst ln 1OOml of acetie arrtryd.rid.e, were hyd,rogenated. in
ntne d.ays at zooc, 1 atmosphere. v/hite crystars of rrr
separated. d.unlng the reaetlon. The prod.uet was d.issolved.

by heatlng and. acld.lt ion of aeetone , the Pt nesid.ues f iltered.
off and. the f lltrate eoneentrated. undgr vacuum to glve a

viscous nesid.ue eontatntng III.



87

To hy<).rolyse rrr to 1 -phenyl 1 , z-d,laminoethane

d.ihyd.nochlonlde IV, 50",( conCIC l/atcohol ( Somf ) was ad,d.ed. and.

the solutlon refluxed for three hours. The bulk of the

solvent was d.ist illed. off , l1Om1 of isopropanol ad.ded. and. the
azeotrope d.l st illed.. The resldues were taken up ln hot i so-
propanol and. IV enystalllsed on stand.irg. The prod.uct was

flltered. and. the filtrate evaporated. to dryness (water bath),
the soliil resid.ue talcen up in hot anhyd.rous acetone and. a

further yield. of rv erystalllsed. on cooling. M.pt. ( erud.e )

293-l+oc. (rrrree houns of acld. hyd.rolysis was exeesslve

because some tarry nesld.ues resulted.. )

IV was recrystalllsed. twice by Soxhlet extraetion
lnto absolute a1eoho1. yle1d,, 1J.1gm, jZ. j% based. on f I .
M.pt. 2g7.5-zgg.5. (rit.1 32 joo-r(a)) 1-phenyl 1rz-d.iamino-

ethane d.thyd.rochlonid.e requires c , 4j.91+; H, 6.75; cl t 33.91 .

Found, C, l+5.75i H, 7.00; Cl , 33.73 .
To obtaln the d.iam1ne, rv (11.1 gm, o. o8l moles ) was

dlssolved. ln 25mr of water and. AnalaR Na0H (6. l:l}gn, o. 162

moles ) ad.d.ed,. 1 -phenyl 1 , 2-d.laminoethane was d.i st 111ed.

unden a Nz atmosphere, b29 136-Boc, bs3 141 oc. (1i.t.1 33

'l.r .r z<.On \,lg 1 5r-c ) Yield., d.etenmlned. by tltratlon of the aqueous

solution obtalned., 4Of..

5-3,4 1 -Met!$rl 1 .2-dlaminoethane

A sample (L.Light and. co. ) was purlfied. as the
sulphat e salt and illstilled. from alkali und.er red.uced. pres-
sure, N2 atmoephere.
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5-4 Chemicals

a) PotassJum $vd,roeen phthalate: An AnalaB sample, (gg.5",4)

was used- as the primary stand.ard. in aeid.-base t itratlons,
b ) wate-r: The water used tn the preparatlon of all

solutions, other than HCl and HC10b, was d.istiIled.,
freshly boiled. and saturated. with N2 while eool1ng.

p[H*J =5.b.
c) Sod.ium hvdnoxJde: Carbonate-free NaOH was mad.e by the

method. of vogel .1 3l+ rt was stand.ard.ised. against
potassium hyd.rogen phthalate using phenolphthaleln

ind.l cat or. .

d ) Ac id.s : Hc 1 and Hclo4 solut ions were prepared, by

d.11ut1on of coneentrated AnalaR reagents. They were

stand.ard.lsed. agalnst a sample of stand.ard. alkali by

electrometric (pH meter) titratlon to pH 7,O.

e ) Amlne sorutions: A sample of the d.istl1]ed" aqueous

solut lon was quantitat ively d.iluted. to approximately

O.1mft. Thls solutton was stand.ardised. by rurmlng an

al lquot lnt o exces s stand.ard. HCl and baek-t it rat lng wlth
stand.ard, NaOH t o the end.-polnt f or amlne neutral i sat lon,

= pH 4. 0-4.1+. The electrometnlc t ltrat ion was f ollowed.

graphl eal l-y.

f ) Bgrlrlm per.chl orgFg : Ba( cro4) , (8. o. H. ) was erystalll sed.

fnom d.lst111ed. water, re m oving lnsoluble resid.ues by

fllterlng the hot solutlon through thyflo super eel1r.
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The stock solutlon was analysed for Ba++ (naso' gravi-
metni.c ) ancl f on I n*] (uy p[n*] measurement, I n*J

t o-5m/t) .

g) Sod.lum penclloratg: NaClo' (8. p.H. ) was recrystalllsed.
fnom d.lst llIed water. The stoek solutlon was analysed,

for Nac1o4 by d.enslty measur"*"rrt81 and. for Hc1o4 by

p [H 
+] measurement. ( [n*]

h) Nickel pencJrlonate: This was pnepared. from HCIO* and.

Nl(cOj)2, Ni(og)e (B.D.H. ), and. twlce necrystallised
fnom dlst111ed. water. The stock solutton (0. t l4tn/t)
was analysed. for lt12* uslng d.imethylglyoxlme, and. for
Hcloh by p [H*] measunement (F* ) =2. 5ooxl o-3n/t) ana by

pH titration with very d.ilute alkaIi ( tHl =(2.45630.ozi:)
xlo-3n/t).

i) Copper penehLorate: Thls was prepared. fnom HC1O4 and.

Cuo. It was necrystaLltsed. f rom 1Of6 aqueous acetone

solutlon, and. Cu(On)Z nemoved fnom the hot soLutlon by

filtnation through thyflo supen selI. r The stock
solutlon (O.3ZZtn/t) was analysed. fon Cu2+ by elect:ro-
lytic d.eposltlon. It was mad.e aeld.ic ( 1. O9gx1 O-Z^/t) ty
quantltatlve aild.ltton of stand.ard. HC1O4 to prevent pneci-

Bltatlon of baslc copper sa1ts.
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CHAPTEB SIX

THEJRoIoNASJ:oN 0F C 1- SUBSTTTUTEp 1 . z-DIAMINO ETHANES

5-1 Exper iment al gpd. R esult s

6-1 ,1 The stand.ard. free eneng.v change

AGo was obtained. from the ther.modynami e equil ibrium

constant K" by the relat lonship AGo = -RTlnKa ,

( equat lons 2-8 ,9 ) .

For a series of ionie strengths, solutlons containlng

dlfferent compositlons of acid. (nCfOU) and base (l) were

prepared. (See formulation in 4-1.J) These solutLons were

analysed potentlometrieally to measure the equlllbrium
hyd.nogen ion concentrations at 2J.OOaO. 01 

oC ( see 5-1) ,

uslng the cell:

Calomel lsaturated. Inase (Tr,

Refenenee I XCf HC1o4 (r

Electrode I l Na0loh

BaC1o4

( see p. 65 and. Fig. 5-1 ). The r
1 ,2-d,Laminoethane are given fu11

From thls type of d.ata, f ormat io
were plotted. (r'rgs . 6-i , 6-2) , a

of ttt]-" = n42 were obtalned, ( se

equl1lbrlum constants K. were d.e

values uslng Bjernumt s method. of

1 -methy

6-2,

eq_bm. )

s values
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0.54
I

0.4 0.48 0.52

= 0,04m/[

= 0.10 m/

l

I

f = 0.20m/t



1.80

1.60

1,20

=L.

No
xrI

g0b

I = 0.04 mrt

{
I

F lG. 6-2

I = 0.10 mrt
/
i

TI
Tj

T
J

T
,i

Tj
=0'l5m

T/i
I = 0.20 nrt

/

I=0.35 nrl
T,l

Tt

T
I

FORMATION CURVES

Hpn* +H3O+:HZprf++H20

I'tar.a 5

T

,r/t
n

1.OO



91

TABrE 5:J
tFonmation Cunve t expenlmental- data f on the protonatlon

1-methyl 'l ,z-Aiamino ethane at Z5.OO+0. Ol oC

The flrst protonatlon eonstant

fonle Equil ibrium
[tt{] xl O1o

(n/t)

1 .12J3O. 01 5

1.288 1g

1 .387 19

1 .396 20

1.479 21

of

;n I onic
st r ength
(n/t)

o.100
ft

It

tf

It

ll

o. oho

It

il

fl

Eouil ibrium
[nf] xl 01 o

(n/t)'t;7ly'n

Q.35o

n

ll

ft

ff

rl

0. 200

It

It

It

ff

rl

0.1 50

tl

fl

il

fl

ft

0. 450

0.48o

o. 5oo

0.505

o.52O

o.550 1 .671 23

O.450 1 .227tO. ol 5

0.480 1 .377 19

O. 5OO 1 .l+79 21

o. 505 1 .503 20

o.52O 1.607 22

o. 55O 1 .gO1 25

o.l+5O t . 3o5Jo. 01 I
O.48O 1 .l+l+2 20

0. 500 1 .578 22

o.505 1.618 22

0.520 1,710 2l+

o.55O 1.glO 26

0.450 1 . 371+O. 019

0. 480 1 .51+9 21

0.500 1 ,6v5 23

0.505 1.73A 24

O.52O 1 .799 2l+

4.550 2.094 29

0.450 1 .5173O.01 O

0.480 1 .5gB 20

o.5oo 1.gg4 26

0. 550 2.239 31
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TA:BIE 6-2
rFormatlon Curvet experlmental data for the protonation of

1-methyl 1 , Z-d.iamino ethane at 25. OOJO. 01 
oC

The second. protonat i.on constant

Ionie n n Equil ibrium
I tt+l x1o7- 1nn)

1 ,15J+0. 0O8

1.303 12

1 . l+O0 16

1.442 10

1 .571+ 1 1

1 .795 21

1 .45o

1 .480

1 ,I+95

1 .5OO

1 .52O

1 .550

1 .450 1 .41 3tO. O09

1 .475 1 .521 17

1.415 1.51+9 18

1 . 500 1 .722 16

1 .525 1 .862 1 5

strennth(^/t)

o. 350

|l

It

tl

lf

ft

0. 200

ft

It

It

rf

lf

0.150
tl

|l

n

tl

il

1 .450

1 .48O

1.50o

I .52O

1 .55o

1 .600

1 .450

1 .480

1 .496

1 .5O0

1,52o

1 .55o

Esu il ibr ium
I H+] xl 07- '( n/r)

O.883:O. OO5

0.984 7

1.051+ I
1.178 11

1.512 g

1.607 15

1 .01 ZtO. OO7

1 .127 11

1.211

1.239

1.1+o

1.531

I
B

12

11

1 .45O 1 .081 t0. Ol J

1.480 1.209 11

1 .l+96 1 .291 12

1.500 1.337 12

1 .52O 1 .l+l+5 17

'1 .55O 1.511+ 20

Ionlc

0. 100

tf

tl

rl

tl

tf

o. o4o

tt

It

tf

It

stnensth
(^/t\
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(see 4-t.1).
The values of K" for eaeh of the amines in solutlons

of varlous ionlc strengths are given in Table 6-1. The

values f on 1 ,2-d.iaminoethane are also given in this Table
(fnom the d.ata of Plnsent and. Everettg ).

Log K" values were obtained. by extnapolat lon of
ledtc to zero lonle strength (rigs. 6-j to 6-6, Bee p. 51 ).
The relat l onshlp

ls$a = rlj.o (1oEKe + fnr)

was assumed. ( equatlons 2-8, 9 ). Fon each equilibrium
studled (except H+ + pn = Hpt*) it was found. that

To eheek the extrapolat lons of ls$c to zera r, plots of
11'l'l

both losc ys. re/(1+rtr), and, tese-Te/(1+rt) os. r were

mad.e. For a given neaetlon each plot gave the same lnter-
cept on the axts I = 0. (See Flgs . 5-3 to 6-6. ) ls$a
values ane glven ln Table 6-3. Values of

AGo = -z,31frT ls6a

are glven ln Table 6-5.

Eruorg: Ernors ln BIH ] wene assessed as +o. o0 j to o. oo5

unlts. Ernors ln K" and. K" values were assessed. as

J( t . o 1.5)fr for K, and. J( o.5 to 1 . o)f for. Kz.

1

toeK^ = LoS,. -+ + p'Ia c 1+rz '-

11
where p' + O and ptl
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6-1, 2 The en$ha1py chanse

AH was measuned calonlmetrlcally (see 4-2, 5-Z).
The nesultant solutlons and. numenical data from ealonimetrle
runs were analysed aceord,lng to the method.s out1lned. ln
l+-2(a) and. 5-2(h) respeetlvely.

The expenimental d.ata 1s given 1n Table 5-4. rn this
Table,

(i) aae(corr) = a%(reaction) - QB

whene QB was the heat of bulb bneaking

(see 5-2(e) and equation 5-5)
(ff) AH*(meas,d) ls related. to the endothermic heat

ehange -q eals. per mole of metal ions:

AH* = -e AHailn = at AHt + bt A H2

= a' AH? + br A H2 ( see 4-2.2 and. Table 6-5)

( a ) A Hailr, was the heat of dllut ion of the d iamine

stoek solutlon (from the glass bulb) into a neutral
ga(C104) 

rfraClOU med.ium to glve a d.iamlne solut1on,

eoncentnatlon TL. (raute 5-4) The ionlc stnengths of these

d.lamine solutlons were the same as those obtalned in all the

eorrespond.1ngneutra]1sat1onrunsforwhtch-nwaS<<

wlth ;
lonlc strength of the mlxtune. The effeet of this change ln
lonlc stnength upon A Ht and, A Hz was aecounted. f or by

applytng equatlon 4-21 .
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(t) AHz was

equation 4-21 , vLz:

AHz + oH;

giving

converted, to An8 by consid.en ing

+ 8. 1 xl ozzttt / (t*r* ) = An;+o

9B

6-t

aHm-b 16 a' A H? +

oHol .$aH; =

t'a n!
and.

xrl AHl

AH? + b'r AH; taaaaaaaaa

( see Table 6-D)

The two values of ffialtr, listed for 1-methyl 1rz-
d.lamlnoethane resulted. from uslng two separately prepared.

samples of the aqueous amlne stock solut lon. The d.i sere-
paney couId. not be aeeount ed. f or. , the two samples givlng
comparable results for the neutralisation reactions; ct.1

runs 5 and 9, Table 6-5.

The AI{? and AH; values in Table 6-6 were d.erlved,

from the d.ata ln Table 6-5 by two method.s:

( 
") by solut lon of palrs of the slnultaneous equat lons

xrl aHl = Ani + b"AH;

E. g. , f on the neutralt satlon of 1-methyl 1 ,z-d.laminoethane,
the values obtalned. from comblnatlons of data for nuns 1+5,

2+5 , 1 +6 , 2+6 , 3+6, 4+5 , 1 +7 , 2+7 , 3+7 , 4+7, g+7 , g+6 , 1 +g ,

2+9r were - AHi = 12.15, 12.12, 11.85 , 11.85 , 11.86 , 11.86,
11.85 , 11. 85 , 11.85 , 11.85, 11 .85r 11.86, 12.o5 and. '12.O2

kcal,e/m, and AH; = 9.1+4r9.62rg.73r9.88, g.55r9.57,



D iamlne

1-methyl
1r?-d.lamino-
ethane

TASIE 5.-tr

Calonlmetrle data eontlnued

Run AH*=st A Hf+bt A He
No' a' br AH*

1 1. 0000 1 .0o0 -21 ,277

2 1 . 0000 1 .0ooo -21 ,425

1 0.9994 O. rB21 -17 ,235

4 O. 9994 0. 5OO7 -16 ,l+92

5 O.9965 o. 1 81 5 -1 3,767

6 o,9zg1 o.a15z -11 1151

7 0.5926 o. OO1 1 -7 ,O35

8 1 . 0000 0. Bl+92 -19 ,778
g o.gg51 o.1741 -13,51l+

99

fnom Table 6-ll-

X ti A Hf =ail A Hf+b" A HE

a'r b" Xri A Hl

1 . 0000 1 . 0ooo -21 ,591

1 .0ooo 1 . 0ooo -21 ,739

1 . 0000 0.5825 -17 ,l+21+

1 . 0000 0. 501 o -16 ,650

1 .0000 0.1822 -1 3, B7O

1 ,0ooo o. 01 54 -12, ol 5

1 . ooo0 o. oo1 g -11 , g7o

1 .0000 O.8I+92 -2O rOl+3

1 . 0O0O O. 1 7l+8 -1 3,720

1 -ethyl 1 O

1 ,z-d-Lamlno-ethane 11

'|.2

1 . 0000

o.9857

o. 9 570

1 . OOO0

0. o58J

0. 0201

-21 ,105

-11 ,911

-11 ,088

1 .0000

1 . 0000

1 . OO00

1 . OOOO

o.o5g1

o.021 0

-21 ,374

-1211Q5

-11 ,591

1 -d.lmethy1 13
'l ,?-dLamlno-ethane 14

1'
'15

1 . OOO0

1 .0000

o.9961

o. g6oo

1 . OOOO

1 .0000

o.1253

o. 01 33

-21 ,150

-21 ,2'l O

-1 3, OOI

-1 1 ,359

1 .0000

1 .0000

1 . OOOO

1 . OOOO

1 . 0000

1 . OOO0

o.1 267

o. ol Jg

-21 ,412

-21 ,472

-1 3 rA66

-11 ,847

1-phenyl 11
1 , z-dlarnlno-
ethane 18

1g

20

o.998

o.981 g

o.9636

o.9907

o.7896

o. o7o5

o.0554

o.1 243

-19 ,321

-11 ,6ll
-10 ,893

-12r328

1 . OOOO

1 . 0000

1 .0000

1 .000

0.7898

0. o71 g

o. o 378

o. 1 255

-19, h54

-1 1,996

-11 r3O9

-12,471+
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g.7l+; g.gg, 9.57, 9.58, g.55, 9.54, g.54, and. g.7zKea]-s/m

respectively. These results were then avenaged. and. a

standard. d.eviatlon ealeulated.
(t ) aH? values were obtained. graphlcally by plotttng
Zti A Hi = AHi + u" a n! vs. btt, and extrapolating to brf = o.

rn each case 1lnear gnaphs wene obtained. (r'igs , 6-7, 8 ) .

substitutlon of AH? lnto equation 6-l gave a series of
AH; values.

These method.s gave comparable Ani values, €. g. , f on

1 -methyl 1 ,2-d,iamlnoethane, bII method. ( 
" )

AH? = 11.g2keaI s/moret - A"; = g.65hea1sr/mole;

by method (U )

^rro 11.85kca1 s/mole, AH; = g.6gkeals,/moIe.*'1

AH i-Z could be obtalned. d.lrectly from measurement s

f or whlch -n = 2. OOO.

values of AS? were obtalned. by using the equation

ooi = ^Hi rasi.
6-1 .3 Uncertalnt i es in AHi_g"Iggg

In tneating the e:q)erlmental d.ata, no approximations

were made untl1 after the solution of the pairs of slmul-
taneous equatlons (equation 6-l). The errors quoted on AH?

ancl AH; are the summation of two eruors:
( i ) the stand.ard. d.evlat ion on the average aHi values

obtalned frorn equatlon 5-'1 .

( f f ) tne t ltrat ton error ln analyslng the stoek d.lamlne

solut lons, JO . 3,,4 ( f-U( e ) ).
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5-2 Dl scuesion of Result s

For the protonation of the a1ky1 substituted. ethylene-
d.iamines thene i s no appanent r elat lonship between AG? or

1
^ --oAH; value s and. the expect ed. inf luence s of the ind.uct ive

effeets operatlng from the C,,-alkyI ehalns. At+It effect
operating from an a1kyl group would. help to stabillse the

ammonlum ion formed. ln the protonation reaetlon z vj-z. ,
l+R+> C->N relative to the case for 1 ,2-d.Laminoethane

-t /- +H c N. (ror all the amlnes the -NH2 and. -frn, groups

w111 exhribit a -I effect. ) The electron d.isplacement would

firstly increase the d.onon power of the amlno nltrogen atom

and. secondly help to decnease the positlve charge which is
on or near the most eleetronegat ive atom (m ). If these
t +I I lnd.uctive eff ects make impontant contrlbutlons to the

amine baslcltles, then the serles of AHoi value s pred,i ct ed, +

would. be AH? for i-bn
might be expected for the AG?

].

entropy eff ect s are lnvolved..

functlons the invense ord.er is

values if no highly speclf ic
Howeven, for both these state

observed.. The lnd.uctive
effects of the a1ky1 substltuents pt in NHrcH(R')citdHe do

not contrlbute slgnlflcantly to the amlne basieity because
g t ls separatecl from the amlno group by a saturated carbon

atom. The sarne appltes for the stnucturally slmllar mono-

On the basls of nelatlve +I
listed. ln Ingold, Ref. 21 ,
Fon abbrevlatlons see I1st

tend.eneles of alkyl- groups
P. 71 .

on p.ii.
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arnlnes RCH(n t )tfnr. €. g. , pKa = 10.50+0. 04 when R

CH=-r or CH,CH2CHZ- while Rf = H, and when R = CH3)c'23

= H-,

or

CH _CH ^- whl1e R = CH --. However when the subst ituent s are32 3
coond.lnated dlrectly to the N atom ind.uctlve effeets may be

lmportant, e.8. r typlcal AG values for protonation of ali-
phatic amlnes RNH2 and. RR'NH are -14.7 and. -1j,2 kcals/mole
re speet ively. a

6-2.1 The_free gnerjrv channe

AGo = -RTlffi" whene K* is the thermod.ynamlc equt-

llbrlum eonstant for the amine protonatlon reaction when all
neact ing species are in the hypothet ieal stat e of inf init e

d.llut i on.

1 -pfregv-1-J-.3-d.laminoetjrarE: The relat ively low values of
AG? and. An! f or tlre protonation of 1-phenyl 1 , 2-d iamino-

ethane (a eomparatively weak base) soggest that for this
mol eeul- e the strong incluct tve ( -l ) lnfluences of the aryl
substltuent ( operatlng against the '-rt effeet of the 1 

o

amlno nltrogen, Ar -<+ C -'+-N ) *"y contribut e signif ieantly
to d.ecrease the basicity. A lowering of electron d.ensity

about the amlno nitnogen rend.ers it less capable of eo-

ord.inat ing a proton ln the neutralisation reaet ion. The

effect of thts aryl t -r t lnfluenee should be apparent in
the enthalpy termr 8s is the ease f or AHl. Hov/ever, the

a. Fnom d.ata glven ln Ref . 2Or p. 313.
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low AG? values for 1-phenyl 1,2-diaminoethane protonatlon1

are as mueh a result of low entnopy ehanges as of Iow

enthalpy changes (relative to 1 rz-diaminoethane or lts C1-

a1ky1 d.er ivat ives ) . ( See 6-2. 2 and 6-2. l( c ) )

The bulk of 3hg alkyl substi_tge4t: In a general sense the

basicity of these amLnes d.eereases wlth the incneasing bulk
of the sub st ituent chaln on the basie ethylened.iamlne unit .
This d.ecrease arises mainly from lower entropy ehanges for
the pnotonation of the langer llgand. moleeules. These

results may be eompared. with those for the acid.ities of the
methyl- substituted. acetic acid.s. lltethyl substitution 1ead.s

to weaker acid.s; i. e. , the tendency to d.issoeiate into ioni.c
speeies is in the sequence: OGi for aeetic
(cH: ) rcn. cooH

sueh sequences agree with the recognlsed. electropositivity
of the alkyl groups in canboxylic aeld.s, i. e. , the greater
ease wlth which, relative to hyd.rogen, they yie1d, eleetrons
toward.s an electron-attracting centne ( -COOfi ) . However,

Allan and. lttr ight52 show that the strengths of these organic

acid.s d.iff er matnly because of d.ifferenees 1n their entropies
of lonlsat ion which are lower f or the more highly subst ituted.
aeet ic actd.s. Theref ore f or both these molecular systems

the entropy change fon formatlon of an ionlc eentre elose to
a non-polan a1ky1 nesld.ue ls unfavounable, the magnitud.e

a. Ref . 21 r p, 734.
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depend.ing on therrbulktr of the substituent group.

The relat ionship AG;

protonation of d.ibaslc amines, and. arises from the lower

enthalpy and, entropy changes f or the ad.d.it ion of the second.

proton ( see 6-2.2, 5-z. j) .

6-2.2 The entha_lll chanee AHf

Except for €rr the values for aH?_z are constant

wlthin experimental error ( see 6-1 .3). Theref ore the trend.s

in OG?-Z values ari se pred ominantly f nom d.eereased. entnopy

ehanges f or the pnotonat lon of the larger 1 , 2-d.iamtno

molecules.

The AHI_Z value for 1r2-d.iaminoethane is
moLe higher than the values f or the C-subst ituted. I ,z-dJamino-
ethanes. This may be d.ue to a solvent shield,ing eff ect.
For the C 1-substltuted. 1 ,2-d,iaminoethanes, the substltuent R

part lal1y shteld.s the solvent from the ammonlum lon. This

shleld.lng d.oes not occur when R = H (,t ,Z-aiamlnoethane), and,

theref ore AH?-Z f or 1 ,2-dlamlnoethane should. eontaln a

comparatively larger exothermie term anising from the orlent-
ation of solvent molecules about the arnmonlum lons. Henee

the hlgher value of - AH?-Z for 1 ,2-d.laminoethane compared.

wlth lts C-substituted. analogues. However, on thls basis a

lower- AH|-, value than obeenved. would be expected for
1 -d.lmethyl 1 ,2-d,iaminoethane. Al so thi s enthalpy ef f eet is
not shown fon the lonisatlon of the C-substltuted- aeettc
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acld,sr although solvent orlentation about a negative ion

@Oo-) will be mueh less than that about a positive ion
(-nnl).')'

The relatlonship AH;

protonatlon of d.ibasie amlnes and. anises from two main

factors: (i) the high electronegativity of the catj.onie
group -*t; lowers the eleetron d.ensity about the second.

amlno group through an ind.uet ive el eetron transml s sion and

d.ecreases its d.onor power.

( if ) from the eontribut ion to AH; of an end.o-

thermic term f or the lntnamolecular interaet ion of the two

ammonium ions. -NHl.-)
For the protonatlon of the cr-a1ky1 substituted.

ethylened.iamlnes, both aHi and. AH; are nelatively
lnvariant and, lndepend.ent of any i.nd"uctlve eff ect s of the
alkyl substltuents. The separatlon of the alky1 gnoups from

the -NH2 group d.j.minishes the effect of thein +I ind.uctlve

tend,encies on the amine bastclty. But f or NN | -d.imethyl
1 , z-d.laminoethane, 28 AHt --1 z. [kea1s/moIe. c ompared. wlth
the value f or. 1 , 2-diami-noethane AHt =1 1 . 9keal s,/more , thi s

*may lndieat e that at shorter separat lons, the t +I I ef f ect

of an alky1 substituent contrlbutes signlfleantly to the
coondlnatlng power of a nitrogen atom.

* The AH? f on NNt -dlrnethyl 'l ,z-d.laminoethane was d.ertved,28
by the ' t emperature eoef f letent method. ( see z-2. 3) and,
may be subject to a large uneentainty. ( see 3-j.l)



phenyl group: *

Ar <<- I ---l.---t&lll
o + N( t )
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1 -phenv].jl . 2-dlamlJrqethql-e prot onat ion sequenc e : F on 1 -
phenyl 1rz-d,iamlnoethane protonatlon, the row AH? value

may be a result of the strong t -I t tend.ency of the phenyl

group. The first proton ls probably coord.inated. malnly by

the nitrogen atom (nZ ) more remote from the eleetronegatlve

(relative to H-l-l-*(2) )ll
N(1)

( Sutst ituent ind.uctive eff ect s d.imlni sh with d.l stanee f rom

the centre of eleetnon ind.uet lon. Suggested. tnansmi sslon

factors range fnom O.33 to O.53 for each atom ln the
20.chaln. -- ) The seeond. pnoton w111 then be eoord.inated. malnly

by Nt which ls elosen to the phenyl group. The latter then

behaves as an electron ? reservolr t ( +r ) , lncroeasing the

electron d.ene tty on the nltrogen at om (t{ f ) and. stab lllslng
the armtonium ion. Thl s stabilisat ion aceounts f or the

nelatlvely hlgh value observed. for AH!. (Note, the phenyl

group is emplrically assigned eleetron wlthdrawing

properties relatlve to the hyd,rogen atom ln a neutral
c omp ound. , C 6H 5-CR 3 r H-CR J, and. could. show marked. ? +I r

effects when sltuated. close to a hlgh1y eleetronegatlve

Thls ls substantiated. by the logK values d.erlved fromPerrln and. Clarkr s emplricgl . d.at a.20 F'on N ( 2 ) pnotonat ion,pned.icted. 1og[=$.17, for N( 1 ), logl( =8.57. i. e,; the pre-
d.leted. eqbm. eonstant f or the f onmatlon of the -N ( z )Hllon ls approximately four times greater than that forr
the f ormatlon of -N( 1 )H3.
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group r €. g. t -frH 3. ) 
*

6-2.3 The entropy ghangg

( 
") Correction fon s_tatistleal terlqE: Ethylene-

d.lamlne has two equivalent amino g"oups wlth equal pnoton

afflnities. Therefore AS? contains a statistleal tenm

+Rln Z(=1.4e.u. ). AS; f on ethylened.lamlne eontains a

stat ist 1ea1 t enm -R1n2, beeause the d.lprotonated. species

contatns two equivalent ammonlum ions eaeh equally eapable

of loslng a proton.

Ernp lrical and. erq)erimental d.ata suggest that the two

amino groups 1n 1-phenyl 1 ,2-d,iamlnoethane d.o not have

similan base strengths. The f ir st prot on ad.d.ed. t o the

d.tamine may be coond.lnated. maln1y by the +l( z )H, group

( ef . , the logK values for protonatlon of the monoamines;

c5H5cHdHz' :N(1), g.X+: c6H5cH2cH2ffi2, = N(2), g.83.71)

Therefore As? and. as! for protonatlon of thls amlne

probably eontain negllgible statlstlcal terms.

F or the amlnes 1 -methyl , 1 -ethyl and. 1 -d imethyl

1r2-d.Lamlnoethane, the N(1) and N(2) amino groups probably

extrlblt slmlIar, though not equal , baslclt ies. (tne nela-

ttve baslclties of these gr:oups are consld.ened ln 6-2.f(c)).

Thls ls
c 5,H5- ; +
of ttre i
cGH5- +

for

eubsta
o. 50;
nd.uet t

-NHe
+

HSNC

nttated by the Taft o*(cnr)fffr!-, +1.9o .2o
ve gapagllv of a group.

HZ- ls

values: -NHo, +0..52;
These are a fiteasure

Therefore -I of
probable that o*

2-.
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Theref ore on ad.dlt ion of the f iret proton both amlno groups

w111 be partlaLly protonated.. rt i s assumed. to a f irst
approxlmatlon that for each of the amines each amino group

has the same proton affinity. Therefore the same statistleal
correet ions are mad.e to As? and. AS; as wene mad.e f or

ethylened.iamine. The correct ed entropy ehanges 1ef t to ri ght

1n Table 6-6 ane:

A s? 4. 1 3,1 3.1 z. z 'l .g e.11.

os; -4.h -o.7 -z.G -2.7 -9.3 €.u.

(t) The relative values for asi-g- g9!r For eaeh

base AS? is less than As;. This is probably due to
(i ) repulsion between the two arrrnonium groups ln the d.i-

protonated. moIeeu1e. Ihls repulslon tend.s to stlffen
the lntermed.iate alkyl chaln causlng a loss ln
notational and. vibnational entnopy.

(if) ammonium lons orlentatlng water molecules ln their
vicinity. Thls lowers the rotatlonal and translational
entnoBy of the solvent. The volume of solvent affected.
by an lon d.epend.s on the j-on-charge. For slngly and

d.oubly ehanged ( coincldent eharge ) ions the volume

ratio is 1 223/2e 1. €. e 1 : 2.8. As the d,lstance between

changes tn a d.oubly charged, lon ineneases, the volume

of solvent affected. falls fnom 2.8 to 2.O tlmes that
fon the rrmonorr case. A 1rz-d,Lammontum ton would. aet

essent lally as a d.oubly changed ( c oine id"ent ehange )
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specles.9 Therefore AS; wou1d. eontaln a larger
negative t solvent orlentationf term than would. A ti.

( c ) Rellttionshlp between ASo and. molecular structure:
Both AS? and. AS; d.eerease with tncreasing bulk of the C1-

substituent (tr'ig. 6-9). This d.eerease may be associated.

wlth a repulslon between the non-polar al-kyl or aryl chain

of low dielectrle and. the ammonlum ions formed. on proton-

atlon. Fonmatlon of an lon ( e. g. , -frnr) r freezes' the

motions of the solvent moleeules in 1ts vlelnlty.73186
There 1s a rad.ial orlentat ion of the solvent ( nf gl d.ielectr ic)
about an el ectrostat ie ehange ( -I,fff l ) . The ef f eet of thi s')'
orientation is to nepel from the charge any region of low

d.ielectr ic plresent .73 Theref ore in a protonated. amine the

alkyl chain is repelled from the arnmonlum ion; there is an

assoclat ed. chaln stiff eningg or loss of f reed.om of ehain

eonformation which lowers the rotatlonal and vlbrational
entropy of the amine mo1ecule. The entropy loss w111

incnease with the rslzet of the C1 substituent. It has been

postulated. that a slmilar chain nepulsion phenomenon oceurs

f or" the ionisatlon of the alkyl carboxyllc aclds.91

The large negat ive A s; vatue f or 1 -phenyl 1 , z-d.i-

aminoethane may anlse because the phenyl gnoup ean act as an

eleetron reservoln ( see p. 1 O6) :

,:\
(t 6+ lF>-C -t-$----ltJ 19i
- 

N(E)
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the anunonlum and. tGn5U*- groups would.

vibratlonal and. notatlonal entropy of the

6-2.1+ The relative baglc_ltiqs of the amine Eroups

For the reaet lon

L+H+ .t

= HL'

thene w111 be an equllibnium dlstnibutlon of protons on N( 1 )

and. N( 2) (rlB. , p.105 ). Ethylened.iamine has two equivalent

amine groups and therefore the d.lstributlon will be equally
weight ed,. 0n the other hand., 1 -phenyl 1 ,2-d,Laminoethane has

two amine groups which probably exhibit quite d.ifferent
basleities ( see pp. 1 06, 1A7 ) and. it is consid.ered that the

f 1r st prot on ad.d,ed. resid.es ma inly on the N ( 2 ) amino group.

For the aIky1 substltuted. ethyleneliames some evid,ence (n)

suggests that the proton dlstnlbution welghtlng may be equal

while other evid.enee (g) suggests that for ad.ditlon of the

f lrst proton the rat 1o of N ( 2 ) gnoups pnotonated. to tq ( t )
groups protonated. ts

briefly d lseussed.:

A. The natio Lcl/ ae! ls approxlmately eonstant (#%)

suggesttng that very slmllar factors (e.g., sterte,
solvatlon, €Ieetnonie ) eontrlbute to Kt and. KZ.

B. 1 . Fon ethylenedtamlne and. lts c., -a1kv1 analogues,

A59 and AH? are approxlmately eonstantr suggesting
1

that for each molecule initial pnotonation oceurs
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8.2.

mainly on the slmllan N( 2) baslc centres:

)CH. CHZ.NH2. For each of the N(2) eroups similar
solvent onientation and eleetronic effects w111 be

assoclated. with ammonlum ion fonmati-on.

The comparat ively high A{; and. low O S; values f or

ethylened iamlne. Contribut 1ng to the A HZ and. A SZ

values are terms for the effeet of solvent orient-
atlon about the ammonlum ion formed., - AH will
d,ecrease and. AS will lncrease with d.ecreasing solvent

onientation. For: protonatlon at N( 1 ) only could. these

tenms d.iffer markedly for ethylened.iamine and its C1-

substituted. d.erlvat ives, Solvent orientat ion w111 be

greatest about ethylened.lamine ( see 6-2, z and. 6-2.l( c ) )

and. hence the hlgh AH; and. low AS; f or thls moleeule.

Theref ore it ls possible that ad.d lt ion of the seeond.

pnoton occurs mainly on N(t ). Pnoeeed.ing from pn to
eten to i-bn the AS; values d.eerease with increasing

chaln-stiffening effects.

Because of the uneentatnty ln the sequenees of -NHZ proton-

at lon f or the se d,iamlnes , only the overall thenmod.ynami e

functions LG?-2, AH?_2, and. AS?_z have any real slgnifl-
cance. Solvatlon effects are apparently important and. aceount

f on the trend, in AC?_Z values, en
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6-2.5 Emnirieal eonrelatlone

The observed. sequence of logl( values was not pred.ieted

by Hal1rs empirical equation for the protonatton of aliphatic
pnimany amlrru", 71

pKa = 13.23 3.14; oo

In this equat lon the Taft o* values give a measure of intna-
molecular lnduetive effects. The lack of correlation
suggests that effects other than the eleetronlc lnduetive
effeot (viz., solvatlon, sterie) d,etenmlne the nelative
b asic it ie s.

6-3 C ornnar i son wlth Previous R esult s

(a) Nasanen et al-.23 have recently published. logl(

values fon the protonation of 1 -methyl I ,z-dLamlnoethane in
aqueous NaC104 med.ia. The values of ls$c obtalned. at

varlous ionic strengths are shown on Fig. 64. The thermo-

d.ynamic funet ions obtained. were AC? = 1 3.39J0. O2kc al.e/mol€ ,

AG8 = 9.OZllO.Olkca1s,/mole (ef ., thts work l j.Z5!O.01 ,
9. 01 5fo. Oo5kcals/mo1e respectlvely) , AH? = 11.8+o .2kea!s/
mole, AII; = 11.1+O.1kcalsr/mole (tV the temperature co-

eff iclent method, see 5-3.1 i cf . this work, 11 .94O.14,

9. 55i,0. 1 5kea1s,/mole respectlvely ) .

(U) TEe effect of C19a:eulE!:Llutl-sn: It is lnterest-
lng t o not e the thermod.ynamie result s obt ained by Basalo et

"1. 
28 f or some Ct Cr-substltuted. ethylened.lamines, Table 6-6.
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IABIE 6-6

Thenmod.ynamlc data fon protonatlon of^crce^ybstituted.
1 , z-d.iamtno ethanes , 25.OoC . 28

Basea

d.l-bn+

m-bn+

d.1-st 1en*

m- st i- en*

- AGt

ke/m

13.61+

1 3.61

11.02

10.80

AHt

ke/n

10.3

9.8

11 .3

11.0

aGz

ke/m

9.43

9.45

5. 39

6. jz

TAS
ke/m

3.3

J.B

-o.3

-O.2

AHz T A S

k.e/n t*c/m

1o. j -o.9

9.1+ O.O

9.7 -4.3
11.6 -5.1

a

+

{l

sa (NO ) ,fiwo , med.l-um, r =o .65m/L .

for abbrevlations see p. ii.

ln 5ofr Hzo/dLoxan, 0. o05m Ba(Cloh) 2 med.ium.

These values show the stilbened-iami.nes to be weak bases

because of unfavourable (tow) entropy terms whlch Basalo et

"1. 
28 thought mlght be attrlbutable t o the use of a mlxecl

solvent system. Howeven, the d.ata f or 1 -phenyl 1 , z-dlamino-

ethane in aqueous solution shows that N-protonatlon 1n the

system cGH5-c-N is eharacterised by a 1ow as tenm ( see

6-2.5(e), (a). ) ror aLl four amtnes, AH1 
= 

AHe (temper-

ature eoeff lclent data ) . Thenef one the tlrclcaI relat ionshlp

- AGe

for the seeond. pnotonation neaetlon (see p.1oB). aHt fon
the stllbened.iamines ls gneaten than AHt for. the sym-

metrteal butyLened.lamines, presumably beeause the phenyl

gnoup acts as a strong lntramolecular eleetron donor when
V-lr-'f(,;\;.. 'T'l OF

V/ELr! ii'lGTOi.l i.ii Ir 
r=. 

-,-rY,



1 1l+

close to an ammonium ion (see p.i06). The relatlonshlp
T A S(stlen)

between the ammontum ion anil phenyl ( O+1- gr3oup than

between -fiH5 and. cHj- groups (see 6-z. i(c) ) and. the

obsenved. nelatlve basielties stem from these d.lfferent
T A S terms.

6-4 ConclIul.Lo-n_s

1. Thls wonk has shown that the baslelties of C, -alkyl
substituted. 1 ,z-d.lamlnoethanes bear no obsenvable

relationship to the ind.uctlve eapaclty of the alky1 sub-

stltuents. This also appears to be true for C.CZ-

symmetrlealLy substituted. 1 ,2-d.iaminoethanes. E. g. s

symn-butyl ened.l arnlne s , t etramethyl ethyl ened.iamine.

2. The basiclty of NHzcH(n)cndffiz d.eereases wlth
lncreased bulk of the C,, -alkV1 substituent. Thls

results from a d.eereaslng AS term vrhich ean be related. to
a solvatlon effeet.

3. C-phenyl 1 ,z-d.iamlnoethanes are weak bases compared.

wlth 1 r 2-d.iaminoethane and. lts C-a1ky1 ilerlvat ives.
Thls is not because of a strong -I effeet of the phenyl

substltuent. (rn the system c6H5-c-fi the phenyl group

shows a f +It effeet whieh stabilises the ammonlum ion. )

Thelr low baslcitles arlse malnly from a low entropy tenm
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for the protonation reaetlon. It is postulated" that this
term is low because of repulslon between the crH- ( 0 * )-

+-o
and. -NH = ionic centres.)
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CHAPTM SE\IIEIII

THnnMonvtq-nurc uarn. rgn aeu.nous coppry (r_r )+''reurun coupr,nxqg

7-1 E:cper lmental and. R esuLt s

Notatton: The equllibrlum eonstants for reactlons
lnvolvlng the ligand. and metal 1on are given Roman numenal

subsenlpts. €.9. , fon

[u(nrob]**t = tu(Hzo)hrlt*+ffi2o,

Kr = ffi, an. Ani = -Rrr'Ki

where I{f ls the thermod.ynamlc ( aet ivity) equl-
llbrlum constant consistent wlth a hypothetic aqueous system

contalnlng all reactants at lnflnlte d.ilutlon (=K* ).I
The equillbrlum constants for reactlons lnvolving the llgand.
(base) and ae1d. (it*) only, are gi,ven lnteger subscrtpts.
o.g., for L +H+ = LH+

Kr = [ r,u*] At )[ n*] r anq AG? = -Rrrrx i
(See Chapter 5)

wlth nefenence to the same stand.ar.d gtate.

A slmlLar notatlon ls used. fon enthalpy and entropy changes,

vL?,. , AHr r AHry ASt r aSrt, etc. , f on metal lon llgation
neact long,

To slmpl1fy equations charges are generally omltted.
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7-1 .1 The f r_ee ener$y chanqg

AGo was obtained. from the thermod.ynamie equlllbrtum
constant K. by the relatlonship AGo = -RTlnKa. (see

equations 2-8, 9. )

For a senles of ionic strengths, solutions were

prepared. containing d.ifferent eompositlons of copper pen-

ehlorate (tu ) , HClo'(Trn ) , and. ligand. (r, ). The 1onlc

stnength was ad.Justed. by the ad.d.it ion of the lnert eleetro-
lytes Nac104 and. Ba(c104)2. ( see f ormuration in 4-1 . i)
The solutlons were analysed. potentlometrlcally to measure

their equllibnlum hydrogen ion concentnations [tt*] eqbm, at
2J.OO2O. 01oC, (See ]7-1 ) using the celt

C a1 omel

R eferenee

El ect rod.e

Satunat ed.

KC1

L lgand. ( Tr, )

Hcloh (rn )

cu(cloh) 2 (ru )

NaC 104 , BaC lOh

TotaI

fonie

Stnength

I

Glas s

Ele et rod.e

( see p. 65 and. Fig. 5-1 . ) nv subst itutlng [n* ] eqbm

(aesignated H ) lnto equation 3-l+, the free llgand. eoneen-

tnat lon tr ] and the coneentnatlons of HL+ and nrL?* ln
eaeh solutlon were determlned.. The results f or the Cu( II )-
1 -methyl 1 ,2-d.iamlnoethane react lon are glven fu11y in
Tables 7-'l and.7-2. From thls d.ata ; was caleulated. fon
eaeh sorut lon ( see'4-1.2 ) and. f ormat ion curves (; vs. t r ] )
were plotted.. (Figs . 7-1 , T-Z). Appnoximate K" values,
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FOR}'IATIOSI CU RYES

F tG. 7-1.

FOR I HE REACTIOil

2t 2+Gu(eql- + pn:Cu(pnXeq)- + Z:H20

l-'* \F r-f,

Po-l

F-;-{ r-:-t l--'-r l-.-l

Fr-l

\
\

l-.'J'

F'{

\

li_ r-l

\

\

\
i{

\
f-

C\
|lI lof 

l 
( mlD,(L) r
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F tG. 7-2.
FORMATION CURVES FOR THE REACTIO N :

fClr(pnxaqtJ?' + pn -!: [cutpn)2(aq[2' + zF.zo

I

,/i
-/r

I-/t/
/ i- I = 0.04 m/t

I

T,/l
/"

I
I
I

I

l:0'35 m/t

l:0.10 m/t,

I=0.15m/t

0.80

1.44 l'45 F 1.50 r-52
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Kn
1

= ir]= 1I J-, J II=II-i

were obtatned. by lnterpolatlng I t ]_ { values from the
rI=II_E

formation eurves. rmproved. K" values were obtained. by

employing BJerrumt s method of successive substitutlons.
(see I+-l ,Z)

The lo$c values for each of the cu(rr)-diamine
systems studied" are gtven ln Table 7-3. Log K. values were

obtained. by extnapolatton of 169[(c to zero lonie strength.
(rigs. 7-3 to 7-5) ror these extrapolatlons, the relatlon-
shlp

16gl(a = Lt. (logfic+fn. I) = Lt. (fo$")
r-)0 r -+o

was assumed. ( equatlons 2-8 ,9) . Fon 1 = eten and. i-bn, tt
was found. that

lo$o_ = lo$^ o]r* where o = 1.O*I "I
and. lo$r_ = logl(^ pI whene F =. O.5*TI "II
To cheek each extnapolatlon of 1og K. to zero lonlc stnength,

two plots, ls$c vs. fn. r ancl (rosK"-fn. r ) vs. r wene made.

For a given reactlon, eaeh extnapolatton gave the sane

lntercept on the axls I = O (Figs . 7-3 to 7-j).
Log K" values are glven in Table 7-j and Go values

ln Table 7-5.

C oppeJl lon hy4lnoly s l s : F' on the neaet t on99

Hzo + [ cu(Heo )r.] '* ii [culneo )rr_, (on;1+ + Hjo + 
,
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TABTE 7-4

Equlllbntum fonmation constants for the eupric eomplexes of
some C 

1 -subst ituted. ethylened.lamj.nes ln aqueous solut ion
(uacro,,/Ba(c roU) , med.tum ) zS. 0o:o. 01 oc

Ionlc 1-methyl 1-ethyl
Strangth 1 rz-d,Lamino- 1 r2-d,Lamino-

\n/L ) ethane ethane

1 O. 5 3930. 01 3

1 o.559J0. ol 2

1 O.504+0.01 J

1 0.41+4J0. 01 J

10. 371+0. 01 1

10. 322JO. 01 2

9. O]OJO.O12

9.421 +0. Ol O

8.98oJ0. Ol 2

8. 9 51to. 01 l+

8.91 1+0.O12

8. 88O30. 01 2

1 .l+lt

1 O. 494J0. 01 1

1 O.laJO3O. 01 1

1 O. 369+0. A12

1O.2lrtu0.01 O

1O.01+7+0. O1 1

1-dlmethyl
1 , z-d.lamino-
ethane

1 O. 1 76aO. 01 1

1 O. 1 21tO.01 O

1 0.059+0.01 1

9.952tO. OI O

9.765:0. 015

Log K,.-I
tl

lf

il

lf

Log Ko*I

Log K^-II
tf

tl

ff

ff

Log Ko*II

Lostri/ri, )

o.35o

0.200

0.150

0,1 00

0. Ol+O

0. ooo

o. J5o

o.200

o.1 5o

0.100

0. o4o

o. ooo

9 . t43JO. 01 2

9 .1 17tO. 01 O

9. 1 O[JO. Ol 1

t.085J0.01 1

9. 07OJ0. Ol 1

o- 98

8.91 B3O. Ol 1

8.889+0.01 1

8.857tO.01 1

8.8\1JO. Ol O

8.81 9:0. 01 'l

o. 94
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-1 . Metal 1on hyd,nolysis beeomes increasingly
impontant at hlgh pH espeelally when n ls
llgation systems. Assuming Kn to be correct, ealculation
(e.g., fnom Table 7-1) shows that at a maxlmum, 34 of the
cupr.lc lon 1n solutlon would be present as Icrr(Hzo )rr_t (on )]*.
over a penlod of days none of the solutions appeared. to
prectpitat e hyd.roxld.es.

Ennors: Eruors 1n K, and. K" values were assessed, as

t(2.4-3. o)% f or Kt and. Ktt . These errors arose from errors
tn p[H] measurement and in Kt and. K, values (see 6-1 .1 ).

7-1.2 The enthalpy change

AH was measured, ealonimetrically ( see l+-2, 5-2) .

The resultant solutions and. erperimental d.ata from calori-
metrlc runs were analysed. aecond.ing to the method.s outllned.
tn 4-2. 1 (b ) ana 5-2( h) nespeet lvely. The experimental d.ata

ls glven ln Table 7-l+. The terms ARn , ARH, AeH, A%, ,

and. AHd.it' in this Table are as d.ef ined ln j-Z(h) and.

6-1 .2. M'n 1s related. to the end,othermic heat ehange -q
ealorles per mole of metal ions:
AHro = -g AHaf t*

( from equatlon= arAHr+baAHrr+atAn.'+blAH2 4_-1 6)

= a, an! + baA Hir* ai anf + bL( aH; + 8.1x1o2 x
11

z*rz/(1 + ru))
(See sectlon 4-Z.Z)

and.,
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(from equation 6-l)

ai lnf bl( a H3 + 6)l .... . 7-1

hence

on;+paHir = inran! =

L lanazL

whene p = br/a, ( see Table 7-l+),

The faetors ^2, b2, uL, and bL were d.etenmined. by the

methods d.iscussed. in 4-2. 1 ( a) and, 4-2. t (b). The numerieal

value of ai oH? + bi(an!+8.1xl o?xz;rt/(r*r*)) was caleulatea
fnom previously obtalned. AH? and AH; values (chapter 6 ) .

The AHi and AHif values ln Table 7-5 were obtained.

from the data ln Table 1-4 by two methods:

(") by solutlon of pains of the slmultaneous eguatlons 7-1,
vLz., ani + paHir = i n,anf , e.B.r for the aqueous

1lgat lon reaetlon between Cu( I I ) and. 1 -methyl 1 , 2-d.iamlno-

ethane r the values obtalned. from conrblnations of data f or

nuns 1 +3, 2+5, 1 +ll , 2+4, 1 +5 , 1 +5, and 2+6, were:

AH? = 11.g7, 11.g0 , 11. g2 , 11.76, 11.gg , 11.g5, 12.13, 12.02

AHi, = 11 .37, 11.96, 11.53, 1z.oj, 11.g5, 12.48 , 11.80 , 12.40

(rcaIs/mole ) respeet lvely. These r.esult s were then avenaged.

and a standard d.evlat lon caleulated..
(b) aHi values were obtalned. gnaphleaLly by plotttng

? n, aHf = AHi + pa Hir vs. pr and. extnaporatlng to p = o.
i4r

In eaeh case llnear graphe wene obtalned (tr'ig. 7-6).



127a

F lG. 7-6

P LoT oF AHi + pAHif u3. p FOR coppER(II)

LrgAT toN BV A. | - METHYL 1,2- DIAMINoETHANE

g. t-ETHYL 1z-DtAMtNoETHANE

E. r-DtMETHYL f,z-otAMtNoETHANE

-22.0

-14.0

,\
5

|n

n
t,

I

HC.{
:E

A

+

oH
I€

/"/c

A/,

g'2 0,4 p 0.6 0.8 t.o

-12.0
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TABTE J-q
Stand.ard. thermod.ynamlc functlons for the step-wise equilibntun

reaetlons between Cu(II ) and. some C, -a1ky1 substltuted.
ethylened.iamlnes ln aqueous solut lon , 25. O0+0. 01 oC , I = O. Or1/t

Stand.and 1r2-d.i-
therrno- amlno -
ilynanle ethane
funet lons

1 -methyl
1 , 2-d lamlno-
ethane

- 1 l+. 08330 . O17

-12.115+O.016

-26. 2oso . oj

-11 .9530. 15

-11 .9030 .25

-2J.9Jo'4

+7.13O.J

+0.9+1 . 1

+8.031 .l+

+J.030. J

+3.9!1 .l+

1 -ethyl
1 ,z-d,Lamtno-
ethane

-1 3,7O7=A.01 5

-12. 37l1j9. 015

-26.08+o. oJ

-1 1.7630.13

-12. Ol{*0 .1 3

-23.8Jo. J

+6.5+o.7

+1 . 11O.4

+7 .6+1 .1

*2,1+!A.7

+3.5+1 ,1

1-d.lmethyl
1t2-d,lamLno-
ethane

-1 3. 32330.015

-1 2. OJ2aO . 01 5

-25. 3630. 03

-11.2720.08

-1 2.2630. OB

-23,53O.2

+6.9+O.2

-Q.7+O.2

+5. zlo. 4

+2.8+0. 2

+2. 1+0. 11

^Gi 
$e/n)

Aeir 'l

aGi-r r rf

Ari Ge/n)
ffiit r'

ffii-r, r'

ASir €. u.

Nir 'r

Ati-rr t'

asi ( eonn )

asi-n t'

-14. 30*

-12.58*

-26.59

-12.5

-12.6

-25.2*

+5.7

-o.7

+5.0

+2.9

+3.6

*

+

Ref . 24b.

Ref. 41 .
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Substltutton of oHi lnto equation 1-1 gave a series of A ni,
val,ues.

These two method.s gave companable aHi values, €. B. r

fon cu(rr) + pnr method. (a) gave AHi = 11.B7kca1s/mo1e,

AHif = 11 .g5lxca1 s/mote; method. (t ) gave O"i = 11 .gj
keals/mole, AHif = 1 1 .B5kca1s/mo1e.

Values of ASi were obtained. by uslng the equatlon

aoi = ^ni r^si
UncertaJnties in A$i-gaggg: These were d.etenmlned.

by the method. given ln 5-1 . 3. (r,or rf equat ion 6-1u read.

equat ion 7-1.) The uneertalnttes in AHif are always greater
than those tn AHi ( see 4-2 ) .

Absgrption speejlna: fhese were measured. for soLutions
with 1:1 and 1zZ ratlos of metal lon to 1lgand to detenmine

the C. F. S. E. terms ( see 1-3.4) . Spectna were d.etermined. with
a unicam s.P. 500 or a Hilger watts ?uvrspEc r spectro-
photometer.
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Dlscusslon of Rssults

7-2 The Free Enensy Chanse

7-2.1
lisand basieity

There is an approxlmately linear relationshlp between

complex stability and. ligand. basieity. Companing the free
energy terms f or the metal ion-l igatlon and. l igand.-proton-

ation reactions, it ls found. that
Le?/ ei_e = o. Glo J o. ooo

and. AGi_o / rcl_, = ,t .19 + o. 02

The constancy of these ratios lmplles that 1lgand basiclty
alone signiflcantly d.etermines the relative stabilities of
these cu( II ) -d.i.amlne complexes. Theref ore the f orces between

bound. ligand. and waten molecules must be uniform in the

ser"ies of 1 z1 and. the series of 1:2 copper,-d.iamlne eomplexes.

The substltuent R ln NH2CH(R )cn;tull, must make only mlnor"

eontrtbutlons to interligand. forces ln the eoord,inatlon
sphere.

The results may be eompared. with those for the N- anil

NN I -substltuted. ethylened.lamines. Increased. length and

branchlng of the N- alkyl subetltuent has ltttle effeet on

the amlne basicl ty r27 '28 yet manked.ly lowers the copper-

dlamlne complex stabi1lty35 '55 because of increaslng inter-
llgand (l-l and. H2o-t ) nepul slon f orces wlthln the eo-

at lonshl etween
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ordlnation sphere. (Utl t -tetramethyl-ethylened.l*min"72
pnobably forms a 121 eomplex on1y. ) *

7-2.2 The ave:rage f ormatlon constant

B;emum51 def ined. an t average' formation constant Ku.r.

for metal lon ligation reactions:

lo8Kav. = t lod{r.Krr ...\'.

The ratio lo$av ./ro#1 
* 1" approxlmately eonstant for a

given metal ion with similan llgands when for each type of
complex the interligand. forces and. the bond.ing fonces are

essentlally the 
"r**.51 

The equivalent ratio for the

c opper-d.lamine complexes i s approximat eIy eonstant :

AG?_.T/ AG? = 21og[o^u./roeKi = 1.ggto.o2.

However, beeause the Ilgand.s ( exeept en ) eontaln two d.is-

slmilan basic centres it is pref eroable ( see 6-2.4) to
consid.en the ratj.o AG?_rr/ ani_2, which also 1s eonstant
(1.r9:0.02).

7-2.3 The ratio of successlve stability constaryFs

F or each copper-d.iamlne syst em, logKi i s
Thie nelationshlp 1s favoured statistieally and is
valld. f or metal lon llgatlon r.eact ions ( see 3-5 , 1

roeKir.

general 1y

(")). The

Data is avallab1e fon NI(II) only; it glves only
complex and Cu( II ) 1s pnobably anirogous . Zn( ti 1bls complex because sterlc hlnd.ranee is mlnlmlsed.
lon adoptlng a t etnahed.ral eonf lgunatlon.
LogKl = "o$nr* 

.

a 1:1
forms a
by the
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logf firfl(i, ) values are given in Table 7-3 and- may be compared.

with the llterature values fon the ligand.s en 1.41 ,24"
dl-bn+ 1.51 , m-bn+1.j8, tetram"en* 1.39, df-stien@0,96,
and. m-stien@ O.95. 3 However, for the NNt -d.l-n-a1kyl
substltuted 'l ,z-d.iaminoethanes this natio is not constant.
It increases negularly with substituent size, from 2.84 for
the NNf -d.imeen complex to 3.83 for the NNt -d.i-n-Buen

Dlt
eompl 

"*.'+Q ' 35 This eorrespond.s to an increased. st eric
hlnd.nance between llgands in the bis eomplexes and. a d.ecnease

in complex stability.

7-3 The Enthalpy Chanse

7-3.1 The Cu( II )-ethylenediauine system

For thls system Davies et 
"1.41 d.etermined. Ani_r, =

25.15kca1s/mole. (Values of ZI+.6 and. 25.I+kcals,/moIe have

also been d.etermtnedrfu'35 but Daviesf result is probably

the most rellable. ) several worker"40 r41 , 66 167 have postu-
Iated. equal AH for suceesslve step-wtse complex formation
reactlons between the aqueous cupnic lon and strain-fnee
dipole llgand.s, when lnter-ligand. repuleion f orees and. metal

ion eonfiguration do not vany (appreciably) wlth metal-
llgand. natto. Fon the cu(rr )-pn reaction and the

+ Log(xtftrr), r =o.6im/!.
@ ln 50% d.loxaneft..Q
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cu(rr ) -2rz' -1 ,Jpn reaetiorrl 19 aHt = aHrr. A slmilar
equality could. be postulated for the Cu(II )-en reaetion,
giving AHi = AHif = -1 2. 5kea1s,/mo1e.

7-3.2 Interli-Eand. interaet ions

For the llgands €Dr por and. eten LHI/ AH?_e is
approxlmately constant (o.551:0. ooJ) 

"rrggesting that the

eomplex bond energies are d.ireetly related to ligand. d"onor

power. For i-bn the value for this ratio is lower, o.525,
possibly ind.icating an lncrease in interligand. (l-n20 )

nepulslon forces withln the eoordination sphene. (tvtoteeular

mod,els show that the gem dlmethyl groups of i-bn hlnd.er the

free notatton of the flfth or sixth (trans) water molecule

in the eoord.lnat ion sphere. However, they d.o not suggest

that the methyl groups would. dlsplace the water molecules

through steric hlnd.nanee. )

7-3. 3 Comnlex stab_iJ.j,ty and. l igan{ d.onor po-weJ3

The ratlo AHi_f / An?_, is approximately constant,
1.095t0.01 1. This constancy lnd.lcates that those enthalpy

faetors which d.etermine the relative stablllties of the
Cu( II ) -1 ,z-d,iarntne complexes are the same as those d.eter-

mlnlng the relative stabilittes fon proton -1 ,z-d.iamlne

complexes. €. g., the solvent shieldlng effeets fon any

11gand. ( see 6-2.2 and. 6-2. j( e ) ) have the serme retat ive
impontance ln each eomplex system. Fon the copper eomplexes

the 1nter11gand. repul slon f orces rmrst be essent lally unlf orm
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and. lnd.epend.ent of the C,, -alkfl sub st ituents.

7-3.1+ The C*It S. E, Contribrltj-_oJr_ to gH!

The eorrected. AII values AH"oo"

given in Tabl-e 7-6. For the reactlon

ffic.F. (r) = c.F.s.E. ( trvr(Hzo )zLz] 2*)- c.F.s.E (trvrlHzo)r*r]r*).

Fon the reactlon

[rrr(nzo)4r,]2* + L + [u(nro)r"f* + ?Jtzo. . .(- Mir),

Nc.l,. (tr) = c.F. s.E. ( tu(Hzo ) zLzlz\-c.F. s.E. ([u(Hzo )rr"]2* ).

= AHi- AHc. F. are

fu(nro)SJ'* + L + [ru(Hzo)4r,]2* + n72o. ..(- an!),

F on eaeh aqueou s eompl ex the C . tr' . S . E. wBS cal cul at ed. us ing
the equation

-C.trt.S.8. = 0.!31 + O.ZEZ + O.ffij ........... 7-2

whene E1 ' 82, and. nl are the Cu(II ) d.-d. electron tnansitlon
enengies obtained. fnom the visible-near I.R. absonption

spectrum, E1

d.tscussed 1n Append.lx I. (fne broad. slngle band absorption
curve for the cupnie lon theoretlca11y resoLves lnto three
gausslan curves correspondlng to three ct-d. electron
transj.ttons ,125 enengles El , Ez, and tj. )

Each 1 : 1 complex and. eaeh I z 2 complex have the same

c.F. stablllsation tenm Mc.F.. The vlslble-near I.R.
absonpt lon spectra for the Cu ( II ) -bls diamine complexes are

energet lea11y ld.ent ical wlthln experlmental ernor. A broad.
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TABLE-7:5

Cnystal f iel,d. eonreeted. ligat lonal enthalpies f or some

aqueous Cu(II )-dlamlne eornplexea, 25.OaC

Llgand.

en

pn

et en

i-bn

aHt ( co* )
( kcal srlmo1e )

4.4

3.7

3.6

3.1

- A H-I,rr 1 conn )
( keal s/mole )

6.3

5.6

5.1

6.o
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*absonption ,***. =1 8. 1I(K graphlcally resolves into three
bands , v =1 9. O, 11 .1 , 1 4. $kK wlth "***. 460 , 30, and. ZO

respectively ( e. g. , tr'igs. 7-7, 8 ) . These absonpt ions cor-
respond. to a c.F. s. E. of -(t+0. J+0,6 )kea1s/mo1e, simllar1y
the visible-near r.R. spectra for the 1:1 complexes are

ldent ieal withln erq)erimental ernor. A very bnoad band.,

u **x. --1 5. l+JO. 2l'd{ r I max. =32-l+31 cBrI be consld-ered composed.

of three absorption band.s at approxlmately 16.6, 14.4 and.

11 .81ff. ( €. g. , Fig. 1-9 ) these absorptions eorrespond. to a

C.F. S. E. of -( 3+. otO.5 )tccals/moIe.

The vislble-near f.R. spectrum for the Cu(II) agueous

ion is reported to have a band. at 12.6Id( with a shoulden at
9.5kI(. A furthen analysis of this broad. band. has shown that
,*"*. =12.251iI1. The main band. can be graphleally resolved

lnto two gaussian absorption curves with ,rnu.x. =i 2.5 arrd.

1 O. 5IiK. The occunrence of thnee absorpt ion band.s at 12.6 )

1O.5, and- 9.3Lts' eorresponds to a C.S.F.E. of -(ZS.gJO.5)
kcal s/mole.

The nesultant C.F. correctlon tenms are

AHC.F,. (I ) = -8. 2kealsrlrnole

AHC.F. (II ) = -6. 3kcals,/mole

The uneertalnty on each of these terms 1s esttmated. as

>/ Jl .0kca1 s/mole and arises malnly from the uneertalntles

liK or kllokayser = 10O0cm-1
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FlG. 7-7
VISIBLE ABSORPTION SPEC T RUM
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F lG. 7-9.

YISIBLE ABSORPTION SPECTRUM
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ln graphlcal resolution of the absorptton bands. Therefore,

the aHc.F. are of limited- value. The equality of each

AHC.F.(I) and. each ALr*C.F. 
( II ) i s more signlf icant than are

their absolute values.

7-3.5 The d.esree of Jahn-Teller d.j- stort ion

The sequence AHC.F. ( I )
that the lncnease 1n Jahn-Tel1er d.istortion is gneaten ln
passing from the hexaquo to mono d iarnine complex than in
passing fnom the mono to bis d.iamine complex.

Because the C. F. t enms are the same f or eaeh of the

121 eomplexes and. for eaeh of the 122 complexes it follows
that within each serles

( t ) the Jahn-Telter. d"istortion is approxlmately eonstant,
(Z) the M-N bond. lengths are approxlmat ely .qo*l , 

70

(;) the average electnon d.enslt ies on the N-d.onor atoms are

approximately equa1, 
*

(4) the interligand (l-n 
zo , L-L ) repulsions ane similar.

7-3,6 Complex lon solvatlon

I t f ollows from 7-3.5 that the variat lons tn
Ilgatlonal enthalpy withln the 1 :1 or 1 z2 serles of complexes

rmrst arise pred.omlnantly frorn ehanges ln solvent ontentation
about the eomplex lon. SoLvent onientatlon will vary wlth

* Thls supports the deduction (5-Z) that the inductlve
tend.ency of the C. -a1ky1 substltuent has 11ttle effect
on the ligand baslcity ( d.onor power ) .
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the C1-substltuent accord.lng to lts tend.ency to d.lsnupt the
solvent lattice and. to shleld. the solvent from the charge on

the metal ion. Vaniatlons ln ligand. protonation enthalples
are slmilarly ascribed. chiefly to changes in solvent orient-
at ion about the ammonium ion. ( see 6-2.2)

7-4 The Entropy. Chantre

T:rend.s 1n the entropy change can be e:cplained. on the
basl s of
( t ) solvent orientatton effeets
(Z) intenllgand ( f,-nro ) fntenactions in the 1 :2 eonrplexes.

7-4.1 S!{Flstlcal_eontributlons
as; contains a statistieal term. For the cu-en

complexr lt is Rlnh = 2.8e.u. and. arlses from the faet that
the en llgand can probably neplaee two water molecules from

the tetragonally d.istorted. aqueous euprle ion

Ico(Hzo)4(nro )rJ'* in four d.lfferent ways. There j-s only
one way for the reverse reaetlon to oeeur. Thenefone the
statlstlcal eontributlon to AS is Rln (t+/l), For the other
1 : 1 complexes, the llgand is asJnnmetnle glvlng eight
posslble configunatlons fon the cornplex lon. The statistieal
contrlbutton to AS ls R1n8 = 4. 1€.11.

asir contatns a statistlcal term fon the cuen!*
eomplex on1y, ASstat= -R1n2 = -1 .4e.u.

The corrected. As valueg ane given in Table 7-5.
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7-4.2 The ef f ect of l isand. jstruetlrre

AS9/ \= A"'o A',
r \ eorr / Si A S stat i s constant within exper i-

mental error. For I = €rr pn and eten AS?- | -^--r is also1r t eorn J

eonstant withln experimental error (O.9JO.2e.u. ). The

value for L=i-bn is slgnlficantly lowen (-0.7to.2e.u. ),
posslbly because the C., -Eem d.lmethyl groups ln l-bn hlnder

the free rotation of water molecu].es in the fifth and- sixth
(trans) eoordinatlon sites. There is a loss in rotational
entropy for the water molecules and- for one methyl group on

each i-bn molecule. Molecular model s (Courtauld ) f f lustrate
thi s phenomenon.

7-4. 3 A S_ values f on successive reget ions

Fon each l igand A tir is greater than a si. Thr.s is
typlcal fon step-wise metal ion ligation reacttons, and for
neutral ligand.s* arlses matnly f rom stat ist 1ca1 eontri-

'l lrbutlons.' '*0 ' 
93'11 0n the basis of these contrlbutions

alone it ls predicted. that f or each amine, AS|I= ASi-l+. 1 e.u.

Fon L=€Dr prr and. eten it was found. that AS9-= AS9-II I
(5.5J0.1)eru.! for L=i-bn Asir= As? -7.6e.u. (rrre value

f or l-bn posstbly dlff ers beeause of phenomena d.iseus sed. in
7-4.2. ) Theref ore A^ oSif i s approximat e1y 2.2e.u. lower than

pred.icted. statistieally. Thls sma1l d.lscrepancy posslbly

For ionic llgands It ls partly a eharge eff ect .
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arlses from a solvation effect. It has been postulated4o'77

that for an aqueous metal ion, solute-solvent interactions
d.ecrease rapid.ly with initial increases 1n ligand. co-
ord.ination nunrber when large llgand molecules are used.,

e. g. r €rr, dlpyr ( see 3-5r -5(t) ). Replacing two coord.inated,

water molecules on Ico(Hzo )U{H zo) zlz* by one chelate group

cau ses a large inerease in solvent entropy d.ue to
( 
" ) lneneased shielding of the solvent from the metal ion

charge, and.

(t ) eompetit ion between two incompat ible struetures , those

of the pnlmary coord,ination sphere and. the bulk of the
solvent.

smallen inenease in solvent rand.omness,

smaller posit lve It solvent-f reeingrr t enm

(see Fig. 7-1O and. p. 1l+J).

Replacement by a second. chelate group poesibry4o rTT eauses a

and Otif contains a

than d,oes A *i

Clampolinl et 
^!.1 

35 have d.iseussed the rlow second.

sphere hydratlon ( entropy ) t f or a complex anuine eompaned.

with an aquo ion. They consldered. it related. to the lower
entnopy of hyd.nation for the Nttr(s) moleeule (-tg.7e.u. )

eompared. with the HrO ( v) molecule ( -eg.4e.llr r entropy of
eond.ensat lon ) , i. € . , the complex aquo lons will be

surround,ed' by mone t frozent solvent molecules. This argu-
ment could, be appl ied to othen ltgand.s, €. g. , S3of vat ion f on

(*)en= -15.I+e.llo r *(aien)= -1 3.je.u. , *(tnien)= -12.2e.u. 
*

Fr om the C obbl e Equat i orrS 7" , Append lx I Ib .
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However, their eonsid.eratlon overlooks the part played. by the

d.onor group, 0 or N, ln d.etermining the entropy of hyd-ration.

7-4.4 The molan entroples of aqugous complex ions

For a reactton

I rtt( n 
zo) *J2* + frr, ,=. I rvr ( nro )

ASo/\nI eorr / stfr" + sfi ..

the aqueous

i s obtained.

ao
"ur-,

yrrrl 
2* + ( x-y )Hzo )

( x-y ) r,?ro ttS;

From equat ion 7-3 the stand.ard. molar entnopy of

complex io ^o be ealeulated: ASon tilr., can b e eal eul at ed : ASi ( 
" 

onn )

f rom the experimental AS; value ( = ASi- as*t"t ) ; sfi ^n thett 
2\)

stand.ard. molar entropy of solvent ( t rree t ) waten = 16.7ec ll. j
^osi, ean be calculated. approximately by uslng the empirical
cobble equatiorrS7" for the partlal molar entroples of
organle solutes in aqueous solution (nppend.ix rr ); the

stand.ard. molar entropies of many aqueous eations have been

measured. nelatlve to so-^-=O. oe.u. (so , , E -23.5e.u. 99.

ao ^n,r ao H' cu**
o'ot ancl t3*, values are given in Table 7-7.
The entroples of the complex ions are afort

O ttt.r^^ ^-^l--^-^ - -6

il ( *q) . The entnopy of an 1on in aqueous solut ion lncreases

with the amount of non-polar 1ow d.lelectrlc med.tum ( itt the
fonm of ligand) surroundlng lt. The llgand shlelds the
solvent from the cationle charge which tend.s to orientate
the solvent molecules and. lower their entropJl.

ao lncreases with c-alkyl substltution on theftLr,.
ethylenedlamlne ligand., i. €r , the molan entnopies of the

... 7-3

64
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TABLE 7-7

The stand.and. molar entnopies of some cuprie dlamlne ions

Llgand. sl ( e. u. ) .fir(e.u. ) sfi"r(e.u. )

en 4l+. 5

pn 47.3

i-bn 51 .O

et en 5l+. O

(ef ., ^osJrr** = -23.5e. u. )

-9,6

-6.7

-3.2

-0. 5

2.2

8.1

13.7

21 .1

aqueous (cu( eten)r, complex ions are

cu("tr)n for D,=1 and. rt=2. The hlgh moran entropy of the

cu(tetrameen), ion (+40.8e.rr. )o follows this general

sequence. C-alky1 substltutlon wtl1 lncnease the solvent-
shield ing capacity and. posslbly the solvent lattiee-breaking
eapaeity of the 1igand.. It ls d.lfficult to estlmate the

lnfluence of these effeets on tforr. The *r,r, values are

llneanly nelated. to "s; (r'ig . 7-1i ) . Theref one the incnease

ln tfr"r, upon c-a1ky1 substltutlon on the llgand. may result
malnly or whol).y from the entnopy contr.lbutlon of the
rmobtlet 

C.1 -aLkfl substltuent. The afrr, value for

* Calculated from ASf -If =1 !e.u. f( 
".f 1, AS"t"t=1 .he.uo r

si=lg.8e.u. from the cobble equat ton (nppuiai* rr ) ,
aseumlng dL = O.S8gmr/nrl.
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L=tetnameen d.oes not f lt thls 121 relatlonshlp, therefone the
other effects d.lseussed. above may also eontrlbute slgnifi-
cantly ln thls ease.

Fon eaeh 1lga'' t^Qnd. ( t3*r-43* ) i " 2.3!o. ie. u. less than
( t3*-S3o( 

aq.) ) , ind,icat lng that sub st ltut ton of a seeond.

chelate group possibly causes a sllghtly smal]-er inenease in
sol vent rand.omne s s than d.oe s sub st itut t on of the f 1r st ,
Flg. 7-1O ( see 7-4.3).

7-5 CompqnlsoJrs wlt4Ergvious_ .VJorJc

Nasanen et tl, 24b have necently publl shed. stabil ity
eonstant s f or the Copper-1 -methyl 1 ,2-d,iaminoethane reaetion
at a series of lonle strengths. Thelr values for I=0. eomft,
ls$l=1 0.54r IoSII=9.05, do not compare well with those in
Table 1-31 vIz., 1Q,J22aO.012 and. 8.8BOaO.012 respectlvely.

r.- OAII; values have been d.etermlned. f or this reaetion by the
temperature eoeff ielent method.'3(S-1. 14 ) .

^ni =

*it =

sf . r thls wonk 11 .95!O.15 and 1 1 .85JO. 15kcale,/mole

respect lve1y.

1 5. Okc aTs/mole

1 3.2kea1sr4nole
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CHAPTER EIGHT

TH_rylnOOnqeMrc uetl Fon 4,ggp-ouq Nrcxnr, ( rJ-t -nrA,MrNJr c ol,lpr,s]cns

Data has been d.enlved fon the ligand.s 1-methyl 112-

d.iamlnoethane and 1-d.imethyl 1 r2-d,Lamlnoethane. rt is
eompared. with that f or 1 ,2-d,iaminoethane complexes. Data

f on the Ni(II )-eten system is d.iscussed ln g-'1 .

8-1 E:m.erimeJrt aI_ aJrd R_esul-t s

The general notatlon and. experlmental method. outllned.
ln 7-1 for the copper eornplexes also appltes fon the N1(II )-
d.lamlne complexes. Some smal1 differences are briefly
outl ined- :

( a ) F onmat lon cunve d at.a: This i s given fu11y tn Tables 8-1

and. B-2 f on the equil lbrlum syst em

[ni(Heo)d'* + rrr, = lt'tir,rr(Hzo)6_r,n]'* + znrr2o

whene II=1 ,2r3, and. L,=prt, i-bn. The formatton eurves ane

gtven ln Flgs. 8-1 to 8-6.

(t) Eoullibrlw consta,nts: For the Ni(rr )-pn system lt was

found, that

Loglt, = LoS^ + aI ...o......or........... 8-1
"N hI

fon N=r, II and. III. Thls equatlon also applled. f or the
NI(II)-(f-bn) system for N=I, but fon N=II and IIf then,

1,1Logl(o LoS.. + FrE/(1+rE ) ............... B-z"N "I{
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F lG. 8-1.

FORI'IATION CURVES FOR THE REACTION

[xitnro5Jz' + pn --- fxirpntt H2otd 
t' + z+zo
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Log K,. values are 1lsted in Table 8-3 for a series of lonieT
strengths up to O.35m/t. LoS"* values were obtained. by

graphleal extrapolation of toSK* to zero ionic strength
using equation 8-1 or B-2 (r'ies. 8-7 to 8-10 ). to*u* values

are listed in Table 8-3, and. AGr? values in Table 8-5.
( c ) Nickel l-on- hyd.rolysis: For I ll r (Heo ) eJ'*, KH=4x1 o-1 o:.r,f 1

( see 7-1 .1 ) . For all the eomplex equillbnla stud.ied., the
fraction of the total nickel 1on coneentration present a6

I nr (Hzo ) ron 1 
+ was

(a ) uncertaintl-es ln KTrr-ra-lues: These were f or J,=pnr

+(2.5-3.5)/" and. for L=i-bn, !2.5q, ln all *h and. *"0r.

( e) The enthal-py ehgnse: A11 experimental ealorimetrie
enthalpy d.ata are given ln TabLe B-4. The synrbol s are as

erplained in 1-1 .2. The equation equival"ent to 7-1 but

applicable to the Nf (II ) system 1s

arri + paHir + q.AHiff = IniAHi = etc. ..o... 8-l
( see U-2)

The AHi, AHi' and. AHirr values in Table 8-5 were obtained

from the data in Table 8-4 by solutlon of sets of the simul-
taneous equatlons 8-3, ( see Table 8-5 ).
( r ) The Ni ( rr ) -1 . 2-diamlnoethane syst em: Davies et 

"r.41
quote the step-wlse equtlibrium constants for this system at
I=O .O15mh, 25. OoC : Logtt I=7. 32; toSII=6. 05; LoS(III-\. 1 .

It ls assumed. here that these eonstants closely approxlmate

the thenmod.ynamic equil ibnlum eonstant s. The eorrespond.lng
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TABLE 8-E

Format lon eonstant s f or Nl ( II ) 1 ,z-d,Lamine eomplexes in
aqueous Na01o4 /na( C 104 )z med.la , 25. 01+0. 01 oC

Log

cr
tf

tf

tf

tf

Ki

K^"II
il

tl

tl

It

*o"'II

K^
"I TI
il

It

tl

ll

Kirr

I onie stnength 1 -methyl 1 -d.1methy1(n/t) - 1)2-d.lamlnoethane 1r2-d.lamlnoethane

o.350

o.200

0. .l 50

0.100

o. o4o

o. ooo

o.350

0. 200

o.15O

0.100

0. o4o

o. ooo

o.350

0.200

0.150

0. 100

0.040

o. ooo

7.333!0. 01 1

7.33010. 01 2

7 .277!0. Ol 2

7 .292:0. O'l4

7.515:0. 01 5

7.31 1 +0. O21

5. 5Boao. 01 1

6. to1!o. ol 1

6. 279!0. oi 3

6.26930. 01 1

5 . b6oto. 01 2

6.2.47!0. ol 2

4,75Ot0. 01 2

l+. 9 123O. 01 3

4.98590. Ol 2

4,997to. ol 5

(i.269+0.014)

5.111+0.015

5.59830. ol 1

6.56730. oo9

5.51+lr*0. Ol O

5. 48030. Ol 3

6.465+0. 01 3

5.948t0. 010

5.01 1 +o. ol o

5. oollao. 01 o

6.228!0. 01 o

6.554t0. ol o

f .441J0. 01 2

5. 588:0. Ol 1

3.73830. Ol 2

4.25O10.01 O

5.25JO.03
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S t ep-wi se

Diamine

1-methyl 1 ,2-
d.lamlnoethane

1-d.imethyl
1 ,2-d.iamlno-
ethane

1, 3, ll
1, 2, ll

31 41 5

2, l+r 5

7, 9, 10

8, 9, 1o

9, 10, 11

8, 10, 12

7, 10, 12

11, 12, 13

10, 11 , 12

8t 9, 13

7t 9, 13

9, 11, 13

1, 12, 13

8, 12, 13

8.32

8.27

8.32

8. 2h

8. zg-o. oj

8. 5lt

B. 82

9.55

g. 96

8. 71J0. 1 8

9 .85

9.53
g. 58

o.26

9. 6oao .22
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rABLE g:R
enthalpy changes from the solutton of slmultaneous

equations ( equation 84)

Data eombinat lons An? AH?r oHirr
( rrom Table 8-[ ) ( teats/m) ( t<eats/m) ( tcals/n)

7.38

1.25

7.48

7 .18

7 .30

7.48

7. 40

7 .25

7 .38

7.1+8

7.37

7. 18

7 , 3530.11

5.97

5. 1o

5. 88

6.51

5. 36

6.26

5.27

5. og

5.96

5. BB

6. i5
5. h:
6. 1 8+o .zz

4.8J

4. 81

4. B1

4.48

4. 50

l+.63

4.49

5, Ol

4.96

l+. 9l+

L+.6i+

h._69

I+.7l:0. 1 I



159

- aGIi values for the step-wise equilibria are given in
Table 8-6.

Ciampollni et *1.40 have ealonimetrieally measuned.

the step-wi se enthalpy changes f on thi s eoord.lnat lon

reaetion ( see Table 8-5 ).

( e) $olid- eomrlexe-s: To help establish the metal-1igand.

stolchlometry f or some eomplexes stud.led in aqueous solut ion

solid. complexes rvere isolated. and- ana15i,sed. Most d.iamine

complexes were also pnepar"ed. as halld.e salts f or r.R.

analysis (Chapter 10).

I Nr (pgrt 
+(Sfgr+lz- : A blue-violet .s,o1id lsolat ed from

aqueous solutlon and recrystallised. from

50% aqueous ethanol. (Found. Ni(d.mg. gravlmetnic), 12.2J;

amlne brr pH tltration, 46.5 45.9. ltqi(pn)]](c1o4)2 requlres
N i , 1 2.2J; amine , 46, 3, )

LSi ( r+nt ilgp+Jp: A yellow-orafrge solid lsolated fr.om

aqueous solut i on and. twlce recryst al-
Ii sed. from the mlnlmum volurne of hot nrater. The solld,

showed. no tendency t o hyd.rate. (Found. C , 22.41+i H , 6.09 i

N, 12.55. C'HZGN*CIZO'NI requlnes C, 22.O4i H, 5.01;

N, 12.95.)
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TABTE 8-5

Standard thermod.ynamlc funetions for Ni (II )-d.iamlne eomplexes
ln aqueous solut lon , Z5!O. 01 oC , I = O. Omn

1 )z-d.Lamlno- 1-methyl 1-d.imethyl
ethane 1rz-d.lamlno- 1r2-d.iaminoethane

ethane
keals ! spln:fnee snin-naJred.

-9 .97tO. 0J -8. 82 -8. 8 2lO. Oz

-8. 5 ZtO.02 -8. 99 -8. 8830. 01

66.97to. 02 -7 .1 1 - T . z2to. 04

-2j.11530.0/ -zt+.92 -24.9230.07

kcals

AGi

ooi,
aoir,
Aei-rrr

-9.98Ref41

-8.27 f r

-5.59 rl

-23.84 rf

-8.9ORef4O

-g .35 rt

-1 0. 10 rf

-28. 35 rl

3.6

-3.6

-15 .1

-15-1

ani

aHir

aHir r
aHi-rrr

€.11.

osi
o sir

^sirr
o si-rr r

-8.2)3O. 05

-8.71!0. 14

-9. 5o3o. 1 g

-25.71!o. 05

5.53O..2

-O.530.5

-8.8+0.6

-l+. 230.4

-7.35

-7 .21

-3.7A

-1 8 .26

4.9

6.o

11.4

22.3

-7.3510. 01 1

-4.95:o .22

-5.9650, 1 I
-1 8 .25+O.J1

l+.93o. 5

1 J. 2+O.8

l+.22O.7

22.3+2.3
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I lr :.J i -u;r) #910*] f t' 4 blue-vi ol et sol id. i s olat ed, f nom

aqueous solut ion. f t vras neerystaL-

1i sed. from solvent alcohol contalning a traee of the d.iamine.

The hot aleoholic solution is yelIow d.ue to dissoelation to
the d.lamagnetic bis eomplex. (tr'ound. c) 21 .71i H, 7.o1 .

Requlres C, 27.6oi H, 5.9O. )

Ni ( l-bnl #r.5H2Q: Ni(l-bn)r(ClOb)2 was eonverted. to the

ehl or id.e salt by pass ing an aqueous

solut ion through an anlon exehange resln ln the chlorid.e
fonm. Slow enystalllsation of the aqueous solution gave

blue cnystals of the pentahyd.nate. (Found. C, 24.45;
N r 14.43; Hzo by weight loss at l oooc , 18.5. cgH:eNhclzo5Nl

requlres C , ZL+.14; N, 14.08; HZO, 1 8. O. )

Nl( l-bnf ,#22 A yeIlow soIid, obtalned. by heat ing the penta-

hydnate at 10OoC f or 2r+ hours or by reerystal-
Ilsing the pentahydnate from isopropanol.

8-2 Maenetie Egullibrta for IN{i-bq)

Many Ni(II ) eomplex salts of sultable stotchlometry
exist as a mlxture of d.lamagnet ic and. paramagnet ic f orms.

At noom temperatune the aqueous ntekeL bis l-bn lon
extsts as an equlllbrlum mlxtune of a yellow-orange d.ia-
magnetie fonm and. a llght-blue paramagnetlc for.m. The equi-
llbrtum constant at 2joC (t=O .Zom/L) ts tr= lDl/Lpl =o.gJle
equlvalent to 54.576 P , 45.5fi A. K increases wtth temperatune
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and on ad.d.it ion of acetone or methanol to the solvent. In
pure acetone, only the diamagnetie form is present, tr*"*.=
455m p ; I max. =61.2. rn dry methanol the equilibrlum
mixture eonsists of approximately 95qE of the d.iamagnetic

f onrn; lr rilBX. =l.r.tOm p .

The enthalpy change for the P i:r D reaction in aqueous

solution was obtainecl by the temperature coeff ieient method.:

D r a ropf\AH(p,o) = z'3ofrT' ( a, /p, ri (see 3_3.ra)
K= [D] / tr1 was obtained at a series of t emperatures f rom

spectroscople measurements. The paramagnetic species has

thnee weak absonptlons ln the vislble spectnum, &t 369, 594,
and. 980m [r r 

" *"*. { 10 * in eaeh case. The single intense
absonption band. for the d.iamagnetic ion occurs between these
f inst two wavelengths; the measured. molar ext tnet lon co-
efficient at l+5Om p is 1lttle affeeted. by the presence of the
paranagnetlc species ln solutlon. It was asslxned. in
ealculating K that emax. for diamagnetic INi(1-bn)r]r* 1s

the same ln solvent acetone and water.

8-2.1 Experlmental

Speetra were meaeured wlth Unlc a m S. P. 7OO record.ing

speetrophotometen fitted with a thermostatted. electric
heating block fon the absonption cells. Measurements were

mad.e at temperatures between 26 and 6ZoC. To facilitate

* Dlff icurt to assegs exaetly because of the D ;i p
equil lbn lum.
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napid. thermal equlllbrium O.1cm cells were used., Measure-

ments were mad.e on a solutlon of ionle strength O.Zoomfti

thls lonlc strength was employed fon calorimetrie enthalpy

measurements also. No inert eleetrolyte was used.. A

concentrated (0. o66mo1an) solution of lui(i-bn)rJ (c104)2

was used. to mlntmise the change in d.egree of dlssoeiatlon
eaused. by the effect of terryerature on the formation eonstant

fon the complex, KI.KII.

8-2,2 R esult s

The absorptlon curves for various solution temper-

atures are shown ln F 1g. 8-1 1 . A plot of logl{ vs. T 
oA i s

shown in Fig . B-12. The expenimental error in K is appnoxi-

mat eIy !8%. From F ig, 8-1 2 ,

o. ol oc-1d-loEK
d.t

and. AH r-\rrD) =

At 25oC K =

Therefore

as(p,n)

_TB-_

225oca1srlmoIe

0.832 and AG

(for the reaction P Fi D ).

= -RT1nK = 1}9ca1s (p =o D ) .(pp )

= +7. 2e. u.

The electronic multlpl lcity of the d.iamagnetic f orm i s one and.

of the paranagnetlc form three. Therefore AS(p 
rn )

lnelud.es a tenm -R1n3 = -2.2e.u. anlslng fnom the d.eerease

ln electnonlc rnultlplielty. Therefore Ot(rrO corn)=9.4e.u.
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Discusslon of Rssults

Part A

The f ormatlon of spin-free nlckel ( f f )-d.iamine complexes
(fne 1lgand.s €rrr pn and i-bn)

8-J The FJ:ee Speney Chanse

g-3,1

and. 1lsand. baslcity
Thene is an approximately linean relationship between

eomplex stabillty and. ligand. basicity for the 1:1 complexes,

vLz:.

LG?/ ool _z = 0.432!0.011

This eonstant ratio lmplies that interllgand. forces in the
coord"inat ion sphere are unif orm in each d.iamine compl 

"*.51
(see 7-z.l) Theref ore C,, -alkrI substitution on the basie
ethylened.iamlne ligand. d.oes not significantly inerease inter-
ligand interaetlons in the 1:1 and Ni(II)-d.iamine eomplexes.

However the rat los LGIT/ ac?_z and ooirr/ An?_e

j-nerease eonsld"erably with increased Cr-a1kV1 substltutlon.
1. e. I the ratlos for en

the ond.er of d.ecneasing ligand. basicity (d.onor power ) and.

inereasing lnterIlgand. lnteraction (partieularly sterlc
hindrance between the C1 -subst ituent on one l igand. and. the
d.onor atoms of another in the coord-lnat lon sphere ) , and.

arlses because the entropy changes, asir and. asiry
lncrease marked.ly with incneased. C,, -alkVl substltution.
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This entropy effeet j.s discussed. in 8-5.2. cf. for the N-

and NNt-a1ky1 substttuted. ethylenedlamines the ratio
AC|-N/ AC?-z d.ecneases wlth j-nereasing subst ltut ion and.

1ntenllgand. interaetlon.

8-3. 2 The- rgt i o -ojg sgcce$ slJre Kfr_vr]"g.q

The stabillty eonstants show the general or-d.en K, )
Ktt

d.eerease of KN with inereasing N is typlcal for complex

formation reactlons (see l-5. 1a). For ptrr 1oe(Ktftrr) +

rog (x,'ftttt ) , but f on €Dr tog (xtfrrr )

i-bn, 1og,(xr/KII )
malnly from different entropy contributions.

Kttt for en 1s mueh less than the value for pn

The onder of llgand. baslcity en

lncreaslng interllgand. repulsion ln the eoord.inatlon sphere

en +pn

The observed. ord.er for Kltt values is a result of the
entnopy change; Asiff for the ligand. i-bn >> pn

8-4 The 4pt4a]pv Chanse

8-4. 1 The r"eJatl_oJrshlp to 11sand. basielty
Fon the formatlon of the spln-free NI(II) complexes,

the Ani and. AHir values are Ilnearly related to the
AC|_Z value f on the d lamlnes (tr'ig. B-1 f ) .
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However, beeause AGo1-2
relationshtBs imply that
reaetions

2II+ 
=

X|+ $i

+ (l3.98ao. 04)keal s/more

+ (t j.733o.zz)kcaL s/mole

+ AHi_z ( see Table 6-6) , these

the enthalpy changes for the

M( aq)

ML

n*'*

aHi =

aHir =

AG?-,

ool-,

Ntr' +

and ML^ +
I

HdL

+

+

ane both ind.epend.ent of L. Theref ore the ligand baslctty i s
givlng a d.trect measure of the metal-ligand. bond. strength,
and. the lnterligand repulsion fonces must be approximately

the same in each 1 : 1 and. in eaeh 1 :2 eomplex.

F or en and. ptr r

Nirr = ae?_z + (t2.7530,a7)kcals,/mole,

probably lnd.lcat lng that C., -methyl substitut ion on three
coord.inated. ethylene-d.iamlne llgand.s d.oes not affect the

lnt erllgand. repul sion f orces. However , C, -d.imethyl substi-
tutlon causes consid.erable steric strain in the tris d.iamine

eomplex and *if, for i-bn is very 1ow.

ft appears that ln the absence of marked. strain and.

lnt erltgand. interact lons ln the eoorillnation sphene, the
stepwtse enthalpy changes for the formatlon of Nl(rr)
d,lamine complexes show the e:qrected linear relatlonship to
11gand. basleity.'r However, the avatlable data f or d.lpynfayf 3

AG?_r, for an n-bastc amlne.
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d-o not f it the nelatlonshlp ( tnis system eomplleated by M-L

n -bond,lng) , nor do the d.ata f or d.len ,121 ,39 on trien ,19 ,38

although chelation by these may l-nvolve ring-straln ( see

3-5. 2b ) .

8-4.2 t& ro"*q""tr" onfi@
tr'on en and pn

anirr is

This onden ls opposite to that shown by acfiI and.lt is
interestlng to note that AGfi hae often been utilised as a
measune of AHft fon complex formation reaetions. For i-bn
- 

^Hi 
ls + 

^Hir
d.l scussed. above ) .

Fon en and prrr the a"fi values when comected for
C.F. S.E. contributlons ( see B-4. J),

AH;( conn ) = dIfi AHc. F. (N I ( from 7-3.t+)

st 111 show the order *i'
Fon l-bn the order beeomes AIli

The Lncnease of -AHfr wlth N f on en and. pn ls
eonSld.ered. to ari se at least in part from a solvat lon eff ect.

3, ) aecneases as n
(see 7-4.4) This has

been assoetated. wlth a progresslvely smallen release of
water moleeules fnom the outen hydnatlon spheres of an

aqueous metal lon as suceesslve ligand. groups are

coond.inat ed1 35 0-4.3 and 7-4.4). The r freeingr of solvent

rt has been noted that 1sfiir, -1fir.,_,
increases , and. that tilrr, ls > til 

f aq) .
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TABTE 8-7

crystal f ield eorrected enthalpy changes AHtq ( 
"oor)* 

f or
N1(rr )-dlamtne llgation in agueous sorutlon, 25oc

i-bn
sp in-f re e sp in-pai.ned

aHt ( corn )

aHlr ( corn )
AHtrr 

( eorr )

AHt-tr 
( eorr )

aHl-rrr ( corr )

eg

-l+.35

-6.97

-5.95

-1 1 .31

-1 8 .25

DN

-
-4. 1g

-l+,51

-7.70

-9. Bo

-1 6.50

7-3.1+.

-l+. 85

-3.77

-2,70

-8.53

-11.33

-4.95
+29O.5

-297

+285.5

-11 .33

Symbols d.eflned. ln

waten molecules is
term whleh makes a

Anir

A simllar increase of

some other complex formatlon

M=(Mn, Fe, Co)tI and. n=1 ,2r3,
2.135

aceompanled. by an end.othermle enthalpy

gneater contributlon to Ani than to

Anfr with N has been noted. fon

neactlons, vLz., M+n(en) whene

and. c o( II ) +n(aien ) , r=1 and,

8-4. J The C. F" S*E. egnt_r-ibution to _AHfi

This was d.etermlned. speetroseoplcally ( see Append.lx I I I) .

The C. F. g. enengles f or some aqueous NI(II ) complexes are

llsted. tn Table 8-8. The c.F.s.E. eontr.ilutlon to

Lisang

M?_n* .F. s. E. f on l Nrr,rrJ 2* mlnus the c. F. s. E. f on



169

I,}j+gnd,s r *"*. (m_p )

rABrE 8-p

C.F. S. E. fon slx-eoord.lnate Nt(II) cornplexes

C. F.. S. E. ( keals "'1e )

-29. 07

-33.52

-36. O

-39 .15

-37.30

-39.20

-t1 .55

-35. O

-36. O

+

x

*

*

6lr,o 1 180

1 020

95t

877

917

875

1 087

980

953

(en).t+ttro

( en) r.anro
("r)l
(pn ) r.mro
(pr)I
(r-tn).t+ltro

( r-tn ) ,. nt ro
( r-nn),

+ Ref . 12O

x Ref . 76r p. 296

* Ref . 76r F. 124.

I rvr(Hzo ) 6]'* .

C.F.S.E. BIte

The

glven

a Hri and

ln Table

A H?_* values eorrected. for
g-7.
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8-5 The Entropy_ ChaII{Sr

Variatlons ln the entropy change are e)qplained on the

basi s of
( a ) stat 1 st ical eontrlbut i ons , and.

(t ) solvatlon effeets.

8-5, 1 Statistical cog.tnibutlons

These were ealeulated. by the method, outlined. f or cuprie

complexes, 7-l+.1. It was eonsldered. that the hexaquo Ni(II)
ion has slx equlvalent coordinatton slt es. Account was taken

of the asJrmmetry of the pn and. i-bn llgand.s. The eorrected.
rAVa\r values,

II

ASO ^,-Oti1"o"o) = aW asstat

are glven ln Table 8-9.

If the vanlatlon of A Sft with N arlses sole1y from a

stat t st ical eff eet , then f or each amlne ASIfi values should be

nelat ed. by

ASir = (Asi x)e.u. wherex =3.1
and. AS?rr = (Asir-y)e.u. wherey = l+.0

The values found for x and. y were, for en 1.2 and 11.5, for
pn 6.2 and. 8.2 and, f or l-bn -1 .1 and. -5.5 respectlvely. For

en and. pn the obser.ved. x and. y values are to a f inst approxl-

matlon d.ouble those pred,lcted statistlcally. Slmtlan

apBroxlmate nelattonshipe have been observed. by othen workere.
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TABLE 8-A

f or Nt ( II ) -dlamlne coord.inat 1on equtl lbrlaEntropy d.ata

LisaJg

asi
asir
otirr

asi ( stat )

^tit ( stat )

a sir, ( stat )

as9,, \I(eorn/
a sir ( corr )

asirr(eorn)

a ti-rrr ( corr )

g. ll,

ll

It

tl

It

ll

|l

lf

It

It

en

3.6

-3.5

-15.'l

4,95

1 ,82

-2.2

-1 .l+

-5.4

-1 2.9

-19,7

E
5.6

-0. 5

-8. I

5.3

3.2

-o.8

_o.7

-3.8

-8.0

-1 2.5

1-bn

I+.9

5.0

11.4

6.3

3.2

-0. 8

-1 .4

2.8

12.2

13.5

8-5. 2 ASligon gucc-esslveJeactions

F on en and. pn a { and A *fi( corr ; d.ecrease wlth
lnereaslng N. Thls ts trnpical for eomplex formati.on reactlons
and. has been attnlbutta4o '77 to a change in solvent ord.ering

eff ects wlth t d.egree of llgationf . Thls 1s substantlated. by

the incnease of A I{ wlth N ( see 8-h. 2 ) .

H owever , for i-bn A { lnereases wlth N, and.

partleulan ASirr
(") a marked. lncompatablllty between the penlpheral strueture

of the complex lon and the tlattlcet of the bulk solvent

1n

f nom
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when the C1-substltuent ie gem dlmethyl
(t ) a small incnease ln solvent shleld.ing by the ligand and

a correspond.lng d.eerease in solvent orientat ion as the

amount of non-polar organlc matter about the metal is
incr ea sed..

8-5.3 TlreJarl,atlon of. A{ wtth the lisand.

For rr=1 . asg, t eorr ) appears to be lndepend.ent of the

llgand.. i'or r=2 and 3 AS?- ^--- \ corr ; iner ease s ln the ord'er

en

ln the effeets (") and. (l) d.eseribed. above (B-l .2). The

entnopy loss as soeiated. with 1ntenllgand. htnd.nanee in the

eoond.inatlon sphere of the i-bn complexes ( see 7-l+,2 and.

8-4. 1 ) is not appanent, and. is pnobably eomparatively smaII.

8-5. 4 The s$ andgnd .mglar entnoB le s o! aqueous_ ni ckel ( I I ) -
d.lanulqe lons

The stand.ard. molan entroBles of the aqueous complex

rons Imrl(aq)]2*, INLLz(rq)]2*, and. INj.r]12+ have been

caleulated by substitut 1ng the etclperlmentally obtalned.

* (corn1 values lnto eguatlon 7-3 (see 7-4.t1). The value

Sft1++= -23.oe. u. 139 ( nelat lve to Sfi+=o. o ) was used..

^OlVff,r, values ane glven ln Table B-1 O.
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Llgand. sl(e.u. ) *r"(e.u. ) tfrrr,(e'u') *frr, 
J( 

t'u' )

TABLE B-1 O

The stand.anil molar entropies
d.lamlne compl ex

of agueous Ni ( II ) -
l ons

-7 .5

-o.3
1 3.5

en l+4. 5 -11.. j
pn 47.3 -9.8
i-bn 51.O -5.8

( cf . S-l . ** / \ = -23.Oe. u. )1 39
Nl-- ( aq )

-9. 4

5.4

4J.4

8-5.5 The vaniatlon ar qo wlth n
:toiln-rn Fig. 8-11+, \Y*, ls plotted. agalnst rr. Fon each

l i gand- sft ir, r' S ir, r' 
" 
*r",

that Sfir"rr- 1" s1lght1y Low). As f or the eopper conrplexes,
3this sequenee eorresponds to an tnerease in ion solvatl-on and"

therefore to a d.eerease ln solvent entropy (see 7-t+.4). For

both the copper and, ni ekel complexes ( sfir,2-sftt ) r " sllghtly
less than tqi"-sfi) when L=ar or pD. Also (*ftrr.-trr,r) ls
less than /oo ..0 -) fon these f.wo'lio 

)
( Sif,r-Silif, ) f or these two llgand.s. Thl s order

suggest s that subst ltut lon by a seeond. ( tfrf rA ) chelat e group

ts causlng a emallen lncnease in solvent randomness than is
subst ltutlon by the f irst ( second.) , ( see 7-t+. ,) . y[hen L=i-bn
the reverse ord.er ls shown f or all three t erms. Thl s may

arlse from a napld. lncrease 1n the solvent-structure
breaklng capaclty of the comprex ion I rui ( i-tn)rrrq] 2* as , n,

lnenease s.
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aO-MLn vs' n

F IG. I -14.

FOR SOME Ni([I-DtAMINE COM PLEXES.

n 2'0

FlG. 8-15.

40.0

a
=.i

C
J

ofa

0.0

-20.0

3.01.0

40.0

shn vs. *si ron sol,rE Ni(rI)-DTAMTNE coup L ExEs.

t-
n= 3

;
r;

C
J

oIa

0.0

5244 46 *si (e.u.r 50
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B-5.6

rhe *fir' values for the nlekeI-cliamlne complexes are

lower than those for the correspond.ing copper ones.

(tu( i-ttt)z is an exceptlon). Thls appears to be tfpical for
Ni(II ) and Cu(II ) complexes. €. g. e for ^osrI (ruir 3) zn' 

n

..Ooculrvn, 
) 2r,

-t.l4e. u.

+5. he. u.

1

2

Also Sftt(tnien) = 1.7e.11. ' whereaq, S3o(trien) = g.ge.u. *

and. tftr- ( tren ) = -82. 5+Sfr"r". u. I whereas,

t3,r(tren) = -80' 9+sf""rre'o'

Thls phenomenon may arlse fnom a lesser lnterllgand lnter-
act 1on 1n the Cu( II ) eomplexes. Ihe Jahn-Teller ctistortion
ln copper complexes gives eaeh ligand. molecule a gneater
t f nee volume t withln the coond,tnat lon sphere. A 1lgand.

coord.lnated. to the copper( f f ) ion probably retalns more of
its internal entropy than d.oes one coond.lnated. to a

nlekel(ff 1 lon. When a 1lgand. forces both cations to ad.opt

calculated. from Fyfe t s aata61 ^when correetpd fonstatlstical contrlbuttons. W" .=26.5e.u. 
04

From d.ata of Carnplollnl et Blr ,- 58 eornected. f pn
stattstleal contrlbutlonst s?rrlen)= 8he.u. o/c

sfi j. (NH j) zn

-9.9e.u.

-1.09.u.
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the same eoord.lnatton configuration, the S$, values become

slmtlar. €. g. , 
'3o( tren) + {, (tren) i ooai""omplexes

probably have a cis-d.iaquo octahed.ral structure .32

8-5.7 The varlation of S$*,
^'--f:L

For both the copper and. nlekel complexes *, ls
11nearly related to s;, sfrr,a onst. *s; (F ig. B-1 5 ) . The

d.ifferenceo ln *ftr, values may arise pred.ominantly from the

d.if f erent Lnt ernal entnoplee of the C, -aIkyl sub st ituent s on

the eoord.inated ligand. L. ( See 7-4. l+) A similar relatlorr-
shlp sfo ,*' +zsf exlsts for the bls d.iamine eomplexes,

though *r( r-tn), ls slightly hlgh (r're. B-1 5 ). For the

trls d.iamlne nickel eomplexes there is no sueh relationship;
effeets other than the lntennal entnopy of the ligand.

substituent must rnake slgnlficant contributlone to the

relatlve entnoples of these complex ions. Ihese effects
probably lnclud.e the solvent- structure breaklng and solvent-
metal 1on shield.lng capab111tles of the ligand..

wi_th the llsand. L
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PART B

The d.iamagnetlc nlekel ( f f 1-bis isobutylene d.iamlne comBlex.

Thermod.ynamlc d,ata f or the f ormat lon of thts ion in
aqueous solution and for its reaetlon wlth l-bn to give the
paramagnetic tris salt are given tn Tables 8-5 and. 8-7, and.

ln seetion 8-2.

8-6 The Entropv chanse qnd complex_ ron s$nucture

A So'i("o"*) = -1.1 J o.5e.u. (see 8-5.1)
The value for ASif( corr) ("onreeted fon stattstlcal and

electronie contr lbut ions ) was calculat ed. f rom the
relationships:

aso = as9-tirloreorr) = ^ urr (p reorr) + o t(trD, conr)

and' ot(p,D,co*) = As(p,o) +Rlni (see 812.2)

(whene A Soif (D, conn ) 1" the stand'ard. molar entropy ehange

fon the reaction

I ni( i-rn)"q. ]2* + l-bn + d.la- [ui( i-bn ) 5n+)2*
corrected. for statisttcal and electronic contrlbutions) ;
and. therefore ASir(orcorr) = (ro.7+o.!)e.u.

Ot(trD, eorr) ls poslttve, 9.4e.u. fn the reaetlon
pana-[ Nt ( l-bn ) z"q] 

2* ;. dla- [tt r ( i-bn) z^q|Z* ,
the two tnans coond.lnated. waten molecul-es are elther
llbenated. eompletely from the eoondtnatlon sphene to glve a

square planar foun-coond.lnate d"lamagnetle ion, oF they move



away from the eentral metal ion

six-eoondlnate d.iamagnet tc lon. *

177

to give a highly tetragonal

fn both cases the entropy
of the two water molecules will be lncneased.; in the f ormer

ea se each wil l gain three d.egrees of f need.om of translat 1on.

In both cases there will be a loss of vibrat ional entropy
and a gain ln librational entropy (see 3-5.j).

rt appears that the d.iamagnetie bis eomplex is
essentially f our-coord.inate in aqueous solut ion:
(t ) Change of solvent or change of state from solution to

solid has very littIe effeet on the d-d. erectron
tnansitlon energy ( , ***. Ir acetone, methanol, water

and. the sorid. state are 22.o, 22.2, z2.l+, and 21 .5kK
re spect iveLy ) .

(Z) The yellow-orange Nl-bis dlamlne perchlonate 1solated.

from aqueous solutlon is arrtryd.rous. Similar anhyd.rous

sa1ts, NiL ZXZ, X=I;NO;, are isolated. when L=tetnarneen,

and, in thi s case lt is sterieally irnpossible to eo-

ord.inate a fifth and. sixth water moleeule.
(S) The inenease in tnl/t4 wlth temperature suggests that

The latten probably oecurs f or the Nr ( rr ) -bi s (mes o-z r 3-d.lamlnobutane ) eomplexes in aqueous solutlon; ad.d.itionof electno
solutlon. 1l6tu increases the pereentage d.ia f orm in
A1so, itla-fvi(m-sti"n)z] (crrcH.coo)r.fltro has a trans d.1-
aquo tetnagonal structure ln the solid. state. Ad.d.1t lonof waten to a solutlon of this eomplex in acetone
lneneases the pereentage d.ia form. water d.isplaees theanion and. red.uces the L.F. stnength in the trlns plananposltlons.
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water molecules are being lost from the coond.Lnatlon

sphere through ineneased. thermal vibrat ion.
(4) Asi_rr( corr )=9.5e.u. cf . , for I ui(tetnameen ) zJz* ,

14.1€.11. ,* and. this ion must be four-coond.inate (8-8.1 ).
Assumlng that the aqueous Nl(II )-bis d.iamine lon is essen-

tlally f our-coord.inate , the value SS*, = -11 .5e. u. nesult s.
t't LJ-t 

2
Thi s value ls mueh lowen than those f or I eo( i-tn) ,J'* (t 3.7)
and. para- [nr ( 1-bn ) z^q]z* (l z. h) , and may be due to
( 
") a less eff ect 1ve shield.lng of the solvent from the

eharge on the centnal- metal ion, and.

(t) there being no contntbutlon to tffr" from the
n

vibrat tonal degnees of freed.om of coond.inat ed. water moleeules

ln the d.iamagnetic ion,

8-7 The_ Enthalpy Change

8-7.1 C.trt. S.E. Contributions

The C.F. eontnlbutlons 'l ^--oro ^rI I and A Hif f have been

d.etermtned spectroscopleally. The c. F. s. E. f on I n i ( i-rn )r)'*
ls given ln Table 8-8. Fon the d.iamagnetle square planar

bls d.lamlne ion, the c.F. s.E . =2.4|,5 A t , where A t is the

c.F. spllttlng between the d*y and. dx2_yz onbltal energy

Ievels. (Append.lx III). The energy change fon a transltion
between these levels 1n d.la-[rgr ( i-bn ) r]'* corresponds to an

* From Ref. 3, asr_rr corrected. for statlstieal
cont n ibut i- ons . t'
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absorption ln the visible speetrum at 454m p. For d.ia-
o.

Itul(i-tn)z]'* the C.F.S.E. = -3?7kea1s,/mole (see Append.lxIII)

cf . f or para-fNi ( i-bn ) zuq]z* c. F. s. E. = -35. 0kca1s/mo1e. Fon

the reaetion Inr(Hzo)a]'* + z(i-rn) = dl.a-[nr(i-bn)r]'* +

6HZO, the C.F. contributlon to
AHt -II = -298kca1s,/mo1e ( from 7-3.4) .

The coruected. AHft values are given in Table 8-1 .

0n the basis of bond energies alone, the paramagnetlc

bls diamlne eomplex ls f ar more stable than the d.iamagnet ic
complex. This etabillty is very nearly offset by the mueh

larger C. F. S. E. f or the d.iamagnetic j-on. For the latter ion,
AHif is very 1ow ( nighly end.othermlc ) beeause in the reaction

Irvi(i-rn)(Hzo)r*]t* + 1-bn = dia-lni1i-bn)rJ'* + Heo ,

four N1-0 bond.s are being end.othenmlcally broken while only l

two Nl-N bond.s ( of similar strength to N1-0 ) are belng exo-

thermically f ormed. on the other hand. s - AHirr is very higtr

as lt eontains no endothermie t erm f or bond.-breaklng:

I mi( i--rn ) r]'* + i-bn = [ Ni(:.-ln) - t2+
3J

8 -7 . 2 The approEimaj_e_ ![ i-0_ _and- N i-I{ boJrd. ener&lj: s

Fnom the AHfi values dlscussed above lt is possible
to calculate the approximate Nt(rr)-primary N and

Nl(II )4He bond. energtes for hexacoord.lnate Ni(II ) 1n aqueous

solutlon at z5.ooc (lgnonlng all interltgand. and solvatlon
effeet s ) .

For the neactton
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[ni(Hzo)O]'* + i-bn ii [rqi(i-bn)(nro),*]'* + z1zo,

AHi = 2 A HNI-N - 2 AHtqi_O = -4.9kca1s,/mo1e,

and.

and. for the neactlon

[Nr(i-bn)(Hzo),*]'* + i-bn ;r dia-[ni(i-bn)r]'* + Hao,
oni, 

= eAn*i-N 4AHui-o = zgo.5kca1s,/'mo1e,

from which

AHU i_O = -1 48Xca1s,/mo1e

AHtti_lq = -1 50kca1s,/mole.

Fnom this d.ata the value prei[eted. for AHir' ignorlng
solvation, 1nten1lgand. repulslon effects, etc. r is
-3ookea1s/mo1e. (Found , -291kca1 s/mole. ) considering the
dnast le approximat lons made above and the uncertainty in the
eleetron paining energy assumed. in d.erivlng the C. F. S. E. f or
di.p- [rvi ( i-tn ) r]'*, the agreement ls quite good..

B-8 The _EJc.tstence of Dia-Para Equil+ria_ f oI Ni(II ) ColTofs)xes

The d.la-para equil ibrlum shown by the Nl ( I I ) -b1s i so-

butylened.lamlne complex is shown by other nlekel complexes

also. o.g., the Ni(rr)-bls m-stlen ion extsts as an equl-
ltbnium mlxtune of spln-free and. spln-palned. forms ln
aqueous solut lon, K= tp l/tD ] = 2 at 2ooc , d.ietrloroaeetate

anlon.141 The effect of solvent eomposition on this equi-
llbnlum has been studled, and. X-nay structural d.etermlnations

mad.e f or the hyd.nated. d.lamagnetie and paranagnetic salt 
". 

142

(see footnote p. 171.) The bis d,l-stien eomplexes exlst only
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as paramagnetie specles in aqueous solutio.. 141

Some Ni(II )-bis diamine eomplexes oceur as d.iaguo

paramagnet lc ions I wia, (H 
zo ) ,J'* at noom t emperature but at

elevated temperatures exlst as d.iamagnet ic specles ln aqueous

solutionl 9.go e A=oor pr. Substances like this can usually
be isolated. as both anhydrous diamagnetie and hyd.rated. para-

magnetlc sa1ts, the latten usually being the more stable in
air at room temperatune. Heatlng the hyclrated salt or

eontnoll ed. erystall i sat ion ean produee the anhyd.rous

d iamagnet i e salt .143

Some nickel complexes oecur only as a d.iamagnet ie
f onm in ao,ueous solutlon and in the solid. state, the soIid
being anhydrous, e.E. , KzN:. (Ctri)U, N1(tetrameen)Xe,

[=r , No;. 3 vJith these two ligand.s no six-eoord.inate
J

Ni(II ) analogue extsts.
The f aetors inf luencing the exl st ence of d"la- and.

paramagnetie forms are d.lscussed. below.

8-8.1 Ateric h+rEance vs. ljlsanlfl_eld Strensth
The C. F. spl itt ing A I incneases wlth 1lgand. f ie1d.

strengthe 1.8.1 wlth ligand. donon power. When A I is
greater than the electron pairlng energy (Append.ix III ) ttren

Ra d.- system w111 change from a t spln-fnee I state to the more

stable spin-palred. d.lamagnet le state. rn the reaetlon

between the aqueous Nl(rr) ion and cN- this change has

occunred. when four CN- groups are eoond.inated.,
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([Ni(cn;4(Hzo)z|z-). The ehange in electroni-c state 1s

aceompanled. by the latenal displaeement of the two trans
coond.inated wat er molecules t o give a square planar f our-
eoord inate complex Iui (cru )r+ ]2-. Although energy ts
requlred to liberate the two water moleeules, thls require-
ment ls more than met by

(t) a vastly lncreased.C.F.S.E.

(Z) increased. strength of the in-plane eoord inate bond s

d.ue to a bond.-shontenlng

( 3) d.eeneased int erligand. repul sion.

However, llgand. d.onon power i s not the factor responslble
fon Ni(II) formlng diamagnetie square planar eomplexes with
some d.iamines while giving spln-fnee slx-coondinate eomplexes

with others. rf it were, then the expected. ord.en of
pneference for the sguare planar strueture would. be the same

as the ord.er of basleit ies r €. g. r en

t et rameen

The pref erent ial f ormat ion of square planar d.ia-

magnetie Nl(rI )-tis d.iamlno ions results from sterlc
hind.rance ln the coord.lnat ion sphere. with the ligand.

tetnameen it 1s sterieally lmpossible to form a trls-d.iamlne
eomplex or a bis d.taquo bis d.iamine (panamagnetlc) Ni(rr)
complex. Hind.rance oecurs between any approachlng d.onor

atom and the gem dimethyl groups of ligands in the eo-

ordinatlon sphere ( orI nt ( tetrameen ) z]2* ) . tr'on the ligand.s

m-st len and. i-bn a simllar though lesser hlnd.nance exlst s
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(m- st len

of sp ln-free and. spin-palned. Ni ( I I ) complex ions exl st s in
aqueous solut lon at 25oC. Beeause of thi s st erl c hind.rance

AHo fon the reactlon

[w i ( i-bn) ,(H zo) z]2* + i-bn = [ni(i-rn)r]'* + ffizo

ls very Low ( J. TOt ca1 srlmole ) . The tn i s salt has a veny low

c,F.s.E. lmplyir,g7o a sllght lengthening of the N1-N bond.s

to ned.uee the lnten1lgand. repulslons ln the coord.inatton

sphere.

8-9 Cgrrelat lgng wlth PIS:$lous W.onlc

Basolo et al.5 have d.etermlned. the fonmatlon

eonstants at r=0.65mh (ga(NO5)2, IO[0]) fon the equtllbrlum
neact ions between the aqueous Ni ( rr ) ion and, pD, and, l-bn,
( also c[l-bn, m-bn, tetralneen, dl-stien, m-stlen). rn
general thein nesult s compare f avourably with those obta j-ned

by extrapolat lon of the d.ata 1n Tabl e S-3 to I =0 . G5m/L.

TABTE B-1 1

Nl(rr )+c, -arkyI 1 ,z-d.iamlnoethanes, 2i.ooc. r =o.6im/L

Llter.atur.e value:3
Ll gand.

pn

1-bn

Thls wonk:
leeKt 1og Klt losKrtr

7,36 * 4.46

5. 90 5.66 'l .l+z

16eKt to$rI lo$rrr

7 .43 5.19 4.27

6.77 5. 40 z. 25
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For the Ni( II )-1 ,methyl 1 ,z-d.iaminoethane system Nasanen et

t1. 144 have obtained. the f oll-owing values at I = O.oOm,/!,

zloc z

lsSl 1.29, lo$lt 5.14, logKltl 4. 181 cf., this work

7 , 31 , 6.25 , j.1 1 respeet ive1y.

No enthalpy or entropy d.ata has been reeord.ed.

elsewhene.
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CH.APTffi NINE

Gm{JRAJ, pJSCgSSTON

9-l Rela-t tonshlps be$ween LlEand. struc.ture and.

Complex _Slablllty

Thls diseusslon ls confined. to altphatic d.iamine

11gand. s .

N-Substitq!ion: The effect of N-alkyl substitutlon on the

stabllltles of Cu( II ) anil Nl( II ) ethylened.iamlne complexes

has been stud.ied. and. eomprehensively d.iseussed. by several
wonkers ( see 3-5. 1 c ) . The stabllit ies of these eomplexes

are very d.ependent on the amount of lnteraction between the
N-a1ky1 subst ltuent s and other l igand.s within the eoond.i-

natlon sphere. The-basicltles of the amlnes vary ltttle
wlth elthen the degree of N-a1kyl substltution or the natune

of the a1kyl chaln, Yet faetons such as steric hind.nanee

withln a complex and, solvation of a complex d.epend. crit ically
on the nature of the subst ituent.

c-Substltutlon: Regard.lng c-substitutlon, RossottiJl has

wr itten: rtThe neplaeement of a d.lamine by it s c -alkyl
analogue appears to have little effeet on the stabillty of
pnoton, nlckel or eoBper complexes. The sllght inerease tn
stabtllty appears to result malnly fnom a favounable entropy

ehange whleh may be aseribed to the inereased. ( solvent )

struetune-breaklng eff ect of the ltgand. rt Rossott i t s
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conment s were based. on temperature eoeff icient d.ata avail-
able at the tlme.

C, -substltgted. 1 .2-d.iamlnoetlane_s. This work has shown that
the stabillty of the pnoton complex d.ecreases when 112-

d.iaminoethane 1s replaced by lts simple C,' -a1kyl analogues.

The d.eerease appears to arise from a variable solvat ion

energy term (6-2.2), and. becomes more marked. wlth inereased.

C 1 substitut ion.

Thls change ln ligand. basicitf (or donor power) i*
nef leeted. by the stabilitles of the Cu( II ) and Nf (II )-
d,1amlne complexes. For the f ormat ton of the aqueous

complexes cul,2*, cul, ,'*, and" NiL2*, L=€D, ptr or i-bn, the

complex stability 1s approxlmately linearly related. to the

l igand bas 1c i ty, both d.ecreaslng wlth tnerea slng C, -aIky1

substltutton.
However for the niekel bls and tris dlamlne eomplexes

the stablltties lncnease marked.ly with C,' -a1kf1 subst ltution,
the stabilitles for L=erl

from an entropy term which is possibly associated. with the

solvent lattlce-breaklng capaclty of the Cr-a1kF1 substitueht,

and. whlch lncreasec wlth C, -a1ky1 substltutlon. For the

nlekel complexes this entropy effeet flrst becomes slgnlficant
for [rvr(t-bn)z"qJ2*, fonwhiehKtr + Kr (see 8-3.2). This

effect ls not apparent for the Cu(II) analogue.

The abtllty of a coord lnated. diamlne ligand. to
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d.t srupt the rlattlcef and lncrease the entropy of the

surround.ing solvent probably lnereases wtth the ehaln length

of the C, -a1ky1 sub st ituent ( for smal 1 sub st 1 tuent s ) . If
so, then 1 -ethyl 1 ,2-d,iamtnoethane whieh has a slmilar
basielty to 1-dimethyl 1rz-d.iaminoethane (laUte 6-6) should.

form NI(II) complexes which are manked.ly more stable (*s a

result of a more f avounable llgation entropy ) . Equil ibrlum

constant s have been measured. f or the N i ( II ) -eten system and.

the results are summarised. ln Table 9-1 and. on Fig. 9-1 .

( An and. AS values were not d.erived. because of a laek of

the d.1amine. ) The Nf (II )-eten complexes are marked.ly more

stable than the correspond.tng Ni ( II )-i-bn ones, cf . Table

S-3 (and the bis and tnis complexes more stable than the

eorrespond.ing en and. .pn ones in aqueous solut lon ). Stnee

Ac?-z (ana AH?-z) r" appnoxlmately equal for eten and. l-bn
protonation ( 1. e. , each d.lamlne has a slmllar d.onor power)

then the hlgher stabllit les f or the Nl( II )-eten eomplexes

pnobably arise fnom more favounable entropy terms. For the

tris eomplexes eomparison is posslbly complicated by the

exlstenee of manked stenie hindnanee In the coord.inat lon

sphere of the 1-bn eomplex.

F or the Cu( II ) -iliamine compl exes , entropy eff ect s are

not so appanent. The stablllties of the Cu( II )-bis d.larnlne

conrplerces are approxlmately llnearly related. to the llgand.

basicity. If oGi_f, is plotted against e?_, (tr'ig. g-2)
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TABTE 9-1

Equlllbrlum fonmation constants f or the Ni( II )-eten system,
25.oo!0. 01 oc , aqueous Nac tor/Ba(clot+ ) 2 med.la

Ionle
stnength

o.zjon/l
o.150 It

o. 100 rt

o. o4o rl

o. oo0 rf

7.326

7 .290

7 .292

7 .267

LosKi

7 .252

6,606

5.653

(6, i94)
6,7 3l

r,og ir
6.77

5. 215

5.338

(s. fio)
5.631

tod( ?r,

5.7 38

to*Kcl(t0. 01 1 ) r,oeKcII (+0. ol 1 ) lod<eIIr (-to. 01l+)

lt ls seen that AGi-ff for the eten complex is anomalously

hlgh. However, the hlgh free enengy change appears to be as

much a result of a hlgh (negatlve) enthalpy change as of a

hlgh entropy ehange. (Table 7-D)

rt follows from these observatlons that N1(rr)
eomplexes rvrr,!*, r,rir,!* (and. posslbly copper complexes

,*3*) r.y show a marked. stablllty when L ts a c-n-aIkyl
substltuted. ethylened.lamine ltgand. with a long alkyl subeti-
tuentr sav, C5, C4 . . . 0n the basls of d.ata in Table 6-6

lt can be postuLated. that the baslcity of such a 11gand., and.

thenefore its d.onon power, wouId. not be marked,ly lowen than

that f or 1-d.lmethyl 1 ,2-d.iarninoethane. Thenefore f or the

Nl-nt equillbnlum system both the ligational AH and. As
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shoulil favour formation of very stable complexes.

!r!
stabilltles of the Cu(f f ) mono and bis diamlne complexes

1nereasew1ththed'egreeofC.subst1tut1on,vLz.,en<
tetram""r,. J Thls ond.er corresponds t o that of d.ecreasing

basicity and. d,onor power of the 1igand.s. The ord.er of
cornplex stab 11i t les arl ses f nom an lncneasing entropy of
ligation attnibutable to an ineneasing solvent stnueture

breaking eapacity of the coord.inated. 1igand.. For the Ni (II )

cornplexes toel{w ( en) < lo$n (ar-tn) ron I'I=r and rI , (as f or

the Cu( f f ) complexee ). The ord,er of stabilitles ls reversed.

f on Kf II r probably d.ue to st erie hind.ranee between adJacent

tigands in the lmi(ar-un)i'* complex (cf. [rvi(i-tn) j]2*).
The tetrameen complexes ane not comparable; Iui(tetnameen)r]'*
1s a four-coord.lnate d.iamagnetlc ion.
1 . 5-d.iamlnes: Although 2 r?t -d.lrnethyI 1 ,3-ataminopropane j, s

a weaker base than 1 ) 3-d.Lamlnopropane lt f orms sl ightly more

stabLe Cu(II ) 121 and. 122 complexes. The higher stabillties
arise eole1y from more favounable entnopy terms whlch can be

assoeiated. with the breakd.own of the solvent lattieel
stnueture thnough the lntruslon of the 2r?'-gem dimethyl

fnnctlonal gnoups. (Table 9-Z)

ltut ed. _7-2=Llaminoethanes: The
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TABIE q-2

Thermod.ynamie d,ata for Cu(II )-1 ,]-aliamlnopropane
eomplexes, Jooc.119

cu ( 
"q )2* + nL = cur,fr+ + zrtr zo

n AGn( kcal s'lmole ) 
t u#t /mote) ( tlt. l

L

1 ,5-pn 1 -13.13

2 -9.55
(2,2')1,J-pr* 1 -13,57

2 -10.17

* 2 r2t -d.imethyl 1, 5-diarnlnopropane

-14.O

-1 3

-12

-12

-3

-12

+7

-7

9-2 The frvlns-Williarns Ord.en of Stabilitjes.

From y5.2
ffi"or= aIIt+ aHri

AH(g) + AHsolrr(Mtn) * n( ?\'t + Msoln(t))

where M"o* ts the enthalpy change for the reaetion

M2*(g) + nL(aq.) + ;ur,rrJ2*(rq).

For. a glven J.lgancl n( I L* AHrolrr(L 
) ) is constant and.

AHsoln(Mtn1 w111 be approxlmately constant if n is eonstart,
the metal lons ane slmllan ( e. g. , d.i-valent tnansit ion metal

lone), and. the eomplexes ffir, have the saJne or very similar
structures. Thenefore, to a flnst approximatlon AH"o* ts
d.lreetly proportlonal to AH(e; the enthalpy change fon
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llgat lon in the gas phase. I t is ad.vantageous to eonsid.er

an(*) rather than AHI because aH(e) gives a d.ireet

measure of the metal-llgand. bond. energles and. d.oes not

lnelud,e tenms f or the solvat ion energy of the aquo and

complex ions ( see y5.2) .

-AH"o* f or the reacttons (tvitt, Nl, Cu , Zn) (f f )+2en

are given in Table 9-3, in whleh aHl ancl AHn have been

conreeted. f or C. F. S. E. contnibut lons by uslng the d,ata in
7-3.4 and 8-4. J.

TABLE A-J

Enthalpy d,ata for the hydratlon and solution llgation of
some d.lvalent translt ion metal ions at 25oC

-AHl, (xe/m) -an ,(ue/n) -an"oro( kc/n) ( r., +r )+ Ge/n)

l,bxz+ 5. oo G|lu 650. o j31 .9

Ni2* 11 .31 6g6.9 69g.2 5g4.t+

cu2* 1o.7 691 .1 701 .8 6t+D.B(53j)*

?,n2+ 1 3.75 701 . 1 11 l+. g 630.0

(ner .1 3j ) (n er .63) (ner.63)

F'or this system the Tnansltton Serles Contnaet ion Energy

E, (aef ined. ln 3-6. t (a) ) 1s -54.7kca1s,/mo1e, whleh is qulte
typlcal f on stnong coord.lnatlng agent e ( see R ef . 6j,
PF. 43'l -7) .

+ The sum of the finst two lonlsatlon potentlals for the
gaseous at oms.

* XI calculated. f or the loss of two 4s eleetrons. R ef .79a
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Inving and. wil1i**s62'67 d,rew attentlon to the paraL-

1elism between heats of llgation and lonlsation energies.

Crystal F ield. Theony (ye. t ( e ) ) d.oes not require that a

linear rel-ation exist between aH"o* and. (rt*rz) but that
AH 

"o* 
should inerease st ead lly wlth ( t,, +l r ) . These

funetions are plotted against each other in Fig. 9-j. The

striking feature ls the anomalously low value of aH"o*

for cu( rr ) ( = AH"o* for Nl ( rr ) ). The same anomaly oecurs

for the AHn values.

If AHI were proportlonal to (f ,1+Ir), then AHf, for
cu( rr ) llgation would be approximately the same as f or

zn( lt ). For the react ions between cu( rr ) and €rr pn and.

i-bn' the eorreeted, -AHt_II values are approximately equal

to the respective values for the reactlons of the I{1(II)
lon (fatles 7-6 and. 8-7) and.

ion.* The low AH"o, values for cu(rr) complexes are at

least in part a result of Jahn-Teller d.istortion. This d.is-

tort ion lnvolves an el ongat i on along one coord.inate axi s I

water moleeules coord.lnated. along thl s axis are end.o-

thermlcally dlsplaced. to an equtllbrlum Bosltlon furthen
fnom the metal lon. The end.othermic tenm causes AHI to be

1ow for Cu(II) llgatlon. To a first approximatlon eomplete

removal of two water moleeules from an aqueous Ni(II) lon

Data avallab1e fon Zn(tI )-en system on1y.
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requires 296kea1s/mo1e. Therefore by analogy it is necessary

to lnvoke a small d.lsplacement only in the Cu(II) eomplex to
account for the comparatively 1ow enthalpy of 1lgat1on.

The Jahn-Tellen d.istortion ln the Iculr(*q) ] 
2*

complexes possibly incneases as n j.ncreases. This ts
suggested. by the ( speetroscoplc ) C.F. S. increment s between

[co( "q) ]2* and. [c,rr,( aq. )]2*, and. between [c,rr ( *q_ )Jr* and.

[cur, ,]'* ( see 7-i.U and. 7-j.5) .

9-3 The Chelate Effeet

Fon a d.efinltion of thts effect and. a diseussi-on of
examples, see 3-5. J( c) .

The phenomenon was first d.iseussed. by Schwanzenbaeh:zJ

He eonsld.ered. that, f ollowlng the fonmatlon of a unj.d.entate

intermed,late M-A-A'|' in the reaction between a metal ion and.

a chelate AA* , the probability of a seeond d.onor group ( -an )

coond.tnattng i s f ar greater than woulil be the case f or the
reactton of the metal lon wlth two monod.entate ligand.s.

Fo11ow1ng the formation of M-A-A* there ls an lncrease in the
t appanent act lvityt of the d.onor groups ( -A* ) in the viclnlty
of the metal lon. Thls incnease w111 not oecur f or mono-

d.entate llgand.s. 0n thls bael s the ehelat e ef f ect should.

d.ecnease wlth lnereaslng length of the ehelate chain besause

the t free volume t of the d.onor -A* will increase wlth chain

length. i.€. I lts tapparent activltyt near the metal ion
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will d.eenease. f t is well establl shed that there ls a

d.eenease in the ehelate effeet as the ehelate chain length
is lneneased.l 23'147 (le(r) and He(rr) are exceptlon=).148

Sehwanzenbaehr s postulate requtres that the chelate
effect be entlnely an entropy effeet. For non-transitlon
metal ions lt is almost ent irely an entropy ef f ect. For d.n

tnansition metal ions, (n \ or5r1o) it is malnly an entropy

effeet, but ls eontributed. to by an enthalpy effect.

9-3.1 Tne Ui(tI) ana Cu(Jf )-C., -s_ubstltuted
ethyl ened iam,Lne e omplexe s

A companison witlr Ni(f I \ and. Cu(II )-ammonla eomnlexes

When eonsid.ering the chelate effeet for complexes

with ethylened.iamine-type ligand s 1t would be most appro-

priate to eompare stabllittes with those of the equtvalent

methylamine complexes. However, d"ata are not available f or

the latter.
tr'on the f ormation of the C1-substltuted. ethylene-

d iamine eomplexes of Nt ( rI ) and. cu( rr ) a measure of the

chelate eff eet i s obtalned. by eonstderlng the f ollowlng
react lons:

[m(aq)]2*+nt + [Mtrr(aq)]2*+2nH2oo.. As

[M(aq)]2* + zn(trnr) + [rvr(nnl)zn(*qf* + zn(nro).

lrvr(nn )zn("e")]2* + nr = [Mlrr(aq.)]2* + zn(nnr). .

. asr

AS

As asr = *r' sft(*n 
3)zn+ 

t"*r, - n

c

{AS" =

.............. 9-1



AS ancl ASI are correeted fon statistieal eontrlbutlons;
the net statistleal eontribution to As" ts sma1l and

favour.s chelatlon. values of Aa" for Ni (rr ) and cu(rr )

complexes wlth n=1 , 2) and 3 are glven ln Table 9-U. The
aO -,-'r..^^ -1-r-r--r -"-^- n--a-r a , 6tSf,,f (frfff 

S) Zn 
values were obtained from Fyf e's d.ata-'

(conreeted fon statistical eontrlbutions) :
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n = 1, 2, and. 3,
re spect tvely

1 and. 2 ) respeet tveIy.

n

1

1

1

2

2

2

3

3

5

Ligand.

en

pn

i-bn

en

pn

1-bn

ER

pn

i-bn

8.1

5.3

1,5

16,2

1 0.5

3.2

24.3

15,9

4.8

N"

I+.1

5.h

5. O

11 .4

18. 6

44.7

9.6

11.3

17.8

aosi (NH:) r., = -9 '9 ' -1 ' o and 5' 5e' u' f or

,'a osd,t(NH:) 
rr, = -5' 4 and 5' 4e'u' f or n =

TABLE q-h

The eheL at e ( entropv ) ef f eet f,on some 1 , z-d.tamlne-
metal amine r eplaeement reaet ions

(sfiil,r-*fir(unr)zrr)e'u' ( *t"t-ts;)e.u.

-3.4
0. 1

3.1+

-5.5
0.7

1l+. 5

-12.9
2.7

39.g



n

1

1

1

1

2

2

2

2

eentral

AS* =

L igand.

en

pn

i-bn

et en

en

pn

i-bn
eten

( s3,rr,.
n

,^, o-sd,, (NH: ) ,n) 
e. u.

-4.2

-1 .3

2.2

4.B

-3- 2

2.7

9.3

15.1

( ensftnt-rs; ) e. u.

8.1

5.3

1,6

-1,4

16.2

1 0.5

3.2

-2,8
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AS
c

3.9

l+. o

J.8

3.4

13.O

13.3

11 .5

1 2.9

wlthin etq)erimental eruor AS" 1s lndepend.ent of the
metal ton (cu(tr; or Ni(rI))
l+. f3o.5e. u. f or r=1 (rrrts varue also applies f or

the zn-NHr-ur,29 cd.-NH .'-en166 and,

cd-MeNH z-.n66 reaeti-ons ) .

AS* = 12.6+1.1+e.u. for D=2 (ffris value also applies for
the Zn-NH 3-"n29 and. ca-NH 66

J-utt"" reactions ).

Theorles on the entropy contrlbutlon ( ASc ) to the

chelat e eff eet requlre that lt be ind.epend ent of the metaL

lon.53'123'149 For r=1 or z the effect observed. here

appears to be lnd.epend.ent of the structure of the 1 ,2-d.iamlno
llgand.. ( r=2, L=i-bn €u.L exeeptlon) f or n=3 (nf (f f ;
complexes ) AS" ls not eonstant but tnereases rapld.ly with
the d.egree of C-substltutlon on the llgand. This incnease
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ean be related to the increasing solvent-structune breaklng
eapacity of the coordinated ligand; thls effeet deereases

the second,-sphere hyd.rat lon and. increases s3o, ( see B-5.5) .ttt-J

9-3.2 The onigln of the -,A_Sr-Lerm_
The component terms of A S" f on the bid.entate-mono-

d.ent ate replaeement reaetlon ( equat ion 9-1 ) correspond, to
(1 ) A gain of translational entropy by the freed. NHf mole-

cules and. a loss of translational entropy by the eo-

ordinatlng ehelate. The net tenm w111 be positive and.

will favour chelation. (Fnom the cobble equationr ST"

ti"r**ann j(d =58e. u. I en( g ) =f8e. u. )

(Z) A smal1 galn ln intennal entropy by the NHI moleeules

and. a lange d.ecrease in int ernal entropy f or the

ehelate. The chelate w111 lose its notatlonal entropy

and. its vibrational mod.es will be modifled. The net

t erm w111 probably be smal1 and negat ive.
( l) A loss in solvent entropy due to the low solvatlon

entropy of two free NHj llgand.s ln aqueous solution
( -l+Oe. r. ) eompaned wlth a free en ligand. (-Sl e. u. ).

(4) A, term nesulting from a ehange ln seeond. sphere hy-
dratlon; probably a smalI positlve contrlbutlon d.ue to
bett er shleld.lng of the solvent from the charge on the
metal lon when L 1s a chelate.
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9-3.3 The e$jhalpv -eontrjlut i-g,rr Jo_-!&g che_laS e ef f ept

For non-tnansition metal ions and" transit ion metal

ions with do, d5 , and. d.1 
o eonf tgurat ions the enthalpy eff ect

is approxlmately z,ero. €. g. r fon the reaetions

Ica(Nnl)ro]t* + n(en), n = 1)

I ca(wnrcn l) zn]z* + n(en), n =

and. u(pyn)zn + n(aipy), n = 1, z

AHchel + o'

2

1 )2
M = Mn(rI), zn(rl)

For transition metal ions the enthalpy effect eontri-
butes appnoximately 3A to 5O{" of the energy lnvolved 1n the
ehelate eff eet. Thls ls shown by the d.ata in Table g-5

whleh eompare the thermodynamic functions for the Ni(II)-
n(pn) anat Ni ( II ) -2n(NHl) reactlons.

Atklnson et a!.53 have d.edueed. that the enthalpy

ef f eet anises pred.omlnantly from the hlgher c.F'. S. E. term

fon chelate complexes, and hence the approxlmately zero

enthalpy tenms fon non-transitlon metal i-ons , Zn(f f ) and

Mn( II ). The data in Table g-D f it this deductlon. The

c.F. cornected aH values fon the Ni(rr)-n(pn) and. Ni(rr)-
Zn(NH:) reactlons are approxlmately equal fon r=1 and. rr=2.

Smal1 enthalpy contnlbuti-ons may arise from the nelattve
solvatlon energy terms fon the complex lons and. for the

free solvated. 1tgand.s. vlhen polydentate llgand.s
( > bi- ) ane consid.ered ( e. g. , dlen, trien, tnen) , chelate
rlng stnaln, the presence of weak seeond.ary or tertlary
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Thermod,ynamlc

AG

( kcal s/n)

Ni (_Illg(en \

n=1 9 ,97

2 8.52

j 6.97

N1(rJ\+an(nn4

n=1 5.79

2 3-92

3 1.00

TABLE A-R

for pn and. Mj complexes of Ni( Ir )

+T AS, \
( corr /

( kcal s/n)

d.ata

AH AH, \
( corr /

( t<cal s/n)( keal s/n)

8.29

8. 71

9 .6o

7.O

7,O

7.O

+AS
(e.rt. )

5.6

-o,6

-4.2

-4.7

-10.3

-20.1

4.19

4.51

7.70

4.1+

4.4
l+.3

o. 21

-1 ,13

-2'38

-1 .82

-3.07

-4. J8

( a tt"orr ls the enthalpy ehange eorrected. f or c. F. s. E.

eontrtbuti-ons. * )

amlno d.onons, and. the necessary adopt ion of less stable
conflguratlons by the central metal ion (e.g., cu(tren)2+
ts a els-d"laquo d l stonted" octahed.non )32 lower the enthalpy

eontrlbutions to the chelate effect.

For the ammlne complexeg, c.F.s.E. ealculated. from
v6nn==1 O.8kI(, vh*ff .=1O.Olfi. Ref . 76, p. 296.

) --5
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CHIPTNN TEN

sPEglrRoscoPrc sTIrprES

1O-1 Intro.d,u_etlon

rnfraned. and. ehange transfen spectra have been

measured. for the complexes involved ln the thenmod.ynamic

stud.i es. r t was not consld.ened. that the spectral and.

thenmod.ynamle d.ata obtained. would be supplementary. Rather
an attempt has been mad.e to charaet erl se some of the
lmpontant vtbrat lonal and el-eetronlc quantum translttons
lnvolved ln these typlcal coond.inatton compound.s.

Deutenatlon studies on some tnansition metal(If )-aiethylene-
triamlne complexes have facilitated. lnfrared. sBeetral
asslgnment s f on vibnatlone wlthln eoord,inated. 1 , Z-d.iamines.

Studles on some stnucturally simple amine eomplexes have

Ied. to lnfnaned sBeetral asslgnments fon the M(If)-prlmary N

vlbnatory mod.e. Some lnfraned. absonptlons charactenistlc
of eoond.lnated. water moleeules have been d.lscussed. and. the
charactenlst ic vtbratory mod.es eonsldened. group

theoret ical1y.
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1O-2 Infnaned _qBeetra f or Nl. Cu and ZnftI )-d.iethvlene-
trialn_ine comllexes and_ llrein N-deutero derlvat ives

The lnfnaned. speetra (4000-l+oOcm-1 ) fon mono- and. bls
d"lethylenetniamlne ( aien) complexes of Ni , cu and_ zn(rr )

were measured.. The study was mad.e finstly to faeilitate a

more eomplete charaetenlsation of the infraned speetra of
transition metal polyamine eomplexes, and seeond.ly to deter-
mlne the types of coord.inatlon lnvo1ved. in these soIid. d.ien

eomplexes. The dlen llgand ls related. to the important
basic ehelating unit N-c-c-N, and. contains the poorly
eharacterised. 20 amino group. The Nl, cu and. zn( rr )

complexes are of panticular interest because

( 
") the salt s M ( d.i"tt ) z Hzoxz are iso struetunal , and.

(t) thenmodynamie data for thein fonmation in aqueous

solutton (aiseussed below) suggest that in solution the bis i

d.ien salt of NI(II) is a normal hexamine, while those of
cu( rr ) and zn(rr ) have non-eoord.inated, amine groups.

Deuteration of the complexes has Ied. to asslgnments

f on all the fund.amental vlbnat ions of the eoond.inated.

ligand., and, f or vlbnat ions and. llbrat lons of eoordinat ed-

water. New asslgnments mad.e are fon the >N-H d.efonmation

mod e at 148ogl oem-1 , the c-N streteh at 11|ro!1 ocm-1 , and

the -NHZ wagglng mo,le at 125035"*-1 .

The preparat ions and propert ies of the new zlnc
complexes are reported..
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1Q-2.1 Hlstgnical

In 1 948 Breekenridgsl 51 reported. the preparatlon and.

propentles of the Ni(II ) and. Cu(II ) d,lethylenetrlamlne

eomplexes tvl(dien)rxEro and. M(dien)x,, x=ctlnr-. He

consid.ened. that
(t) the bls eompletces contain lattlce water and not eo-

ord,tnated. wat er because d.ehyd.rat l on of the solld.s i s
d lff icuIt,

( e) both the cu(rr ) and, Ni(rr ) bis complexes are normal

hexamines.

Bnooksl5z observed. that the copper and nlckel
eomplexes M(d.len) 

ZHZOCI-Z are lsostruetural. Assuming niclcel
to be hexa-eoord.inate, h€ d,ed.uced. that eopBer also extribits
s i.x-covalency.

Howeven, the enthalpy changes for the niekel , copper

and. zl,ne (f f 1-d.ien ligatlon neactions ln aqueous solutiorJ9
suggest that the aqueous cu( r r ) and. zn(rr ) b is complexes

have f ewer than six amlno groups eoond.inated. ( see Table

1 O-1 ).

The Nl( rr ) bls d.ien cornplex with AHt_rr =25. jokeals/
mole appeans to be a hexamlne ef . p AHr-rrr[Nlenf] 2*=

-23.81+kcal s,1mo1e, However , c ons ld.enat l on of the thermo-

d.ynamie d.ata for the aqueous neaetlons

Cu( II ) + Zen, AHI_f I = -25. l+kealsr/mole

Zw(II ) + Zen, AHI_II = -1 j.75 rf

arrcl NI(II ) + Jen, AHI_f II = -ZB.jj rf (nef . 13j)
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TABLE 1O-1

Thermod.ynamic d.ata f or Ni, cu, and zn(rr ) d.1en complexes

1n aqueous O. 1M KCI , 25oC

lqi2* cu2+ zn2+

AHt (kcalsr/mole) 11.85 1B.oo 6.Uj

AHtt rr 13.45 9.15 10.15

AHr_ll fr 25.30 26.15 16.60
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suggests that the aqueous Cu and. Zn bi s d.ien complexes have

fewer than six and pnobabLy five amino groups eoord.inated. to
the metal lon: IM (d.l"tt),H 

zo|Z* .

1 O-2. 2 E:sp er iment a1

A11 speetra were determlned. using a Perkin Elmer 221

Speetrophotometen with Nacr/grating, KBr and, C sBr optics,
and uslng nujol and hexachlorobutad.lene rmrlls. Amino gnoup6

were d.eutenated. by twiee erystallislng the eomplexes fr:om

DoO using a vaeuum line technique. Deutenated. samples wereI

stored. in vaeuum over P 
20 5. All spectra ind.ieated. that at

least 94% deutenation vras achieved.. Wavenumbers are ouoted.

with a tolerance of Jjcm-1 .

Prepar"ation of Complexes

fcu(aien)#29.Jgl@ftlar2r Deep blue cnystals I

pnepaned. by the method of Brecker,"iagul.5t The complexes eould.

not be d.ehyd-rated. by prolonged. heating in vacuo over p 
ZO j.

( [cu(aien) f ,o]ctz, found,: c, 2G.7gi H, B,2i i N, zj.oz.
Calculated, for [co(aten) rnro]C1r: c, 26.79 i H, 7.97;
N, 23.1+2. lcu(d.ien)rnro]B*2, found.: c, 21 .6Gi H, G.40;

N' 18.1+. CgHzgN5oCuBr, requlnes c, 21 .t+6i H, 6.30;
N, 19.79).

lcg(aienJCflcf : Prepared. by s1ow1y ad.alng a hot ethanolic
solutlon of cuc1, ( o. olmole ) to a hot solution of d.len

( O. oAnole ) in aleohol. Tanny residues f ormed. were d.lssolved
by d.lgestlon, then the solut ion was evaporated. to smaIl
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vohxne and erystallisatlon ind.uced. by ad.d.itton of acetone.

The eomplex was twiee recrystallised. by Soxhlet extraetion
into ethanol-. (yiera 3o%) ntue leaf ret s, m. pt. 237 . |.-z3goc .

A hemlhyd.rate was obtained. by evaporation of an aqueous

solutlon (wt. % Heo , 3.9O; requlred for [Cn(aien)Cl]Ct+H 20,
4.2'1 .) tr'ound.: C , 19.94i H, 5,7h C1 , 30.50. Caleulated. f or

[c,t(d.ien)cr]cr: c, zo.zB! H, j.47; cl ,29.g5.
[Ni (aieJiiH plq]@r]r^o lBIr: Blue-violet
crystals prepared. by the method. of Breckenriagel.st

([Ni(aien)rHro1 crz, found.: c, 27.37i N, 23.32.

cdbg NdN 1cr2 nequires c , 27 .15; N, 23.74. The solid could.

not be dehyd,rated. und.er vaeuum over Pzo',.) ([Ni(aienbnro]8r2,
f ound,: Br , 36. 07. caleulated. f or [Ni (dien) ,uro ]8r2,
Br , 35 , o8. The solid. rapld.ly d.ehyd.rat ed. at 1 Jooc . vi t . %

Hzo, by weight loss at 1lioo, J.g. [}{i(dien)f zo] 
g"z

requtres 4. 1. )

lNr(aren)cr, J: Nic12 ( t oe) rn alcohot was ad.d.ed- with stir-
rlng to a solutlon of d.ien ( t O. 1mls) in alcohol. pale green

crystals precipltated. fnom a solution of the same colour.
The yl eld. vira s inerea sed. by ad.d,i t i on of a ce t one . The erud.e

materlal contalned. some N1(Og ) Z and was reerystallised. f rom

ethanol by So xhl et extract ion (vieta 60%, m. pt . JOOoC ( a ) . )
In the atmosphene the eompound. rapld.ly formed. a pale blue
monohyd.rate whlch neadlly d.ehyd.nated at 1o5oc. (Found.:

C, 20.80i H, 5.99i N, 17.9j; Nl, 24.4, Caleulated. fon
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Itrr(aien;crrj c, 20.62; H, 5.6i; N, 1g.05; Nir 25.2).

iNf (ef-eglBnr] The preparation was as for the ehlonid.e ana-

logue. Pale gneen crystals, yield. z5%. rn the atmosphene

it f onmed. a pale blue monohyd rate whleh rapid.ly dehyd-rated at
115oC. (Found for the hydrate: C, 1l+.23i H, h.87i N, 12.26.
C4H1 

5NrOBn/Vi- nequires C, 1l+.1 3; H, I+.42i N, 12. j5. H2O by

weight loss at 115oc, 5.2; requined., 5.3.) The pnod.uct is
very soluble ln wat en and. d.imethyl f ormamid.e , sparingly
soluble in iso-propanol and. absolut e alcohol (ltue solut ions )

and. insoluble 1n aeetone. It gives a gneen solution 1n n-
butanol , "***. 11.0(9gomp),8.4(6jomp.), zo(37zmtt ,

should.er on charge transfer band.).

I zn( aien\ 2Ef,-]-912 t zncr, (3.4il irt water ( t omr ) was slowly
ad.ded to a solutlon of d.ien (5.4ror) in alcohol (4omr).

Cnystalllsatlon was induced by cooling and. ad.d,ition of
acetone. The white solld. was crystallised from jo%

aqueous-alcohol solution (vieta, 55%). M.pt. zj1ol. (Found.:

C, 26.9Oi H, 8. OB i Zn, 1B .O5. CBII'BN6OCI Zzn requires
C, 26.51+i H, 7.83; Zrt, 18.11t. Dehydrated at 1O5oC, wt./o

Hzo r 4.81 monohyd.rate requines 5. o) .

[Zn(aien\CtlCf : The stolehiometrie quantity of ZnCI, in the

mtnimum volume of water rras add.ed. to f,zn(aien) *ro]clz ln
absolute alcoho1. The solution was filtened. and evaporated.

to half volume (waten bath). Large whlte enystals separated

on stand.lng; the yleId. was increased. by the ad.d.itlon of ether.
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The solld. was recrystalltsed. from absolute alcohol and d.ried.

at 1 o5oc . (vreld , 6i% from o. 01 5 mole ) . M. pt. zzgoc .

(Found.: Cr 2o.1gi H, 5.80; Cl ,29.15. C4"tlNlCIrZn
nequines C, 2O.O7i H, 5.47; CI , 29.51 .)

rnfrared. spectra: Table 1o-z lists assignments of the

absorptlon band.s shifted. upon d.euteration; the arnine

stretehing and d.eformation mod.es and the C-N stretehlng
mod.e. Table 1O-3 lists assignments of ligand. absorptions
unaltered. by d.euteration; the c-c stretehing, methylene

group and ehelate-rlng def onmation vibrations. Table 10-l+

lists assignments of the band.s arising from coo:rd.lnated.

wat er.

1O-2. J Dlscussion

The observed. isotopic displaeement rati.os o ,

(ratte 1O-2) inaieate that the assumption of slmple harmonic

motion is valid. f or -NH2 and >N-H stretchlng mod.es, and.

that the d.eformation mod.es have only sma1l anharmonieities.
a) Amlne stretchlng mod.es (f atte 1o-2): Coondlnation

of an arnlne t o a metal lon d.ecneases the el ectnon d.ensity

about the nitrogen atom. The resulttng electron drainage
fnom the N-I{ bond-s weakens them and. causes a d.ecrease in the
N-H stret chlng f requeney. For a non-coord.inat ed. amlne group

the -NHZ and. N-H stnetehlng mod.es absonb ln the SnO4JOOcm-1
{ E e 15\ c oord.lnat ion of an amine group lowens the N-Hrange. 'tt'

stretchlng frequeney by approximately 2oocm-1 ; pnotonation
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TAptE 1 o-4

Fan lnfrared. speetral asslgnments f or Nl, Cu and Zv(II )-
1 , z-d.lamlno coondlnat lon eompound.s

C ompl ex Assignments ( **-1 )

uM-o vM-N(ro) uM-N(zo) 
'M-cl

lcu ( en 1cr, J

lcrl(pn)c r, J

Ioo(pn)nr,J

lcrt( pn )r ]

lco( aien )cr ]cr
[cn( en ),c rz]

313vs

3g6vs

]94s

41I+m

376m 3521n

(497** ) +oe m,386 ,
371+.

3l6vs

311vs

[cu(dien);nroFn,

Lzn( en) zcrzl
lzn( en)rlcr,

lzr.( aien) ,cr lcr

[tvi(dien)cr2)2

[ur( d.len)nronrr l

j9nn jll4s ,337sh 31 jn

l+01 s

4oom 369,352m

397m

397n

J94m 374n

( rz4s )

376ms, Jll sh 3l+3w 331 s, 326 ,
J1 8mw

384 358 ,352

[nr(d.len) f zo ]Brz (4le s) Uo5m, j8hs :i6gsh, J51m

[Ni ( dlen) (uo ) z]
lttr ( dlen) 

zH zo Jcrz

Abbrevlatlons as fon Table 1O-2.
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lowers the fnequeney by approximately 80oem-1.

Fon the d.ien compl exes, ab sorpt ions in the 33zo-

32ooem-1 region (ralLe 1o-2) ar.ise from synrnetrie and. asym-

metrie stretchlng mod.es of the coord.inated. primary amlno

groups. Fon simple metal (II )-amlne eompound.s these mod-es

eaeh give rise to one well-d.ef ined. absorption (.. g. ,
NiJen(cro,l)z *Hzo, Flg. 1o-4). The fnequencj-es are aff eeted.q

by the natune of the eoord.inat ion sphere and. the anion; an

asJrlnmetri e environment may cause spl itt ing of the ab sorpt i on

band.. Absonptions ln the ]i2OO-Jl OOcm-1 range anl se from N-H

stretchlng mod.es and. -NH-H stretching mod.es in whleh one H

atom remains essentially stationary wlth respect to the N

atom whlle the other vibrates along its bond axis.
b ) Non-coord.inated. amino &roups: The infrane6

speetnum f or solid Iwl(aien)z]( cr 0,4 ) zz:r.2o shows only band.s

ehanacteristic of coord.inated amine groups and. lattice water
(tr'ig. 1O-4), and thls complex ls eonsidered to be a normal

hexamine.

The sp ectra f on the hyd.nat ed hal id.es M ( d.i en ) ,x F zo
(f ie. 1O-1 ) ao not show absorptlons charaeteristie of lattice
water, 365o-J5oocm-1 ( see io-5. j) . They shol complex

absonptions ln the 3t+no to 33zoem-1 range. Dehyd.ratlon of
the Nl( II ) bnomld.e and. zn(II ) chlo:rlde causes spectral ehanges

1n thls latter region, but absorptlon band.s nemaln at
frequencles chanacterlstie of non-coord.inated.l -NHe groups

i. e. , not coord.lnated.
presumably H-bonded to

to the met aI ion; they ane
the anlon.
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(rigs. 1o-2 and 1o-3). The band.s which disappear on d.e-

hydration are assigned to eoord.inated. water molecules (see

below). These assignments are in reasonable agreement with
the speetra for the metal hyclrates M(HZO)GxZ (ralte 1O-5).

The speetra f or the eomplexes whi ch d"o not dehydrate are

very similar to the others and band-s ean be assigned. to
t freef amln€s r eoordinated. amines and. coord.inated. water
(tatte 1o-z).

rt is conelud.ed that the solid bi s d.ien halide
hyd-rates of N1, Cu and. zn(f f ) probably have f ive coord.inated.

amlne groups and one coondlnat ed. wat er mol eeul e I ( ror

Iwi(aien)Fro]B*e the Ni(II)-o stretehlng vibnation has been

assigned., 10-5.2). Presumably the cu(rl ) compound has two

long tnans bond.s , but as the Cu ( II ) and N i (II ) compound-s are

isostruetural+ thls cannot affect the packlng ln the erystal-s.
The spectra fon zn(aien)012, Ni(aien)c12, Ni(aien)Br'

and. Cu(dien)CIZ indlcate that these salts have all amino

groups coord"inated.
\.

e ) Amine d.ef onmat ion modes:
f\

1 . The 2- 
=I{-H 

d.ef orrlletlon mod.e t s assigned to a weak

absonption ln the 1 5OO-1 t+75em 1 *"rrg", This absonpt ion

shift s on deuteratton (r'ig. 1o-5 ). rt appears that many

translt lon metaf ( f f ) coord.inat ion eompound.s contalnlng RNIIR t

X-ray powder pattenns
be lsostructunal with

have shown the Zn( f f ) compound to
the Ni(II) one.
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gnoups have a weak absonption in this region. €. g. r

1 . The Ni ( r r ) bi s- pp t diamlno d.ipropylamine eomplexes,

1 l+85 **-1 ( ms ) .

2. Many of the Sehlff Base complexes of the type:

have a mw to w absorption.
l+

Red.uction of the azomethlne

groups inerease s the ab sonpt lon

int enslty.

NN I di-l sopropyl ethylened.iamine has a ms absorpt lon at
JI

r48lcm-1 ( o -cHj, 1470em-1 ). Dlthizone c5HrN=N(cs)tlmvnc GH5,

solld. and 1n cHcl j solutlon has a rrw absorption at i 48 3em-1

whl ch i s n emoved. by d.euterat t on or by compl exlng j-nvolving

loes of one or both pnotorr". *

In some complexes the absorption is not suffieiently
lntense to be d.istlngulshed. from a broad. methylene symmetnlc

d.ef onmat lon band. at 1 [60a] 5cm-1 .

2. The -NH^ wagglnq mode: The ms band. at 1Z5O:5c*-1

( o =1 .33) fs asslgned. to thls mode. Appanently many

have not obsenved, thts absorpt ion f or amlne eomplexes

valent metal lons. (Nl , cu, and zn(rr ) ) ammlnes have

d.ef ormatlon mod.e absonblng at 1z{5J35em-1 ),155

workers

of d.1-

a

G.R. Burns, unpubllshed. wonk:
arlse fnom comblnatlon mod.es,
C-N stnetchlng.

these frequeneles possibly
>N-H defor"matton +
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3. A eomb inat i on :NH ^ twi st inq. skelet al_ d.ef ormat lon moge :

The absorptlon (*) ln the 1 llz5-1z95cm-1 **rrgu ( o =1 .28-1 .25)
is assigned. to a mod.e combining the -NHZ twisting mod.e at
1o8oem-1 and a skeletal d.ef onmation mod.e at 2jo-z3ocm-1 .

Thls assignment aecounts f or the observed. isot o pic shif t to
within 3-1 3em-1 . Absorpt ions in the 1350-1 Soocm 1 

"*rrg" f or

d.ivalent amine eomplexes have previously been assigned. to the

-NH2 wagglng mod.e'110 t111'156 anharmonicity has been invoked.

to enplain the low isotopic shift.1101111

4. The -NH^ twistins mgd.e: trVhen an -NHZ group 1s bound. to
two other atoms lts twistlng mod.e oeeurs at a lower frequeney

than d.oes 1ts wagging mod.e.157 The absorptlon band.s at
1 088-1 o7Aem t ( o =1 . J6) are as slgned. t o the -NHz twi st 1ng

mod.e. Thls assignment agrees wlth those of Powell et *f 111,156

for u(rr) ethylened.iamtne eomplexes (rrao-1 o99cm-1 ), Allen
and Senoff 158 f or Ru(II )-tris ethylened.lamine complexes

(t o:o-t ot oem-l ) and. saceoni ana sabotinil 10 f or u( rr ) hyd.ra-

zLne eomplexes (tzoo-115oem-1 ).
d) ThS C-N stretchin{ llode: Thls ls assigned. to the

strong d.oublet or slnglet ab sorpt lon ln the 1 150-1 1 28cm-1

range. The band.s show an lsot o p ic shlft o =1 . 04 on

deuteratton; the value expected, for a pure C-N stnetchlng
mode 1s 1. O28. tr'or Ru(II )-tnls ethylened,iamlne complexes,

band.s at 1101-11 02cm-1 h*rr" been asslgned to this mod.e. 1 58

F'or uneoord.lnated. amines the C-N stnetching mod.e has been
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as stgned at 1 1 33em-1 f or arenl 59 and, at 1o65em 1 f or .rr. 1 60

e)

,1 to ,j
Other llgErgl lnod.es (Tab1e 1 O- a) : The asslgnment s

d.e slgnat e ,h a ring skel et al mod.e. G over and hlunmannl 51

chanacterlsed. the absorptlons , Z to uh by C-d.euteration of
ethylened.iamine d.ihyd.robromld.e, ,2, -CH2-wag i , 

3,
4F,z-twlst i ,h, c-c stneteh . ,5 GaygTlern-1 ) may also

arlse from the C-C stnetchlng mode. A slmllan absonptlon in
Ru(rr)-tris en eomplexes has been assigned to the c-c

stret chlng mod.u. 1 58 The c -c stret ch f or uncoondlnat ed

ethylened.lamlne oecurs at 98Ocm-1 .

The absonpt lons , 7 to , g are assigned. to ring
d.ef ormatlons whteh arise pned"omlnantly frorn C-N-C and. C-C-N

angle d.efonmation mod.es. The hyd.roehloride salts of d.len,

€rr prlr and other similar d.iamlnes al so have two ms

absorptlons in the regions 5lO-hB 5em-1 and. 47O-41+Ocm-1 .

Ebsworth and. Sheppard163 found the c-N-c angle deformatlon

frequency at 45o-42oem-1 1r, methyr ammonium iod.id.es

(cur)*M (h-*yr. Baldwl r-162 observed. an absorptton at 59o-

57oem-1 foo

F 1g.

Co(III )-un complexes (not asstgned).

agree with those of Powell and Sheppaoal 11 who

10-6 eompares the lnfnared spectra (l yo-78Ocm-1 )

f or [N1(clten),tt zoJcJ'z and, lts N-deutero analogue.
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The compLexes cu( pn)xz, x=cl-, Br-, r- , are eoneid.er.ed to
have simllan monomerle struetures (to-5.2b). rn these

systems the strrmmetnlc M-N and. M-Hal. stretchlng mod.es are

I.R. active.

The far I.R.
glven 1n Table 1 O-4.

J1 1em-1 """ asslgred

speetnal d.ata fon these complexes are

Very stnong absorptions at j16 and.

to the Cu-Cl stretehing frequeneyl o1 c

215

-11O-3 The Far I ed. Spectra (l+2O-2 fon Ni. C

Zn( f I \ 1 . 2-Dl*mino Coordln"t_lglr Compolrnds

10-3.1 TJae Meta{fJ \:d.onor StlgtcLlne freouegey

Assignments (falte 1O-4) have been posstble because of
the lnitlal consideration of very simple eoond.ination

eomplexes:

1) The slnple system I Cu(djlamine)X ,) ": The erystal
stnucture analysis f or Cu( en)Ct, has shown it to be a simple

monomer wlth the Cu at om in a d.l st ort ed. octahed.ral envlronment .

-2-
r^11 -\-t

Prepanatlons for. these eornplexes are given ln 1o-5. 1.
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ln Cu(urt)01e and. Cu(pn) CIZ respectlvely ( cf . , CuC1f,,

asJnnmetrle cu-cl streteh approxlmately 267em-1 .95t 1ol -5)

The M-N stretching frequeney is assigned to m-vs absorptions

in the 411+-37Jem-1 **.rg". This frequeney assignment is
eonsid.ered. unamb iguous beeause

a) an upper fnequeney limit is set by the assignment

of all band s above ]+Jocm- 1 t o l i gand. vibnat ory mod,es 1n

Ni(rr), cu(rt), and. zn(rr)-1 ,2-d.lamino eomplexes (to-2.:(e))
and b ) a lower f requeney llmit i s set by the Cu-C 1

stretching mode at approximately 31 3em-1 .

2) Cu(aien)clr: Thls complex is eonsld.ened to be monomerle

Ico(dien)cr]cr and. is probably square planan (append.ix rv).
Its far I.R. spectrum 1s very similar to that f or I Cr.t(pn) CL2J ,

wlth vM-N at 39lcm-1 and. vcu-cl at 31 icm'1 . However, f on

thl s and most othen dten complexes there is a doublet

absorptlon near J5Ocm-1 whlch ls posslbly associated. with a

mod,e lneonporat ing metal-2t{ stnet chlng.

3) tli(aten)x@: These eomplexes ane consid.ered

to have a halogen bridged. structure (append.lx rv ). Their
speetra show vM-N(to) and uu-N(zo) in the expected.

frequency regions (raute 1 0-4) . The chloro compound has

eomplex absorptlons in the unl_Cl negion: 331em-t ("), 1126

and. 31 8cm-' (r*). The weaker modes may be assoclated. wlth
the bnld.ging chlorld.eg. The umi_C1 mod.e has been asslgned.

at J1 Ocm-1 f o" Nlc tr.'64
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1 O- 3.2 C onclusions

The N1 , Cu and. zn( If ) -t o amlno stretchlng mod.e absonbs

in the 4oo-57ocm-1 r*rgu. rt generally oceurs as a single

sharp band.. At1 absorptlon near J50em-1 f o* dien complexes

eould. be associated. with a metal-2oN stretehlng mod.e.

1 O- 3. 3 Pnevl ous asjr ignment s

Few attempts have been mad.e to locate the metal-ligand.

stnetchtng fnequency exeept fon:

1 . halid.e ligand-s where thene are no I llgand.r mod.es

t o eompl lcat e the spectnrr*95 ' 
101 -106

2. 2 r 2t -bipyrid.yl and. 1 , 1 O-phenanthrol lne transit ion

metal comple*""1 05 for whlch the ligand eonfonmatlon is
littIe altered by eoond.ination. The eharacteristic absorptions

of the skeletal mod.es were forrnd, by subtracting the speetnum

of the uncoord.inated. ligand. fnom that of the eomplex. The

metal-nltrogen vlbnation frequeneles in Co(II ) -Z,n(II )
2r2t -blpyn and. 1 ,1O-phen eomplu*u.1 06 follow the Irvlng-

v\r1111ams5 2 167 0rder of stab il it les :

2 r2r -61pyr: Co( f r ) 254cm-1 

- 
Cu( II ) 297enf1

1 ,1o-phen: Co(f f ) 288cm-1 

- 
Cu(II ) Joocm-1

A slmllar onder ls shown by the Mn(rr ) -zn(rr ) hyd.nazine

complexe'. 1 1 0 Mn(rr ) 343em-1, zn(rr ) lAocm-1 .

3. A few transitton metal anmtne eomplexes.

Fnequencies have been assigned: Pt ( f f ) tetra anil cliarntnlnes,

511 , 5o8cm-1 '107 Pd(rr ) tetrarunjnee [98cm-1 , d.iamnines 495c*-1 ,
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( cis ana trans ) and. 477-53em-1 ( ci" ) ;1 
07 co ( rr r ) hexa, penta,

ancl t etrammlnes 50o-l+5oem-1 . 1 08 cn ( r rr ) hexammine 47ocm-1

and. Ni(rr) hexammine b6oem-1 .109

10-4 f .R. Speetra for Nl(II \ and. Cu(II )-C, -substituted.
E_9hylened i amlne C ompl exe s

In Tab1e 1O-5 I.R. spectral asslgnments (4OOO-4OOem-1 )

are glven f or some slmple €rr Bn and. l-bn complexes of Nl( II )

and. Cu(II). Vibrational frequeneles fon the coord,inated.

11gand.s were asslgned. by corqparlng the spectra with those

f on the dien eomplexes (tatte 1o-Z) , Ni (en) rCt, and thein
N-d.eutero d.erivatlves.

There ts littIe correlation between the -NH2 sJrm-

metnlcal stretching fnequencles and AGo Ber bI-N bond fon the

aqueous ligation reaetlon:
M(H2o )1. + nL = wfi* + szo

some wonkersl 1 2 '113 have noted. a degree of eoruelatlon
between the stabilitles of some ammlne complexes and. the

stnetehlng and. d.eformatton fnequencies of the NHf Ilgand..

However, the force constants for these vibrattons are

d.epend.ent on the structune of the complex and. the nature of
the anionr 8s well as on the strength of metal-1igand.

coord.lnat 1on.

some tentatlve assignments are glven fon the M-N

stnetehlng fnequeneles (see 1o-5). The spectnum below
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l+Ooem-1 b""o*"* very complex as the sSrrnmet:ly of the complex

incneases, e.g. ; Iur(pn)r]c]. zniZo, Table 1o-5.

10-4.1 Coneluslon: Thene appears to be 1lttle or no eor-
relation between the 1lgand and skeletal vibnatory frequeneies

fon so11d. 1rz-d.iamlno Cu(II) and. NI(II) complexes and. the

stabillties of the complexes in aqueous solution.

1o-5 The Charaqteqtsatlon of the r.R. Speetna (hoOO-lrOOcm-1 )

of Coord.inated. Vilater Moleeules

Group Theory has been used. in analyslng the f .R.

spectra f or some dlvalent tnanslt ion metal hyclnates. Some

assignments have been possible, in pantlcular the metal-

oxygen stretching frequeney.

1 O-5.1 Vibnat 1onaI mod.es

The neutron d.iffraetlon stud.y for F'eSiFd.6HrO lnd.ieates
that the H e0 l tgand. ls coond.lnated. with it s two-f old. axi s co-

1 inean wtth the met al- oxygen bond. .1 65 r t i s as sumed. in
tht s d.l seussion that the system lnvolving a eoord.inated. waten

/Hmolecule M-0( is generally planan.\H
The planan group MoHa belongs to the c zu symmetry

group. The total ned.uetble representation for. the foun atoms

1s
If = l{Al+Lz+fr1 +l+82

(Uuf f lken s5rmboJ-s , R ef , 166r p. 71 ) .

0f the twelve nonmal modes of d.isplacement, thnee are
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translatlonal ft=A1 +8,, +B* thnee are rotatlonal Io=A Z+81+B2 r

and. the nemainlng slx, vlbrational F., =41 +B. + ZBZ.

C onsld.ering the lnt ernal eoord,i.nat es :

92

:€"
p1

,,.,,4"

the vlbratlon nepnesentations obtained. are

lO_H = Al + Bz

tu-o = A1

ro = Al

tp = A1 + BZ

f . = 81
\

However', the nurnber of lnternal coond.inates consid.ered. is one

greater than 3n-5. The red,untant eond.ltion ls
Aq.+ A€,+ LpZ = O

and. the real, vlbratlonal representatlons obtalned are

fO_H = A1 +Bz

tu-o = A1

fo=Al

tP = 82

t, = Bl

and. alL these coorcllnate dlsplacements represent I.R. aetlve



modes. f O_H can be conslilered. as composed. of two mod.es ,

1. a strrmmetric bond. stretehlng At i this mod.e may be

partially coupled wlth the scissors mod.e. Io

2. an asJnTunetnlc bond. str.etchlng Bzi this mode may be

partially eoupled. with the roektng mode ap.

The wagging mod,e ro will be ind.epend,ent of the other

intennal vlbratlons.
The six mod.es of vibrat lon are nepresented. dlagnam-

matleally (after Santoni et aJ.1 
" 

),
Speeles A,

-l

1

M
I

A
\ r/\ ,/

HH-HH
/\

, t ( sJnnm. O-H str. )

Speeies B^

-z

-T

221

\/
,O(sJnnm.HoH defn. ) v1 g(tvt-o stretch)

Species B.,

Y

/\

T

,/\
H H

ry' -*
I

I7\/H\H
v (rocklng )

T

,4,-,
/

, Z(aslnrun.0-H str. )

S ome asstgnment s are glven ln Tabl e 10-6 f or. tnansit lon

metaf(ff ) hyd.nates and. for d.ien complexes.

-,Ar-
v (wagelng)
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1O-5. 2 The_ metal-oxygen stretchins vibratl,on:
Thls vibration ul O ls assigned to absonptions in the

52o-Woem-1 range ( see Flg. 1o-7). This assignment is in
the same range as vm_' for acetylaeetonates and oxalates of
these metal ions.

( v g ) tef ong to the same symmetny elass, and. couple to give a

comb j-nat ion mod e ,G* u1 O= , 5, ( assigned. in Table 1 O-5 ) . The

ad.d.itlvity of frequencies uG* v1O= u5 is good.. The mw

absonption , j appears to be characteristie only of hyd.rated.

eompound-s containlng coord.inated. water, €. g. , CuSo45Hro ,

v r=212ocm-1 
(* ) ; cusO4H ro r no absorpt lon. Horveven , some

compound,s containlng lattice water d.o absorb ver.v weakly in
the 23OO-20OOcm-1 range. This absonpt ion has been assigrruagS

to a eomblnatton of the symmetrical ffdff d.eformatlon mod.e and

an HoO libnatlonal mod.e I.R. dctive beeause of an asymmetricI

envft.onment for the waten molecule.

R oeklng and. waggins mod,es : The se probably glve ri se

to v - and. vg, although no def inite assignment ls attempted.I

here.

10-5.3 Lattiee watel and. coordlnated. waten

Thene is no d.efinlte borderllne between these two
'l AAclasses. '-- Coord.lnation d.enotes water molecules ln the

primary eoord.lnat lon sphere of the metal ; latt iee d.enotes

water moleeules trapped ln the crystal lattice by weak

Thi s vibrat l on and. the HdH symmetr i car d.ef onmat t on
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hydrogen bond.s. 1 58 However , they ean of t en be d.ist inguished.

by thein I.R. speetra.

Water vapour has symmetric and as3rrnmetnj.c stnetehlng

vibrattons at 3756 and 3652em-1 respectlvely. C oond.lnation

of Hzo weakens the 0-H bond. and. lowers the stretchlng
frequencies to approxlmately 35zo and. jJSoem-1. The weak

interactions hold.lng tlattlee watert in a crystal lattice
generally lowen uO_H to 1i6OO-352]2.*-1 only. e. g. r

[ni( i-bn)rJ {c1oh)rttro , 36zD and. J5h0cm-1 . Thls spectral
d.lff erence ean of ten be used. to d.ist lngulsh between t latt ice t

and t eoond.lnated.I wat er,

However , very strong H-bond.ing may lowen uO_H t o

values similar to those f or coord.inated. water, o. g. , ice ,96

]1+00 and. 3z56em-1 ; cuso4H zo 1169 3it+oem-1 . This bonding can

often be d.istlnguished. from coord.lnatlon by lts d.ifferent
ef f eet on the sSrmmetnl c d.ef onmat i on mod.e , 6. F on a

coord.tnated. waten moleeule the lnteraction between a proton

and. both the metal lon and adjacent water molecules lncreases

the restoring fonee for a deformatlon vlbratlon eompaned. wlth
that fon water vapour. v5 le raised. from 1595cm-1 for water
vapourllo to 1625-16o5e -1. The restonlng force, and. thene-
fore ,6, ls lncneased. more by H-bond.ing €.g., cuso, H-o -169

4 ^--;"-- 
- ': vvras-"ro-:t ot t "*"*4"2" t

t64ocm-1 ; lce (-7oc ) ,96 r 64hcm-1 ; nJo* ,171 1700cm-1 .

NiC IZSHZO, 1657 and. 161lem-1 ,



1 0-5. l+ LJbrat lon mod.e s

The notations normally exhlbited- by a t free t water

moleeule beeome hlndered. by H-bond.lng and-/or coord,lnation

when the molecule ls in a soltd eompound,. The rotational
mod.es are then betten tenmed. torsional osclllat ions or

librat lons.

The coord.inated. wat en molecul e may oseillat e about

each of its three axes of lnertia:

,zirHiH
*Ry

225

/o\--e 
R'

/\

J-'

/"tHHHH

B2

These mod.es dtff er from wagging, twi stlng, and, noeking mod.es.

The M-O bond is now lnvolved in the normal mod.e; the oxygen

electron cloud.s rotate about the axis of inertia with the

sarne period. as the H atoms.

From the CZu group chanaeten table Io=Ar+ B,+B2r and.

the notatlons Rx, Ry, R, have the s5rmmetny representations

81 r LZ, and. 82 reepectively. The representattons 81 and, Bz

correspond. to infrared actlve mod.ese i-.8.e Rx, R, (above).

Librat lons about the x and. z axl s lnvolve slmllar d.l splaee-

ments of the nesultant moleeulan (u-oHr) arpole. These

mod.es may have simllar energi es. They are J ointly asslgned,

to the absorptlon ug (ratte 10-6 ).

ABI
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10-6 CLarEe. Transfer Spe_ctra

These were stud.ied. to eharact erise the charge transf er

absonptions by N i ( f f ) and. Cu( II )-amirre complexes, and. to seek

possible correlations between the energies of eharge transfer
transitions in complexes and the s3rmmetry, stability and

composition of the complexes. The absorptions by Nr(rr)
eomplexes have been loeated. by scanning solid-state speetra

bel ow 2OOm g, .

Charge transfer transitions involve molecular orbitals
largely local ised. on d.iff erent atoms. The very intense

absorption bands arising from eharge transfers usually oeeur

in the ult ra-vi ol et . F or e o ordinat i on cornpound" s they ar e

ascribed. to the highly energetic Laponte alfowed. transfer of

electrons from either the d.onor atoms to the metal ion or

vice versa. Charge transfer is essentially a red-ox process.

For the l+ 14 transition, where all the ligand d.onors

are eouivalent, the eharge transf er correspond.s to an electron
being transferred. fnom a d.elocalised. moleeular orbital em-

bnacing all d.onor nuelei to a moleeul-ar onbttal which is
loealised. on the metal ion, has pred.ominantly metal lon

atomie onbital eharacten, and whieh may be non-bond.ing or anti-
bond.lng, T. or. 

^*, 
o* (see Fig. 3-5b). The slight

d.eloeallsation of the metal ion orbitals means that the

eleetron is not completely transferred from 1lgand. to meta1.

The transitlon 1s from the highest energy fi11ed ligand
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orbital to the lovrest energy empty or partly fllled. metal

orbltal.
When the donor atoms are not equi-valent, e. g. , in

I co(mn ) Sfi ] 
2*, electron tnansf er may occur from a specif ic

ligand. (viz. , C1- ) to the central metal i.on. For a 1 -+ M

transf er the transit i on energy wtl1 depend. upon the electro-
negativity of the llgand.; and. in the compound.s [co(NHl),ux]z*,
X=I-, Br-, C1-, the absorptlon wavelength incneases in the

ord.er I -

M + L transitions oecur ln complexes whieh eontain

1lganils with nelatlvely stable, but empty, onbitals (pi-
aeceptor ltgand.s ) e. g. ; CN- ,172 pyrid.ine.

Unlike metal ion d-d. electron transitlons, change

transfer transitlons may be tnfluenced by a ehange of

solvent r and. this property has been used to d lst ingulsh

between M -+ L and L -+ M tnansitions .173 For a L -+ M

transition the energy w111 be related to the lonisatlon
potentlal of the llgand and the eleetron affinity of the

metal lon. t+M and.M+t transltions eanbe d.lstinguished-

by the effeet of metal ion oxidatlon state on the tnansltlon
energy.

10-6.1 E:cpenUqgntal

Absonptlon spectra were meagured. from 185mU. lnto the
vlslble neglon uslng a UNfCAM SP70O speetroBhotometer. The

lnstnument was thoroughly flushed with d.ry nitnogen for work
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ln the 185-2OOm p range.

Change transf er band.s are very int ense , 1og e + 3

and. speetral wonk nequlre$ very dilute samples. In aqueous

solutions Ni(II) complexes are appreciably dlssoelated at

the requlned high d ilut ion ( approxlmat ely I O-4rl./t) .

Theref ore solid-state speetra were measured.. Cu(f f ) eomplexes

are approxlmately 1% d i ssoelated. at this d.ilution, and. their
spectra were also measured. in aeueous solution. (falte 10-7)

So1id. samples were prepared. as mulLs and. held. in a

very thin layer between silica plates. Rlce paper was used.

to space the plates. of several mulling agents tried.*
diglyeerol was found, to give the best spectra above zOomp.

Diglycerol 1s viseous, completely transpanent to 22Am p and.

has a high refractlve ind.ex ( t .4815 ) whleh minlmises light
scattering ( t baekground t ) by the so1ld. sampl es. The solid.s

were ground as flnely as possible and. very d.ilute mulls were

used.. Other wonkers have used panaffin o11 as a mulling
oA 

- r''.r- 5!- rr--r a- - - 17tLagentr'" on a KBr d.isc method f or preparlng sampl€s. ' '-
The nellablIlty of the soLld.-state method was tested.

by comparlng the spectra f or a serles ofl cuCl,.l2- salts ln- Lf"

the solld-state and in acetone solutlon. The

preparattons and. propertles fon these salts are given on

the following page.

€.g., Fluonocanb, nuJo1, paraffln oil.
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Preparation of coord.iJrjrtlon Somplexes: $ome of the prepa-

ratlons are r:ecord.ed. in ' B-1 ( g ) . Others are as f oIIows:

Chloroeuproats qal-ts

cs;OurQl-,, : cscl (o.337grn) in the mintmum volume of 9of,
--4 ethanol was added dnopwi se with st inring t o a solut lon

of 'CuCl, 
( O. ,| J4gn) in aeetone containing a f evr drops

of conc . Hc1 . Yellow C srOuc 1U lmmed.1at e1y pr ec ip i t at ed. ;

a funther crop of erystaJs was obtained. on ad.d.ition of
aeetone followed. by coollng. Yield O.35gm, 76%.

Nenl, piperid,ineH*.

ACucI,.: A = Hrenz+, HJd.ienc :r2* r H,trienc rs*. The amlne

-t+
hydnochlortd,e in solvent S1 was add.ed. d.ropwlse with

t
stirring to a solutlon of CuC1, in solvent Se

contalning a f evr d.rops of eonc.HOl. The compl exes are

spaningly soluble anil wene recrystallised. by Soxtrlet

extraction into Sj ,

A.,Q.8c1,.: A = (cHrcHz)hN*, cHlcH2Nti, C5HGN*, c6,H5ctfln;,--4

Amine C ol our CI- analysis
(cu *n),fl*

c 
5H5N

c5HrcEdffit
NeHh

S1

abs. alc.
ll

ll

1 so-PnOH

alcohol

I so-PrOH

S2

abs. ale.
acet one

ll

1so-PnOH

aeet one

I so-PrOH

S3

abs. a1c.
rt

1so-Pr'OH

abs. ale.

1so-ffitf/

ye11ow

yel1or
bnonze
ye11ow

ll

ye11ow-
green

brown

29.99 (so.20)

l+7 .59 (l+7 . 37)

33.67 (33.37)

51 . oo (5t .95)

HC1

p iper ld.lne
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Icu( atamine) ^X^'l salts'?-

I cu(en)cLu]: 2.9m1 of s5% 1 -methyl 1 ,z-d.iamlnopropane ln
f our pant s of acetone were ad.ded slowly with stinring
to a hot solution of 5gn of cucrz.zl/-zo in z5f, aqueous

aleohol. Pale blue crystgls immed.iately separated.

from the bright blue solution. The preeipitate was

digested. for 30 minutes and. then f iltered. The

prod.uet was recrystalllsed. from 50% aoueous ethanol

and. erystallisat ion lnd.ueed. by ad.d ition of acetone to
the hot solut lon. Y i eld J. 4grn , 72%. (F ound.:

cu( Sao gravimetric ) , l,o.z4; ct (n$r ) , 33.9t+%;

amine by pH titration, (see 5-l+(e)), 36.O7.

ClHl ONrCuCl, requlres Cu, jO.L+7; Cl , 33.98; amine,

35.53. ) The prod.uct is very soluble in waten,

sparlngly soluble in ethanol and. insolubl- e in acet one.

lCu(pn\g"r;' A eoneentrated. aqueous solution of cu(pn)cr,
was mixed. with a sl ight excess of a satunat ed. aqueous

KBr solut lon. An equal volume of acet one was add.ed. t o

the mixture and. pale Jrreen cnystals separated. from the

blue solut ion on ice-eooling. The crud.e prod.uet

contained. some solid KBr. (Found.: Cu(SaO ), 18.2;

amlne by pH tltratlon, 21 .4j, Ratlo Cu: pn=1 . OO! 3 J .

C 3HtONrCuBr, nequlres Cr, 21 . jZ; amlne 24.9 j. ) The

complex is lnso1uble ln alcohol, sparingly soluble in
acetone to give a pale green solution, and very
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soluble in water to give a blue solutlon.

ICu(pp'tf*1t The d.ark brown solld separates tmmediately on

mixing hot aqueous solut lons of Kr and. cu(pn ) c!2.
It is insoluble in water. and. the eommon organlc

solvents. 0n prolonged. refluxlng with acetone it
s1ow1y d.eeomposes to CurI r. (Found : Cu , 16.2.

C SHlONrCuI, nequlnes Cu 16.2.)

Re.sults: These are Ilsted. in fable 1O-1 ,

1O-5.2 Dlseussion

a) The -eorqplexes IM(d.iamlne\@--) 12+,l.:=J,*.

The charge transfen absorptions for the Cu(ff) complexes all
occun at lower frequencies than those for the N1(rr)
eomplexes. Thls suggests that the eharge transfers are

L -+ M, a high tnansltlon energy f or N1( II ) being nelated. to
its low eleetnon affinity.

The Cu(II )-bls d.lamlne complexes have the same C. F. S. E.

( see 7-3.4) and. it is not surprlslng that they have the same

ehange transfer spectrum. The absorptton at 2j5-245m p ls
assigned. to the N+ Cu(II) charge transfer transitlon.

It 1s lnterestlng to note that the transltion energy

ls the Bame f on a squane-planar d.tamagnet ie Nl ( II ) eomplex,

Inr(i-bn) ,]'* and. an octahedral paramagnetlc Nt(II ) complexr

€.g., [Nl(i-tn)r]'*. The tnansitlon energy gr eanrto a flrst
approxlmatlon, be related to the metal lon electron afflnlty E,



232

TAIILE 1O-7

Charge-transfer absorpttons for Ni ( II ) and. cu( I I )
d.lamlne eomplexes

tr *"*. (Jl )m pC omplex

[Ni(i-rn)rJ {c1o4)2

tur(r-rn),)c104)z
[N1( i-bn) ,ctr)
INi("n)f]c1z
[N1(en)retz]z

[Ni(pn) t] (cro I z

[c,r ( i-bn ) ,)1c ro' ) 2

[cu( eten) ,)(croU),
[cu(eten),ln*,
[cu( pn) z ](c104 ) 2

[cu( 
"tr) z ]c1z

[cu( en)clz ]

[cu(pn )c 12 ]

I co(pn)nr, I

Ico(pn)rz ]

.gueous Ico( i-tn ) r]'*
I co( l-bn) ( aq) 12+

I co( eten ) ,)'*
I cu( eten) ( aq.) ] 

2*

336(sh) , li94( sh)

363

191+

191+

191+

196

193

196

237

235,21+1

193 232 121+2

232

231

240

196 zL+6

193 234

216 2gO

236 ( I,goo)

232 (4, o8o )

252 (6,goo)

232 (l+, Sllo)
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ean to a flrst approxlmation be nelated. to the metal ion

eleetnon af f inity r'l and. the ligand. d onor ionlsation potential
rbv

Er = I E + A

whene A glves a measure of solvation effects and the tnter
eleetron repulslon involved in transferring an eleetron from

a d.eloea1lsed. ligand molecular orbital to a more localised,
metal lon molecular orbltal. Solvation effects are probably

negllgible ( ef. , Cu eomplexes in aqueous solution and in
nujol mul1s) because the donor atoms are largely shielded

from the solvent by the non-polar a1kyl material present.

Therefore the solvatton tenm will be approximately constant.
The absonptlon at 193-195mp. for the Ni(II ) eomplexes

ls asstgned to a t -+ M ehange transfer. By conslderlng the

metal orbital oceupance and. group theoretleal requirements

for Laporte allowed. electron dipole transitions, the posslble

L + M translt tons f or octahed.nal (On ) ancl squane-planar

(Dhfr) lrr(rf 1 complexes, assuming that the llgand.s have no

pi-bond.ing tend.encies are:
Erratun pp 253-+.

Octahed.ral: orr, ** + 
\,r(p*, py, p r) i.e. o -+ 6 *

T1n + Ar*(t) or u*(u , ,_2, d z) 'r r' "
x-Y z

Sqr.u'lre planari. Or* + fu.*(n") i. e. o -) 7[nb.

or.g -+ E r(P*, nu) or 8,, -| Art( u; i. e. o '+ o s

A is possibly least va.riant for transitions to the rnetal ion p* anrL p" oibitale
and- the L -+ lri(Il) transition is possibly liga.nd o -r netal ion o* (nr, n").
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orbital ( square planar

is possibly ligand. o -+

case) and the

metal ion ,a 
*
L -) Ni(II) transitlon

(nr).

b ) Cu( d.iamlne \x^ l;art s:

fhe solid state spectra for the chloniiles d.o not contaj.n

elther of the visible-U.V. absorptlons eharaeteristic of the

[cucr,*]'- ion (approximately 252, 476mp ). rt is d.edueed.

that the se salt s are monomenic inner compl exe s Cu ( d.i amine)Cf ,
( see lnfnared. evid.ence, 1 O- 3.1 (1 ) ) and not d.imeric sal-t s

[cu(d.iamin ") z]2* lcrrc14 f2- . The bnomid.e and iod.id.e compound.s

have infrared. spectra very similar to that for the ehlorid.e.

suggesting that they are all strueturally similar. The

bromicLe d.oes not contain the absorptions charaeteristlc of

the fcuBr, ,]2- ion.* The gradation in colour, Cu(pn)ct- pale- ,+J - u --\.L---t--?

b1ue, Cu(pn)BrZ pale gr4een, and. cu(pn)Iz bnown, is d.ue to

diff enent change tnansf er band.s in the ultra-vi ol et extend.ing

into the vislble absonpt ion region. By eornparison wlth the

spectra f or the Cu-bis d.iamine complexes. Table 1o-1, the

absonption at approximately 23r-245n V for the ehlorid.es and

bromid.e can be assigned, to a N'+ M transition. For Cu(pn)I2

the separation between the two hlghest energy absorptions
( t t .6ff ) correspond.s approximately to the energy separation

between the J l/Z and. ,tu quantum levels (t3.1 5t<X ) for the

iod.ine atom. Thls suggests that these two absorptions eor-

respond. to tnansttions involvlng the I- 1lgand.s.

cA. fi,, 51d.
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APPEND]X I
Thg meta1. Lon spe_etna f or eppric complsxes

When ina strrmmetrical environment ( e. g. , octahedral

coond.lnation) tne cupnic lon is in an orbitally d egenerate

electronlc state (n ). Sueh a system und.ergoes a Jahn-Te11er

( tetragonal) d.istortion to give a system rvith lower energy

and. d.egeneracy (see 3-6.t(f)). fhe nesultant energy levels
are shown schemat i cally , *

subic fictd (O;) tctragoneI

f ictd

q
The d.'cupnle system in a eublc fleId. w111 glve a slngle d.-d,

electron tnansltlon, energy A . In a tetnagonal fleld it
w111 glve nlse to an electronlc absorptlon spectrum with
three absorptlon bands eorrespond.lng to the three spln-

al1owed. energy tnansltlons E1 , EZ, and. t3. These energles

* F.A. C otton
Cheml stry, rf

and G. V{llkinson, tt{dvanced. Inorganlc
Interselenee, (1962). p. 565.

F

sphericetty 5pDln-

-ctric, f ictd
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ar e f or the d.-d. translt lons :

d*rtdy, -) u 
*r_ur,

d*y'+ u*r-rr'ur,+ u*r-uT

re speet ive1y.

fhe cupric ion absorptlon speetrum actually consists

of a single broad. aslnnmetrlc band., somet imes having a should,er

structure on the low f requency sid.e. T o c ons id.er that thi s

absonption correspond.s to a single eleetnon transitlon ( a ),
i. B. I cubic f ieId. case, ls an obvlous appr3oxlmat lon. To treat
the absonpt ion band. as composite of three band.s representlng

three energy transit ions, 1. €r , tetnagonal f lelil case, also

involves approxlmations, partieularly in the gnaphleal

resolution of the absorption curve into component gausslan

curves. However, Belf ora125 has shown that the single broad.

absonptlon band. for the cuprie (a-a) electronlc spectnrm ean

be gnaphically resolved. lnto three gausslan eurves. By

stud,ylng the solvent effeet on the d.-d. transition energi-es

for a series of eopper(ff) bis-acetylaeetone eomplexes

Belf ord. proved. that of the component absorpt lons , the hlglrest

energy one, El , correspond.s to the d*" ,dy, -r d.
*2-y2

and. thetranslttorr the next , EZ, to the drV + d*2_y2,

l-owest , 83, to the du. -+ d*2_y2 tnansltlon.

The tneatment adopted. here ls that f or the t etragonal

f 1e1d.. For a d9 system the C. tr'. S. E. is glven ( from f igure

above ) ty
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C.F.S.E. = l+(0.1+A + 6/3) + z(o.44 z6/3)
-z(o.64 F) (0.5+p)

= 0.6 A + p,

But B = nr/z

and A = Er 6/i-n,/z
= N,1/3 = nr/3 nr/z

Therefor e ,

C.F.S.E. = 0.4E1 + O.ZEZ + 0.283.
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APPENDI4 II
Empiriegl entropies for aoueous organi.c solutes

4. Cobbl"B7t denived. an emplrical equation for the

partial molal entropies So of organle solutes tn
aqueous solution at Z5oC, and. tn a hypothetleal one mo1al

id.eal solut lon:

So = 10+RlnM+9.2(N)-S3 o.zlum

where,

M = the molar mass of the solut e ( in grams )

(tU ) = the number of t skeletal r bond.ed. atoms ln the compound.

( totat bonded atoms mlnus hyd.rogens )

an eqpirieal term to aceount fon the comparatively

low entroples for. moleeules contalning d,ouble bond.s,

rings , and. branched- chains.

V* = the molar volume (ccs. ) of the solute in the pure

llquld. state at 25oC, - Nt/d25.

Fnom thls eguatlon the Eo vafues for €Dr pnr i-bn, and, eten

are l+4. 5 , 47 ,3, 51 . O, and. 54. 0e. u. respeetively. The

d.ensitles of en(dzo 0.899 ) and pn(dzo 0.878) wene obtalned.

from the Hanilbook of Chemistry and. Physlcs, 28th Eit1tlon.

No values were avallabIe for the other two amines, but by

conslilerlng the val,ues for €rrr prrr and 1 ,l+bn (dZt 0.881 ,

FLuka Chemtcal Catalogue) a d.enslty of 0.888 was appnoxl-

mated. An error of 316 ln d. would glve a d.iscrepancy of

ao"s
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approxlmat ely 1 e. u. ln Eo.

The approximation vras mad.e that Eo is equal to the

stand.ard. molar entropy of the ligand. { consl stent with a

stand.ard. state of infinite d.llutlon.

B. The C otble equat iorr87" ( see part A) in it s component

pants 1s

qo ^o ao , Aeoor = olrtt + 
"to*ar, + ^5 soln

whene,

ao -', 9. 2(N ) s3 ls the internal entropy of the- int
gaseous molecule

ao -, RlnM + 26.00 ls the translational entropy"trans
and

^^OASIofr, = -16. OO O.ZTtlm ls the entropy of sol-ution of

the gaseous molecule.
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APPE$IDIX I I I

fhe Crystal Fleld. energy level dlagrams for a

transltion metal 1on in spherlealLy symmetrical, cubic,

tetnagonal , and. square-planar f l e1ds are shown belor. 1 45

-o.lz0a
-0.t1&A

free ion cubis' , 'tetragonel' , 'sg. ptenlr' lietd

Spln-Free N1( II ) Cornplexes

trror a d8 transition metal lon ln oetafred-raI eoordi-

natlon ( cubic f j.eld,) tfre C. F. S. E. ls 1 .2 L where A ls the

C.tr'. sp1ltt1ng factor. Fon Nl(II ) lons ln slx-f oLd, coondl-

natlon A ean be d.etermlned. dlnectly from the vteible-near
I.R. absorptlon speetnum. The speetrum has three weak

ab sorpt t on band.s correspond,lng t o the three Laport e

,d,r?-f? t.z?fA
.rt I

I

I
I

A
I

I

. drr I o.z2rA

I



2l+1

f onbld.d.en translttons f rom the ground stat e:

ozg -+ rrg(r), A2g- T1g(F), org'+ T1 g(p)

The energy change for the lowest energy transition,
Or* -+ T2g(F) is equal to the C.F. splitting facton A.
Values f or I*"*. and. C.F. S.E. are given ln Table 8-8.

C.F.S.E. = 1.zL = i.2x2.859x1 07/I*.*.(rnp).

Spin-Paired. (Diamaenetle\ Nl(Ir ) Compl.exes

In a square planan ligand field. the d8 NI(II) ion is
d.iamagnetic with the hlgh energy d. 2 2 or"bital unoecupied..

x--y-
The C.F. S.E. ls then 2.456 At , where Ar is the C.F.

sprttt ing ( d*y-d 
*r_or) 

. Electronle transitions occurring

from the d*" to the il_Z 
--2 

orbltal require an energy
x-y

absorption Ar -P, whene P ls the energy required. to pair
two electnons ln a Ni ( f f ) a orbltal. The energy require-
ment AI -P eomespond.s to a I1ght absonptlon ln the vlslble
neglon f or the [Ni( i-bn ) r]'* ton. F on spln-palned. Ni (II )

P has been estlmated as 7Okcal s/mole. 145

Theref ore f or d.ia-[rqi ( t-bn ) r]'* with tr*"*. = 454m rr

At - P = 5Z.95trca1 s/mole

At = 133kca1s/mo1e

and. the C.F. S.E. = 327kea1srlmo1e.
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APPENDIX IV

u (aten)xD complexes

Ar. Cu(alen\C1Z ls a 121 electrolyte tn arrhyd.rous methanol

(f aUte I ). A band at 31 3em-1 in the lnfrared. spectrum

1s assigned to the Cu-C1 stretching frequeney.l0lc

Theref ore the complex 1s consid.ered. t o be monomerie

I co( dlen;crJ cl. It has a sub-normal magnet ic moment ,

1 . 1 88. M. (f atte I ). Thls moment could. arise from an antl-
ferromagnetic lnteraction between adjaeent Cu atoms. This

int eraet ion could be 0 -bond.in*1 5O between d 2 2 orbltals
x--y-

of Cu(II) atoms ln para1le1 assemblies of planar eomplex

groups, or super-exehangel 50 through a d.lehlono brld.ge

system (dlmer). Another possibility 1s spin-pairlng ln a

moleeular orbltal embraelng three Cu atoms tn a trlmerie
strueture ( tfteoret lca1 magnet le moment=1 . O0B. M. ). However ,

illmenlc and. trlrneric structures are probably pneeluded by

the conductivity datum.

-E Zn(atenJgt, ls a 1 : 1 electrolyte ln anhyilnous methanol.

It 1s probably monomerlc Izn(c[1en)Cr]Cr wlth tetra-
hednally coondlnated Zn(II ).
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TABLE I
Complex magnetlc suseept iblLltles ( Zg4oA); conductivlties

ln antryd.rous methanoL ( O. OOt u )

Complex

Iznatencl ]c I
Icuaiencr ]cr
[niarenBr2 J

[trf aienn rOer, J

[u rarenct 
2 ]

3. O8+0. 1 O

12.71+0. 05

12.12!0. 1 O

t1,47t0. 1O

I 6.55!0. 05

xoxl 05
( Eesu )

xoxl 05
(cgsu)*

rr(nu )t

1 . 18JO ,O3

J. O5+0. 01

J. O5JO. O1

J. 05+O. 01

Ao
m

(mfro;

85

103

145

123

Ratio cf
l ons* *

1:1

121

122

partly
d.1s so-
ci ated.

[uiarenlr2o0l2 ]

[cu(dlen) *ro]clz
[Ni(d.len) rnro]ctz
lzn( aten ) ,nrol cle

142

163

173

143

153 J. OB+O. O1

136. 1|2

1lt4 1 z2

139 122

**

X'=dlamagnet ie eonneet ion.

Calculated from V =2.84( X *T )*

For KCl , Afl=98:a(mno); NaCI, Ag =90Jt(mrro);

BaC Lz, nfi=r 6H (mrto1 ; I urfen]Ctz.ffizo, nfi=1 trrEl (mrro)



c. ui(dien)xz. x=c1-rBr-. These

to have d.imerl e ( on polymeric )

bnld.ges and with each NI(II ) ion in
environment:

2W

complexes are consid.ered.

stnuetures with halide

an t oetahed.nal I

Thelr magnetie moments are tyftical fon slx-coord.lnate para-

magnet ic N1 ( II ) eomBounds (tatte I ) . I.R. spectra lnd.ieate

that all amino funct lona1 groups are eoordinat ed..

Absorptions at 331 (s) , 326, and 51 Bem-1 *"u asslgned. to the

Ni-Cl stretehlng mod.es, Table 10-4 (cf., Ref. 164).

The hyd.rates Nl(cLIen)H ZOXZ also have nonmal magnetie

moments ehanacteristic of slx-coord.lnate N1( II ). Vj-slble

neflectance spectra are also trulcal: Nf (Aien)H rOBr2t
Iro.*. =1069, 6fu, 388mp ).

Eleetnolytle cond.uctlvltles lnd.lcate that these

Ni ( II ) complexes are d.lssoeiated. in anhyd.rous methanol ( S ) :

[wr(aren)xz]z + 2xs + art(aten)si* + L$- .

Ni
:\
:l



4

BrBLrg.GIr$PHv

1 J. Bjenrum, rrMetal Ammtne Fonmation In Aqueous Solution, "
P. Haase & Son, Copenhagen (t94t ).

2 G. Schwanzenbach, J. BJ errum and. L. G. Sl11en. Chemical
Soclety Speeial Publicat j-ons , 1957 rrstability Constants.rl
Pant s f and. II .

F, Basolo, Y.T. Chen anil R.K. Murmann, J.Amer.Chem.Soc.e

re (195u) 956.

U/.C. Vosburgh and G.R. Cooper, J.Amer.Chem.Soc. r EJ
(rgt+r ) Ujl .

5 R.G. Bates, rrElectrometrie pll Determtnations,rr Wiley
Pness (tgS[) p. 157 .

6 f . Janz, 'Refenence Electrodesrrr Aead.emLc Press (1961)
p. 120,

7 V.S.K. Nair and. G.H. Nancollas, J.Chem.Soc. (19617, 4361 .

I J.R. Brannan and G.H. Nancollas, Trans.Far.Soc. e 58,
(tg6z) 354.

9 B.R.W. Plnsent and. D.H. Everett, Proc.Roy. Soc. (Lond.. )
A215 Ugnz) 427.

1O G.H. Melntyre, B.P. Block and. ['.C. Ferneltus, J.Amer.
chem. soc. , g1 (1959) 5zg.

11 C.VU. Davies, J.Ctrem.Soc. (t938) 2O93.

12 A. McAuley and G.H. Nanco]las, J.Chem.Soc. (1963) 999.

13 G.N. Ma1co1m, H.N. Panton and. I.D. Watson, J.Phys.Chem.

fr (rger ), 1goo.

1 l+ J.C . Spealman, J. Chem. Soe. ( t 940 ) 855.

15 A. McAuley and. G.H. Naneollas, J.Chem. Soe. (1 951)
(")zz1j (r)U+ra (")r$67.

16 C.W. Davtes, frlon Assoclatlon,rf Butterworths (lg6Z) p. 41.



246

17 C.E. Vand.erzee and. H. J. Dawson, J.Amer.Chem. Soe . J5
(19j3) 56j9.

1 B E. A. Guggerrheim and. J. C . Turgeon, Trans.Far. S oc . il_
(tgDi) 1I+r.

19 P. Paolettl, IU. Clampolinl and. A Vaeca, J.Phys.Chem.

97 ?efi) 1065.

2A J. Clank and. D.D. Perrln, 8. Revs. )ffIII (1954) 295.

21 C.K . f ngolcl, rrstructure and. Mechanism ln Organie
Cheml stry, tr G. Be1l & Sons Ltd. , ( t g 53) .

22 R. NdsAnen, F. Merilalnen and O, Butkewitsch, Suomen Kem.,

EJT (tgaz) 219-

23 R. Nd.sdnen, P. lrlerilainen and. lvl. Koski.nen, i-bid.., 835
(tg6z) 59.

zl+(a) n . NiisElnen and. P . Mertlainen, ibid.. , 875 ( gAz) 79 .

(t)
(c)

id.em

ldem
ibid.. , EJ4 u%t 1 47.
ibld., Dft (tgfi) 97.

25 R. Nisdnen, tbid.., El} (tferI 4.

26 F.A. cotton and. F.E. Hanrls, J.Phys.Chem. 52 (1g5il 12Q3.

27 C.R. Bertseh, W.C. Fernelius and. B.P. Bloek, J.Amer.Ghem.
Soc. f! (tgSz) 2374.

2B F. Basolo, R.K. Murmann and. Y.T. Chen, J.Amer.Chem.Soc. I
lJ Ugnl) 1l+78.

29 C.R. Bentsch, llJ.C. Fernellus and B.P. Bloek , J.Phys.Chem.
6z (t958) rrl14.

3O P. Gerd.lng, I . Led.en and. S. Sunner, Acta Chem. Seand.. !.,
(tgfi) 2190.

31 F. J. C. R ossotti , ItThe Thermod.ynamlcs of Metal I on C omplex
Formatlon tn Solutiontt ln rfMod.enn Coordinatlon
Chemistryrrr ed.. J. Lewls and R.G. V1/l1kins.
Interscience Publlshers ( t 950).



32 P. Paoletti, M. Clampolini and. L. Sacconi, J.Chem. Soe.
(t963) 3589.

33 A.B. Blake and. F.A. Cotton, Inorg.Chem. 1 (lg6t+) 5.

X+ f . Poulson and. J. BJernum, Acta Chem.Seand.. I ?gS5) 1407.

35 F. Basolo andR.K. lvlurmann, J.Amer.Chem.Soc., re
(tgn[) zt t .

35 G. Olof sson, I. Llnd.qvtst and. S. Sunner, Aeta Chem. Seand..

L7 (tg6l) 259.

37 G.R. Argue, E.E. Mereer and. J.V,'. Cobble, J.Fhys.Chem. 92
(tg6t) 2041.

JB M. Ciampolini, P, Paoletti and L. Sacconi, J.Chem.Soe.
(gat) 51 10.

39 M. Ciampollnl , F. Paoletti and, L. Sacconl , J,Chem.Soe.
(t get ) 2994.

4O M.Clampollnl , P. Paoletti and L. Sacconl , J.Chem.Soc.

Ugeo) I+ss3.

4t T. Davles, S.S. Slnger and. L.A.K. Staveley, J.Chem.Soc.

Ugn[) 23o4.

4z(a)
(r)

(c)
(a)
(e)

t+3( a )

(u)

(c)

s. sunner and r. IJnf adso, Acta chem. scand" . 7J (lgng) 91 .

W.F. 0rHara, C. VJu anil L.G. Hepler, J.Chem.Ed.. :g
(1961 ) 512.

H . O . Pr itchand. and A. A. Sklnner , J. Chem. Soc. ( 1 95O) Z7Z.

O.E. Myers and. A.P. Brad.y, J.Phys.Chem. 54 (tg5o) 591 .

J.E. McDonalil, J.P. Klng and. J.VU. Cobble, J.Phys.Chem.

_64 (rgeo) 11+6.

S.N. Gad.zhlev and K.A. Sharlfov, Rus.J.Phys.Chem. 35
(tgat ) 562.

G. Basson, F. Gutman and. L.M. Sirnrnons, J.Appl.Phys. 4
(tgro) t 267.

H,A. Skinner, trE:qrerimental Thermochemlstry, rr Vol. II,
Chap. 9. Intersclence Publishers (1962).



248

!4( a) E.R. van Artsdalen and" K.P. And.erson, J.Amen.Chem. Soc.

lJ (tgnt ) 519.
(t) R.L. Graham and. I,.G. Hepler, J.Amer.Chem. Soe. -Zg

(tgs;) 4e4e

L+5 F. S. Dalnto[r J, Diaper, K.J. f vln and. D.R. SheaFd,
Trans.Far. soe . 5J (lgSt) 1269.

46 H.F . Leach and. H. L. Roberts , J.Chem. Soc. ( 1950 ) 4693.

41 P.A. Giguere, Monlssette and, A.W. 01mo, Canad.J.Chem.4
(tgss) 557o

48 !'.H . Gazzetta and. Yi.B. Had.Iey, Inorg.Chem. J (gAU) 259.

I+9 C.K . Jorgensen, ttProgress in Inorganic Chemlstry, ff

Vol. IVr p. 73, ed.. F.A, Cotton. fnterseience
Publishens, 1962,

50 D.H. Everett and W.F.K. Wynne-.Tones, Proc.Roy. Soe. (Lond.. )

^J77 
?g4t ) 5oe.

5l J. B jenrum, Chem.Revs. , M (t gf O) 392.

52 C.R. A1len and P.G. lVrlght, J.Chem.Ed. r 4L Ug54) 251 .

53 G. Atkinson, Inorg.Chem. , 2 ?gfi) 6l+.

5I+ C.L. Van Panthaleon van Eck, Recueil , E (gnl) 529.

55 H . Irving and D.H. lilellor , J .Chem. Soe. ( 1 962) 5ZZZ.

55 F. Basolo and. R.K. I{urmann, J.Amer. Chem. Soc. , l!
(tgsz) ::zl+3.

57 A. E. :t{artell, J.Phys.Ctrem . 52 USSS) fO8.

58 H. Irving arrd J. M, M. Gnlff lths, J.Chem. Soc. ( 1 954) Zl3.

59 C.L. Van Panthaleon van Eck, Reeuell , E (lgSl) 50.

6O M. Calvln and. N.C. Melehlor , J.Amer.Chem. Soc . 10
(tgue) 327o.

6l w. s. Fyfe, J.chem. soc. ( 1 952) zot B, 2ozj.



249

6Z H. f rvlng and. R.J.P. Wi11iams, Nature (Lond.. ) 162]
(rg4a) 745.

53 P. Geonge and D. S. I{c0lure, ttProgress in Inorganlc
Chernlstryrtt Vol. I Interscience Publishers, 1959.

6I+ N. B. S. C ircular 500 (1952) . rrseleeted Values of Chemical
Therrnodynaml c P rop ert j- e s.

65 P. George, Recueil , fr. (lgSG) 571 .

66 C . G . Spike and. R.Yy , Parry, J. Amer. Chem. Soc . JJ ?g>S)
2726 , 3770.

67 H. f rving and. R. J.P. IIf llliams , J.Chem. Soc. ( t 953) 3192.

68 L. Paullng, 'fThe Nature of the Chemj.eal Bond.rrt jrd. Ed,. r
p. 57. Cornell Press.

69 L.E. 0nge1 , "An Intnod.uetion to Transltlon Metal Chemlstry.
L lgand F leId. Theory, It P . 24. M ethuen n 1962.

70 N.S. Ilush, Disc.Far.Soe. 26 (tg5B) 145.

11 H.K. Ha1I , J.Amen.Chem. Soc . f2 (1957) 5441 .

12 D.I,. Leusslng, Inorg.Chem. 2 UgSZ) 71 .

73 A.G. Evans and. S.D. Hamatul., Trans.tr'an. Soc. AJ ?gSl) 3l+.

7l+ J. S. Griff ith and. L.E. Orgel , Q.Revs . ! (tgZt) 387 .

75 J.D . Dunitz and. L. E. Orgel , trAd.vanees in I norganlc and
Rad.loehemistry,il Vo1. II (tg6O).

75 C .K. Jorgenser r 'rAbsorpt lon Speetra and. Chemleal Bond.tng
tn Complexes, tt Pergamon, 1962.

77 G. Atklnson, Inorg.Chem. 1 (lg6z) 9Oo.

78 L. E. 0nge1 , Pn oceed,lngs of the 1 Oth S olway C ongness ,
Brussels (tgSf) p. 289.

79 G) e. c. A. Schult , Reeuetl , -9.1 UgAz) 19 .

(l) ld.em lbld. , 91 UgAz) 4Bl .



250

?9(c) G.c.A. schuit, Reeuell , fr (tg6l+) 5.

BO J.D. Bernal and R.H. Fowler, J.Chem.Phys . J (1%3) 515.

81 International Cnitleal Tables of Nurnertcal Data: Physics,
Chemtstry, Teehnology. Vo1. III r F. 80.

82 N.S. IIan, Spectrochim.Acta 1B (lgGZ) 775.

8l H. B. Gray, J. Chem. Ed . 41 ( t ge +) 2.

Bh H. S. Frank and. trv.Y. V/en, Disc.Far. Soe. , 2\ (1951) 133.

85 D.D. Eley and Ivl.G. Evans, Tnans.Far.Soc. Ll UgSg) 1o93.

86 R.A. Robinson and. R.H. S tokes, "Electnolyte Solutlons r 
tf

2nd Ed.. r p. 4. Butterworths, 1959.

81 J.W. Cobble, J.Chem.Phys. 4 Ug>l) ,

(") 1Wi (r) 1445 (c) 145t.

BB R.E. PowelL and. W.M. Latimer, J.Chem.Phys . 19. UgSt ) ZZO6,

89 R.!ti. Gurney, "f onic Processes in Solutionrrr p. 173.
MeGraw H111, 1953.

90 R.E. Powell and V/.M. Latimer, J.Chem.Phys. !2 (lgy) 1139.

91 D.H. Evenett, D.H. Land.sman and B.R.W. Pinsent, PFgg.Roy.
soe. (Lond.. ) L215, ( 1 g5z) t+03.

92 W.M. Latimer and. ',rl.I. Jo11y, J.Amen. Chem. Soe . f5, ( t 9fi)
1 549.

93 A.R. Burkin, Q.Revs. , 5 UgY) 1.

94 t Ad.vanees in the Cheml stny of the C orird lnat lon C ompound.s t

(proeeed.lngs of The Slxth Internatlonal Conferense on
Coordlnatlon Chemistny, Detnolt, 1961. Ed.. S.Klrsehner)
p. 96, tThe Stabllity of Coord.lnatlon Compound.st by
K. B. Yatslmlnskll.

95 D.F.C. Morris, E.L. Short and D.N. ltrlaters, J.Inong.Nuel.
Chem. 25 Ug$) 978.



251 i

96 D.F, Honnlg, H.tr'. White and. F.P. Red.ir,rgr Spectrochlm. Acta
12 (1958) 338.

97 J.F. Duncarr Aust.J.Chem. 12 (1959) 356,

98 B. 0d"e1L, Z.anorg.Chem. 2J^ (1954) tO5.

99 S. Chaberek, R. C . C ourtney and A. E. Martell , J .Amer.
Chem. Soe. l! (lgnZ) 5051.

'f O0 J.F . Duncan and. D. L. K eper.t , ttThe Stnucture of Eleetro-
1yt€sr" W1ley and. Sons, New York, 1959. Chapt , 25r g JBO.

1 01 ( a) D.M. Ad.ams and H.A. Gebbie, Speetrochim Act a 19 ,
(1e$) e25.

(t ) D.Iil. Ad.ams, J. Chatt, J. M. David.son and. J. Genratt ,
J. Chem. Soc. ( 1 953) 21 Bg.

( c) D.lf. Ad-ams, l,{. Gold.steln and. E.F. Mooney, Trans.Far.
soc . 52 (198) 2zz}.

1O2 R.J.H. Clark and. T.N. Dunn, J.Chem,Soc. (1963) 1198.

1O3 D.M. Ad.ams, Proc. Chem. Soc. (t961) 335.

104 G.E. Coates and D. Rid.ley, J.Chem.Soc. ('t964) 166.

1O5 A. Sabatinl and. L. Saceonl , J.Amer.Chem, Soe. S ( 1954) 17.

1 05 R. G, f nskeep , J. Inorg.Nucl. Chem. 24 U gSZ) 753.

1O7 D.B. Powe11 , Chem. and, Ind.. (t956) Slt+.

1 08 D. Shimanoucht and. I . Nakagawa, Spectrochlm. Act a, 1 B

(gez) 89.

109 G. Blyhold.en and S. Vengez, J.Phys.Chem. , gl Ugfi) 2149.

11O L. Saeconl and. A. Sabatinl , J.Inorg.Nuel.Chem. , ?J
(196j) 't 3ag.

111 D.B. Powell and. N. sheppard, spectrochlm.Acta, 7Z Ug61) 58.

112 M. Kobayashi and. J. FuJlta, J.Chem.Phys. , 2J ( tg55) 1354.

113 D.B. Powe11 anil N. Sheppard, J.Chem. Soc. (1956) 3t O8.



120

121

122

123

12l.1

125

1 1 4 H . S. Hanned. and. B. B. Owen, "Physl cal Chemi stry of Electro-
lytlc Solutionsrrr 3rd Edltlon (t9lO), illonograph Series,
No. 95, Reinhold. p. 454.

115 C.E. Vand.etzee ancl J.A. Swanson, J.Phys.Chem. , 97
(19fi) z6ag.

116 J.D. Ha1e, R.M, Izatt and. J.J. Chrlstensen, Pnoc.Chem.Soc.
(iefi) zho,

117 Rossinl, Bur.Stand..J.Res. I I (tg31 ) 855.

1 1 8 K. S. P Ltzer, J.Amer.Chem. Soc. I 22 (1931) 2357.

119 G. B. Hares, yI.C. Fennelius and. B.C. Douglas, J.Amer.Chem.
Soc., re (tg>6) t8t5.

c,K. Jorgensen, Acta Chem.Scand.. , 9 UgfS) 1362.

M. Ciampolinl and P. Faoletti, J.Phys.Chem., 62 UgAl)122J.+

G. And.ereeg, Helv.Chim.Acta, }1! ?9fi) 281 3.

G. Sehwarzenbach, Helv.Chim.Aeta, j5 UgfZ) 23W.

B. Sen, Analyt.Chim. Acta , 27 ?g6Z) 51 5.

R.L. Belford., l{. Calvin and G. Belford, J.Chem.Phys.r 25
(1951) 1155, and. vil. Manch and. W.C. Fernellus , J.Chem.
Ed., (195t1 198.

125 C.D. Hund and. R.N. lvlei.nert, 0rg.Synth.Coll. Vol. If , p 541

127 H.T. Clark and. H. J. Bean, 0rg.Synth.Col1. VoI. II r p. 29.

128 M. Fneifelder and R.B. Hasbrouek, J.Amer.Chem.Soe. , E,
(tgoo) 695.

129 I. Hellbron and. H. M. Bunbury, ttD lctionany of Onganlc
Compound s rtr 1946.

13a R. E. St eiger , Org. Synth. , 22 (tgt+Z) 23.

131 H. Reihl€Dr G. von Hessling, W. HirJrn and E. Welnbrenner,
Arrrralen, LgJ, ( I 932) zo,



132 V.G. Yashunskll et aI., gA. fu, 1OB1hf.

133 S. Ser, L. Piaux and. P. Fneon, Compt.rend. , 222,
(rgt+g) 316.

134 A. J. Vogel, rrA Textbook of Quantitatlve f norganlc
Analysls, 2nd. Ed.. r Longmans (1g55).

135 See Ref . 94r p. 3O3. M. Clampolinl , P. Paolettl and.

L. Saceoni.

136 J. BJerrum and. E. J. Nlelson, Aeta Chem. Seand.. , 2
( r g4a) 291 .

137 r. Led.en, Z.phys.Chem., AJB9 (tg4t) t6o.

139 C.N. Reilley and. R.W. Schmld., Ana1yt.Chem., E (tglA) 941 .

139 L. A.K. Staveley and. T. Rand,a1l , Dlsc.trrar. Soc. , 4,
(tgsa) t 57.

140 D.L. Leussing, J. Harris and. P. $,'ood, J.Phys.Chem., 65
(tg6z) 151+4.

1 41 !!tr. C. E. Higginson, S . C . Nybung, and. J. S. trVood, Inorg.
chem., j (rg5t+), 4612.

142 S.C. Nybung and. J.S. lr.'ood, Proc.Chem.Soc. (tg5t) 291 .

143 V. I. lifshltz, J.G. Bos,and. K.l{. DiJkema, Z.anorg.Chem.,
2E U95e) e7.

141+ R. Nf,,sd.nen, P. Menllainen, and. E. Hetnanen, Suomen Kem. ,
B qE, ( t 962) ll:.

145 tr'. Basolo and R.G. Pearson, ttMechanisms of fnorganle
Reactlonsrrt pp. 55, 56.

145 L. E. 0rge1 , J. Chem.Ptgrs. , E, UgSE) , 1819 ,

141 G. Schwa:rzenbaeh and. H. Aekenman, Helv.Chlm.Aeta, A-,
(rg4e) 1o29.



1 48 G. Schwarzenbaeh and. G. And.er egg , Z . anorg. Chem. , 82,
UgnS) zB5.

149 S. E. Rasmussen, Acta Chem. Seand. , 1 O (lgS6) 1219.

15O M. Kato, H.B. Jonassen, and. J.C. Farrrrlng, Chem.Revs.,
6L, (1951+), 99,

151 J.G. Breckennidge, Canad.J.Res. 268, ('1 948), 11.

152 A. G. Brook, Amen. Mln. , j2 ( t gf O ) W7 .

153 A.D . Cross , tt Introd.uct ion to Praet ical f nfrared, Spectro-
seopy, rf Butt erworths.

151+ L.J. Bellarny, ItThe Infnared. Spectra of Complex lJoleeul€srtt
Methuen, 2nd. Ed.itlon, 1958.

155 K. Nakamot o, rrlnfrared- Speetra of Inorgani c and. C oord.l-
natlon Compound.srrrJ.Iirlley and. Sons, 1963, pp. 143, 149.

155 G. Newman and D. B. Powe11 , J.Chem. Soe. ( 1 96i ) 477.

157 S. Idizushlma, I. Nakagawa, and. D. M, Sweeney , J. Chem.Phys. ,

E, Ugr6) t oo5.

159 A.D. Al1en and C.v. Senoff , Canad..J.CherTrr r LJ Ug6S), 888.

159 L. Segal and. F.V. Eggerton, Appl. Spectroseopy , 8.,
(rger ) 148.

15O A. Sabat lnl and- S. Calif ano , Spectrochlm. Acta, 16 ,
( t g6o) 571.

161 R.W. Gover and. R.K. Murmann, J.Inorg.Nuel.Chem. , 29,
( t 954) 88t .

162 M.E. Bald.win, J.Chem.Soc.; UgAO) 416g.

153 E. A. V. Ebsworth and N. Sheppard, SpectnochLm. Acta , !,,
(tgEg) z6t .

164 D.H. Brown, R.H. Nuttall , and. D.W.E[. Sharp, J.fnong.
Nuc1. Chem. , E, ( 1 963) I O67 .



165 I. Nakagawa and. T. Shlmanouchi, Spectrochlm.Aeta, 4.,
( r 964) 429.

156 F,A. Cotton, rr0hemleal Apptications of Gnoup Theoryrrt
Interscienee , 1963.

167 G. Santorl, C. Furlanl, and. A. Damiani, J.fnorg.Nuel.
Chem., E, (tgf8) 119.

1 58 Ref . 155, p. 155.

159 J. Gamo, Bu1I.Chem. Soc. Japan,

17A J. Fu j ita, K. Nakamoto, and. M.

soe. , fr,, (tgS6) j963.

111 D.F. Ferrlso and. C.C. Hornlg, J.Chem.Phys., 23, (lgSS)
1451+.

112 lil. B. R obin, Inorg. Chem. , !, (l geZ) 337 .

113 K. Nakamoto, M. K obayashl, and- R. Tsuchlda, J. Chem. Phys.

22, (1951s) 957.

114 J.P. tr'aust and J.V. Quagllano, J.Amer.Chem.Soe. I 16.,
(tg>t+) SSt+6. and

11..!il. Stimson and. ld.J. OtDorurell , J.Amer.Chem.Soc., f.\,
(tgsz) 1 8o5.

fu, (tget) 764.

Kobayashi, J. Amer.Chem.



The suBervlsion of thls wonk by Dr. N.F.

cuntl s and flnanclal assi stance f)rom The Returned.

Senvices Associatlon (fipperrbengen Memontal

Fellowship) and Vl ctorla Univensity of Welllngton
( neseanch Grant) *::e gnatefully acknowledged.


	10001.pdf
	10002.pdf
	10003.pdf
	10004.pdf
	10005.pdf
	10006.pdf
	10007.pdf
	10008.pdf
	10009.pdf
	10010.pdf
	10011.pdf
	10012.pdf
	10013.pdf
	10014.pdf
	10015.pdf
	10016.pdf
	10017.pdf
	10018.pdf
	10019.pdf
	10020.pdf
	10021.pdf
	10022.pdf
	10023.pdf
	10024.pdf
	10025.pdf
	10026.pdf
	10027.pdf
	10028.pdf
	10029.pdf
	10030.pdf
	10031.pdf
	10032.pdf
	10033.pdf
	10034.pdf
	10035.pdf
	10036.pdf
	10037.pdf
	10038.pdf
	10039.pdf
	10040.pdf
	10041.pdf
	10042.pdf
	10043.pdf
	10044.pdf
	10045.pdf
	10046.pdf
	10047.pdf
	10048.pdf
	10049.pdf
	10050.pdf
	10051.pdf
	10052.pdf
	10053.pdf
	10054.pdf
	10055.pdf
	10056.pdf
	10057.pdf
	10058.pdf
	10059.pdf
	10060.pdf
	10061.pdf
	10062.pdf
	10063.pdf
	10064.pdf
	10065.pdf
	10066.pdf
	10067.pdf
	10068.pdf
	10069.pdf
	10070.pdf
	10071.pdf
	10072.pdf
	10073.pdf
	10074.pdf
	10075.pdf
	10076.pdf
	10077.pdf
	10078.pdf
	10079.pdf
	10080.pdf
	10081.pdf
	10082.pdf
	10083.pdf
	10084.pdf
	10085.pdf
	10086.pdf
	10087.pdf
	10088.pdf
	10089.pdf
	10090.pdf
	10091.pdf
	10092.pdf
	10093.pdf
	10094.pdf
	10095.pdf
	10096.pdf
	10097.pdf
	10098.pdf
	10099.pdf
	10100.pdf
	10101.pdf
	10102.pdf
	10103.pdf
	10104.pdf
	10105.pdf
	10106.pdf
	10107.pdf
	10108.pdf
	10109.pdf
	10110.pdf
	10111.pdf
	10112.pdf
	10113.pdf
	10114.pdf
	10115.pdf
	10116.pdf
	10117.pdf
	10118.pdf
	10119.pdf
	10120.pdf
	10121.pdf
	10122.pdf
	10123.pdf
	10124.pdf
	10125.pdf
	10126.pdf
	10127.pdf
	10128.pdf
	10129.pdf
	10130.pdf
	10131.pdf
	10132.pdf
	10133.pdf
	10134.pdf
	10135.pdf
	10136.pdf
	10137.pdf
	10138.pdf
	10139.pdf
	10140.pdf
	10141.pdf
	10142.pdf
	10143.pdf
	10144.pdf
	10145.pdf
	10146.pdf
	10147.pdf
	10148.pdf
	10149.pdf
	10150.pdf
	10151.pdf
	10152.pdf
	10153.pdf
	10154.pdf
	10155.pdf
	10156.pdf
	10157.pdf
	10158.pdf
	10159.pdf
	10160.pdf
	10161.pdf
	10162.pdf
	10163.pdf
	10164.pdf
	10165.pdf
	10166.pdf
	10167.pdf
	10168.pdf
	10169.pdf
	10170.pdf
	10171.pdf
	10172.pdf
	10173.pdf
	10174.pdf
	10175.pdf
	10176.pdf
	10177.pdf
	10178.pdf
	10179.pdf
	10180.pdf
	10181.pdf
	10182.pdf
	10183.pdf
	10184.pdf
	10185.pdf
	10186.pdf
	10187.pdf
	10188.pdf
	10189.pdf
	10190.pdf
	10191.pdf
	10192.pdf
	10193.pdf
	10194.pdf
	10195.pdf
	10196.pdf
	10197.pdf
	10198.pdf
	10199.pdf
	10200.pdf
	10201.pdf
	10202.pdf
	10203.pdf
	10204.pdf
	10205.pdf
	10206.pdf
	10207.pdf
	10208.pdf
	10209.pdf
	10210.pdf
	10211.pdf
	10212.pdf
	10213.pdf
	10214.pdf
	10215.pdf
	10216.pdf
	10217.pdf
	10218.pdf
	10219.pdf
	10220.pdf
	10221.pdf
	10222.pdf
	10223.pdf
	10224.pdf
	10225.pdf
	10226.pdf
	10227.pdf
	10228.pdf
	10229.pdf
	10230.pdf
	10231.pdf
	10232.pdf
	10233.pdf
	10234.pdf
	10235.pdf
	10236.pdf
	10237.pdf
	10238.pdf
	10239.pdf
	10240.pdf
	10241.pdf
	10242.pdf
	10243.pdf
	10244.pdf
	10245.pdf
	10246.pdf
	10247.pdf
	10248.pdf
	10249.pdf
	10250.pdf
	10251.pdf
	10252.pdf
	10253.pdf
	10254.pdf
	10255.pdf
	10256.pdf
	10257.pdf
	10258.pdf
	10259.pdf
	10260.pdf
	10261.pdf
	10262.pdf
	10263.pdf
	10264.pdf
	10265.pdf
	10266.pdf
	10267.pdf
	10268.pdf
	10269.pdf
	10270.pdf
	10271.pdf
	10272.pdf
	10273.pdf
	10274.pdf
	10275.pdf
	10276.pdf
	10277.pdf
	10278.pdf
	10279.pdf
	10280.pdf
	10281.pdf
	10282.pdf
	10283.pdf
	10284.pdf
	10285.pdf
	10286.pdf
	10287.pdf
	10288.pdf
	10289.pdf
	10290.pdf
	10291.pdf
	10292.pdf
	10293.pdf
	10294.pdf
	10295.pdf
	10296.pdf
	10297.pdf
	10298.pdf
	10299.pdf
	10300.pdf
	10301.pdf
	10302.pdf
	10303.pdf
	10304.pdf
	10305.pdf
	10306.pdf
	10307.pdf
	10308.pdf
	10309.pdf
	10310.pdf
	10311.pdf
	10312.pdf
	10313.pdf
	10314.pdf
	10315.pdf
	10316.pdf
	10317.pdf
	10318.pdf
	10319.pdf
	10320.pdf
	10321.pdf

