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ABSTRACT' 

\ 

A'STUDY OF THE SOLVENT EXTRACTION PROPERTIES 

1 

( 

,1 tl 
1 

f '. OF TRIALKYLAMMONIUM SALTS AND THEIR USE AS ION EXCHANGERS 0 • 

IN -LIQUID MEMBRANE ANION SELECTIVE ELECTRODES 

by 

Michel Gérin 

\ 
Ph.D. Thesis 

.-
Department: of Chemistry 

'McGill University 

Properties of tertiary alkylammonium chloride, 
~ , . 

bromide, iodide and perchlorate salts of various chain lengths 

dissolved 1t nitrobenzene were studied. The dis'Bociation 

constants of the salts in 'the organic phase were me~sured and 

appeared to depend essentially on the nature of the anion. 

Partition constants of the salts between the organic pha~~ and 

water were obtained and the influence of alkyl chain length 

,and a~on nature were discussed. 
{ '-
.;:,,''i},p ... Two phase hydrolysis constants were measured by 

potentiometry. The ba~icity of the amines appeared to be 
, '1 

independent of alkyl c~ain length. Organic solutions of the 
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salts behave as liqu~d ion exchangers, and,their anion 

,xchange constant~ ,/1were deduced. 
l' 

, \1 
l These solutions Were used as membrane material for 

( , 
ahion selective electrodes. Responae curves were 6btained and 

interference s~dies undertaken. The interfe~ence coefficients 

and response Yirnits of the electrodes were relat~d,to the ion 

exchange con~taRts and partition c'onstants determined previously. 
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Résumé 

ETUDE DES PROPRIETES D'EXTRACTION PAR SOLVANT 

DES SELS DE TRIALKYLAMINES ET DE LEUR 1 USAGE 

, EN TANT QU'EC~GEURS IONIQUES 

DAN,S DES ELECTRODES SELECTIVES ANIONIQUES A MEMBRANE LIQUIDE .' 

Thè~é de doctorat 

'Dep~rtment 6t)Chemistry 

Mcdill Un'iversity 

par 

."-

Michel Gérin 

f} 

On a étudié les propriétés de chlorures, bromures, 

iodures et perchlorates ge trialkylamines de diverses,longueurs 
-

de~chaîne carbonée dissouts dans le nitrobenzène. On a mesuré 

les constantes de dissociation des sels dans la phase organique 

et constaté leUr dépendance de la nature de l'anion. On a 

obtenu les constantes de partition des sels entre la phase 

organique et l'eau et discuté'de l'influence de la longueur 

l de la chaîne alkyl et de la nature de l'anion • 

./ On a mesuré par potentiométrie les constantes 

d'hydrolyse b~phase. La basicité des amines semble indépendante 
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de chaine. Les solutions or de ces de la longue 

sers ont l propriétés d'échangeurs ioniq~ s liquides. On a 

calculé urs constantes d'échange ~nionique 

On a utilisé 'ces ,solutions en tant ue milieux pour 

me d'électrodes sélectives anioniques. On a étudié les 
.1 

courbes de réponse et les effets On ·a relié 

les coeff~cients d'interférence et les limites de réponse des 

électrodes d'une part aux constantes d'échange ionique et de 

partition déterminées auparavant d'autre part. 
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Amines and ammonium salts. have become increasingly 

important agents for éhemical separations in the metallurgical: 

and nuclear industries and in the analytical chemistry ~abora-l 

tory. Long éhain amines dissolved iR various solvents are 

currently used to purify and recover uranium from acid liqu9rs. 

,Simil'arly other actinides, lanthanides and transition metals 

can be sèlectively separated and extracted from aqueous solu-

tions. Varlous acids or ~nions have been removed from indus

trial effluents by contacting'with organic'amine or ammonium 

~~lt ·solutions. (1-4). Amines anQ\ their salts are correspond-
, f, 

ingly powerful reage~ts in analytical solvent extraction and 
t _, 

1 

liquid ion exchange processes. The analytical applications 

in inorganic analysis i~vol ye essenti'ally aqueous metal . sep~-
, '5 6 

rations and extractions down'to the trace level. ( ',) 

\, 'h Among the amine extractants long chain tertiary 
" 

aliphatic amines ~nd their saI ts play a, 'leading ~ole. (1,5, 7)" --.J' 
\ 

The two"'b.asic reactions involved in using those ,can be summa-

rized by the f~liowing equilibria: 
'\ 

1 

v 

extractfon: 

ion exchange: 

R3N + HX 

.... 
+ 

.. 

In the first process an aqueous acid migrates into the organic 

phase to neutralize an amine molecule. In the second process 
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an aqueous anion undergoes an exchange with the anion present ~ 
1 • 

in the organic phase as the ammoni~ salt. The organ~c phas~ 

or liquid ion exchanger, behaves in a way which is rerniniscent 

/ of 'the more 6lassical,resin ion exchange. Metal separations 
1 

and extractions can occur by fon exchange of their~etàl anionic 

compl~xE!'S of the kind FeC14 - / Pu (NO 3) 62-, U0 2 (50 4) 3 4- (8) 
,\, 

Liquid ion exchangers in g~neral and long ,chain 

alkylammonium salts in particular have also fo~d recent wide 

use in t~elfield of ion s~ective eleçtrodes, mostly of the 

liquid membrane type. (9) . 
In order to describe precisely the p~rpose ,and the 

°4ims of the present study as wèll as give an outline of the 

'work undertaken on the chosen -system, it is necessary to 
o 

introduce the mechanisms involved in amine extraction, liquid , ' 

ion exchange , and liquid elèctrodes. 
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extraction 

.. 
4 .. 

... ~ . 

of aqueous acids by amines dissolved 
~ 

1 in water-insoluble organoic spI vents is a cO~'pl~x process de-", 

pending on severai vari~bles. The cla"s!> and chain lengt:h 'of 
" 

,~ine,\its conce~tration, the type of diluent, the strength 
• 

, of the aqueous a~id ,will influence' poth 1;he .mechanism of 
" 

\' . ,extraction and the nature of the extracted speçies. 
" ... 

, a)' Bas~city of alkylamines(lO~~) 

The lone-pair of electrons resporisible for 'amine 

basicity is situated in an"s-p hybrid, orbital d~fected away 

from the pyramid formed by the three bonds on the nitrogen 

atome Theo' inçuctive effect or the alkyl c,hains governs 'the 
~ , 

increased basicity of each class of amine with increased 
J 

dhain leI:l9th. ," If induc~i~~'" effects aione wer~ 1 import;ant, "the. 

basicity should aiso iricr~se with inc~easing substitution 
,.." . 

on, 'the nitrogen atom, Le. from primary to tertial1y amines~ 

However the variation of basicity with àmine class is dependent , , 

on the diluent. In aqueous solutions the order of basicity 

is'usually secondary ~ primary > .tertiary. The relative 
, 0 , 

-weakness of tertiary aminès i~ based on steric effects. Sol-

vati~~~of the tert~ary,ammonium cation by hydrogen bonding to 
.. " , 

water molecules is decreased as 
"" 

'compared to se,condary and 
,. '" 
pr~ma~y ammonium cations. 

. 
'In organic' diluents othe various 

effects of solvation, inductive e~fect ~nd steric hindra~ce .,. 
. .,. 

."t 
" 

... 

, 
î , 
i , 
.\' . 

1 
i 
~ 
j 
~ 
1 
1 
·1 
~ 

1 
j
', .. 
.' .' ' 
è" 

j
ê-

t 
4f .' !~ • 

1 

. l 'l 



'l., 

, 
/J 
1 

, 
~ , 
~~ 
'" .\ .. 
, . 
li. 

" t, 
~ 
~' 

>1 

'" 
~ ( " 

~ 
~' 
/- • 
{s;-

î 
" 

.\. ,) 

t t 

o 

\ 

, ' 

~ .~~.~-...... --_ .... -_ ...... _-_-.._-----_ .. ~,- ..... - -
• 

') , 
/ 

to the approa9h of/the ~on have been invoked to explain 'the 

different trends of amine class dependin.g on the 
,~ 

~ 

diluent. 
~ 

- --. 

b) Extractability of aqueous aci (14) 
1) 

0 

For a certain amine-organic solvent system, the 

factors effecting, the order of-extraction of various aqueous 
... 

acids are of interest. The extraction can be viewed as 

,a cbmpetition between the amine and the anion of the aqueous , 

acid for coordination with ~e p:-oton., The more basic the 

anion,' i.e. an extremely weak acid, the less extractable the 

acid is by ~e organic amine. In the case of a monovalent 

weak acid the reaction can be deacribed,by: 

R3N + HA 

In the organic complex, the amine, is bound to the 
1 

acid through ahydrogen bond. However in the case of a strong 

acid,~tA~ acid hydrogen is chemical~y bound to the amine to 

forro an ammonium ion and the anion ia held by electrostatic 

forces. The reaction is bette~ described as: 
Î 

-+ 
+ 

D 

r:. . 

-, ,For completely dissociated" strong acids, the order of extraction 

1'> \ 

• 

- , , 

" 
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.... 
is governed by the extent of hydrati~n di tbeir anions. The 

'f 

larger less hydrated anions (e.g., ClO~) are more readily 

extracted than the smal}er more hydrated ones (e.g., Cl-). 

c) 
.. (14 15) Influence of the diluent on the extraction ' 

1 

6 

The,c~emical and dielectric properties of the diluent 
1 

in which the amine is dissolved will influence the extraction 
, 

of aqueous acids. The extraction May be viewed as the trans-
I ~ 

1 --

fer"of a pairlof dissociated ions (strong acid) from a medium 
Il " ' , , 

of high dieleFtric constant to one of lower pielectric constant 

in which ionsi exist mainly as ion-pairs. The free energy 

corresponding l to this transfer is less positive if the dieleè

tric constant of theorganic medium: is'higher. The chemical 

properties of the diluent play also a'major role. If the 

diluent is a good solvating ageni for either cation or anion 

in the ammoni~ salt the extraction will be improved. Basic 

diluents can interact with the positively charged H atOms of 

the ammonium cation thus improving the ,ex~raction. 

Depending on the properties of the diluent used fo~ 
. 

the extraction by alkylamines, .. the extracted alkylammonium 

salt might.exist in \the organic phase as different species. 

This aspect will be reviewed in the following part dealing 

with liquid ion exchangers and the mechanism of liquid ion .. 
exchange. 
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2. Alkylammonium salt liquid ion exchangers 

Liquid ion exchange is one case of solvent extrac-

tion and liquid ion exchangers are high molecular weight 

\ ionogenic substances dissolved 

soluble in aqueous solutions. 

transferred from one phase to 

in an organic solvent a~d in

The extraction'involV~ ions 

the other. The ionogen1c 

substance comprises one ion which can be exchanged with an 

"aqueous ion, e.g., B+X- + Y- B+Y- + X- in the case of 

" 
an~on exchange. The counte~ ion B is of sufficiently high~ 

, 

mdlecular weight so that BX and BY are practically insoluble 

in~water. 

7 

The selectivity of the ion exchange depends on 

several factors: size,and hydration of exchanged ions, (16) 

dielectric constant and solvating power of the organic diluent 

(15), size and specific interactions of ion and counter ion 

in the organic phase. (17) Studies of liquid ic3n exchange 

using a1ky~ammonium sa1ts have been focused"essentia~ly on 

t 1 ' ' ' t' (18) me a an10n separa 10n. The importance of aggregation 0 

of th~ sa1ts in the organic pha1se has been stressed. In an 
, + -organic solvent an a1kylammonium saLt B X can exist in various 

forms: dissociated
o 

i,ons, ion-pairs, triple ions, dimers arid 

higher po1ymers. The existence of an interna! hydrogen bond • 

in mqny substituted a1kylammonium salts has been stressèd. 

Many salts'have been found to-exist in the organic phase as 

hydrated species. 

" ., 
'. 
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3 • Liquid ion exchange membrane selective electrodes 

Ion selective e~ectrodes have,been developed in which 

the active element is a liqui~ion exchanger membrane. (9,17) 

Electrodes speci fiic for Ca 2+, NO 3 -, CI04 -, BF 4 - o;r: Cl -, use 

different combinations'of organic s~lvent and ion exchanger. 

Usually the water-immiscible ion exchanger liquid is absorbed , 

on an inert porous membrane. This membrane separates an outer 
, 

·aqueous phase from an internaI aqueous solution of const~t 

composition in which an intèrnal electrode dips. In a design 

simi1ar to the one used for g~ass'pH e1ectrodes the ion selec

tive electrode is associated with an externa1 reference elec-

trode. The potentia1 difference developed between the internaI 

reference and the external reference electrodes ,is of the ~orm: 

E = 
= 

Ect is a constant term, a'X and a"x are the activitles of the, 

ion for which the membrane is selective in the solutions on 

each~side of the membrane. Since the activity of the ion tn 

the internaI reference solution is maintained constant, the 

potentia1 becomes a 1inear function of the log of the ion 

activity in the external solution with a slope. of ± 59.16 m~ 

per decade of activity at 25° for an ionic charge of z = ± 1. 
1 r 

The membrane and the two solutions whic~ it, contacts 

i' can ,be represented as: 
1 

~ .. 

'1 

, ,,1 



G 
\, 

o 

:JI 

S - x 

SX is an.anionic exchanger dissolved in an organic solvent. 
1 

Both are insoluble in water. On each side of the membrane 

the exchanger participates in exchanges with X- ions in the 

aqueous solutions. The anion X ls able to penetrate the 
1 

organic phase but cation M+ is excluded. "" . A potential bu~lds 

up through the ~rmselective membrane opposing the diffusion 
\ 

of X from the a~ous s~lution of high activity to the one 

of low activity. This potential is Nernstian. 

9 

If an interfering anion Y- is present in an aqueous 

solution, it will contribute to the potential if it is acce~e4 
significantly in the organic phase. T~e selectivity of the 

electrode for X vs. Y depends on the ion exchange equilibrium 

constant for SX + y- t sy + X-. 

Theoretical equalions(17) 
1 

have been developed to 

account for the potential of {iqUid , , ion exchange membrane 
" electrodes. These are relâtively complex and invdlve several 

factors: dissociation constant of the ion exchanger in the 
I~' 1 

solvent, ion exchange constants with interfering ions, mobili-

ties of the different species in the solvent. Detailed knowl-
rI' ~ 

edge is lacking on certain properties of liquid ion exchangers 

and few studies, thus'far, have attempted to relate the 
1 

chemistry of these syst~ms with the potential response of 

electrodes. 
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4. System studied Plan of research 

This study deals with the solvent extr~ction of 

trialkylamines and their salts. The high molecular weight 

trialkylamines have been extensively studied in several organic' 

solvents.(l8) Investigators have measured equilibrium constants 
.« , 

of the two-phase formation of simple and complex salts, and 

studied their aggregation. In the present study the anions 

selected were Cl-', Br-, 1- and ClO~ which are anions of dif

fering sizè and basicity. 
1 

Nitrobenzene, the organic solvent chçsen, is a water 

insoluble hig\. dieolectric constant liquide Ag?regation of the 
. \, 

salts should be minimized .yompared to low dielectric constant 

solvents.,(19) Various amines from tripropyl to tridodecyl 

were selected in order to study the influence of the alkyl 

chain Iength on various solvent extraction equilibria. 

A preliminary literature survey indicated that tri-

dodecylammonium chloride, bromide, iodide and perchlorate in ~ 

nitrobenzene exist essentially in the forro of ion-pairs or 

d · . t d' ( 20 , 21 ) Th t t . t d f th ~ssoc~a e ~ons. us a sys ema ~c s u y 0 e 

dissociation constant of the salts by conductometry was under-

taken first. The partition of the salts between nitrobenzene , 

and water' was expected to vary drastically wi th chain length'. 

It was thus measured by distribution experiments. Then the 
1 

two-phase formation of salts from amines was measured by a 

potentiometric method. Liquid ion exchange const~ts were 

.. 
1 

~ 
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deduced. Final11 the organic salt solutions were tested as 

liq~id ion exchangers in an electrochemical cell in order to 

check their applicability in liquid ion exchange electrodes. 

o 

5. Acidoand water extraction. Hydrates in the 

organic phasè. 

The partition coefficients of inorganic acids between 

water and organic solv~nts corre~ponding to the eqUilibri~ 
H+ + X- t HX are usually very srnall. (22) MUller et' al. (23) 

-
reported a value of 3 x 10-7 for the p~rti~ion'of HCl between 

Hogfeldt et-- al. (24') studied the dis-
\ 

water and nitrobenzene. 
1 

'tribution of HCl04 between water and nitrobenzene and it Can 

be concluded that HCl04 (dissociated or ion-paired), should be 

~n negligible concentrations in the systems studied. (20) On 

this basis significant extraction of aqueous acids into nitro-

benzene was disre~arded in this study. 

Water is slightly solpble in nitrobenzene (.24% w/w 

at 20°).(25) At 25° the molarity of H20 is .15. Tertiary 

alkylammonium salts in organic solvents have been found to be 

hydrated. (4,15) The extent of hydration depends10n the anion 
" 

j, 

~pecies and the solvent. In aromatic solvents trialkylamrnonium 

chlorides probably exist as monohydrates. (8) Tridodecyl-
, 

, 
ammonium chloride has been found to be entirely monohydrated 

in nitrobenzene. (23) In general the extent of hydration 

decreases in the sequence 'Cl- > Br - '>' 1- > CIO~, .which corre-

"" 
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,\ 

1 
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sporids to the decreasing order of hasicity of the anions. (~l, 

26,27> Water -of hydration is generally believed to he asso-

ciated with the anion. On this basis, it\can be ass~d that 

tertiary ~lkylamrnonium salts reported here are at leastpar

tially hydrated in nitrobenzene. In the present study no 

attempt was made to identify hydrates for each ammonium salt. 
\ 

6. Concentration scales., Reference and standard 

states. 

The molar scale has been adopted to express the con
f" 

centration of solutes in both the aqueous and the organic phases. 

The convention of dimensionless activity coefficients for these 

solutes has been adopted, thus àctivity has the dimension of a 

concentration. Sorne of the therrnodynàmic equilibrium constants 

have dimensions too. 

The standard state for solutes in each solvent is 

chosen as the hypothetical molar solution in that solvent for 

which the activity coef!1tient of the solute was unit Y • The 

~eference sta~e was ch~se6 to b~ an infini~ely dilute solution 

of the solute for which the activity coefficient was unity •. 

, . The Debye-Hückeil theory- is used to estimate activity 

coefficients of ionic solutes ,in both phases. The activity 

coefficients yielded belong to the rational scale. However 

when applied to dilute enoùgh electrolyte solutions « 10-1 M 

in water and < 10-2 M in nitrobenzene) the act!vity coefficients 

/ ' 
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/ 
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on the rational and mo1ar sca1e are taken as equa1 

difference) 
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CHAPTER II 

STUDY OF'THE PREPARATION OF TRIALKYLAMMONIUM SALTS 
Q • • 

AND PURIFICATION OF TRIALKYLAMlNES AND NITROBENZENE 
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In this chapter the preparation of trialkylammonium 

salts and the assessment of their purity are described. The 

purification of trialkylamines and nitrobenzene and their 
-

purity are also considered. 

A) PREPARATION AND PURITY OF TRIALKYLAMMONIUM SALTS 
1 

The chloride, bromide, iodide and perchlorate salts 

of tripropylamine, tributylarnine, tripentylamine, trihexylamine, 
" 

trioctylamine and tridodecylarnine are not aIl co~rcially 
. 

available. ·~With the_exception of'the chlo!ide, bromide and 

iodide of tripropylarnine and tributylamine, the chloride and 
, 

bromide of trioctylamine and tridodecylarnine and the iodide 
" 

and perchlorate of tridodecylamine, these compounds have not 

been reported in the chemical literature or have been reported 
l , 

1 

without any rnelting point determination or chemical analysis. 

The salts were prepared by reacting a solution of 

the purified amine ,in water or an organic solvent with a 
1 

quantity of c6ncentrated acid in excess of approximately 10%' 

over the stoichiometric amount. After recrystallizing the 
\ 

salt several tirnes from organic sol vents the compound was 

then dried under vacuum and stored in a vacuum dessicator. 

The pqrity of othe salt was checked by potentiometric tltration 

and elemental analyses. 

.0 

'. "" ..... ;. 
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1. Materials .!> 

\ -" 

Trip~opylamine (98% Aldrich), trib~tylamine (Eastman), 

tr,ipentylamine (Eastman), :trihexylamine (Eastman), and tr-ioctyl

amine (97% oAldrich) \we~e distiLled under'reduc~d pr~ssure by 
. 

use of a spinn~ng band column. Tridodecyla~ine' (Eastman) was 
, 

used without purification. The acids used were concentrated 

aqueous solutions: HCl 37.9% (Baker, reagent grade), 'HBr 47.9% 

{Baker, reagent grade}, HI 64% (BDH, AnalaR), HCI04 70% 

"'" (Anachemia, reagent grade). The solvents used for recrystal- <' 

o 

" 

lizations were acetone (Fisher, rea~ent grade), ethyl acetate 

(Fisher,.reagent grade), diethyl ether (Mallinckrodt, USP) 
1 

and petroleum~ether (37°-51°C, Fisher certified). For the 

titrations potassium hydroxide (Anachemi~, reagênt grade) 

and potassium biphthalate (Baker, primary standard) were used. 
j 

The melting points, were taken on a Gallenk~p Melting Point 
1 

Apparatus. The microanalyses were performed by Microanalys~$ 

Labora,t~ries Ltd., Torcmto, Ontario, and Daesslé Qt'ga~ic ' 
, j 

Mîcroanalyses,QMontréal, Québec.' 

by the Volhard method. 

Halide analyses were performed 

1 M 

2. Trialkylammonium salts preparations 
'. 

'. Tripropylammonium chlori,de' 
" 

A, ,2cf 9 quant.l,ty of cone HCl was added to' 28 9 of 

tripropylamine dissolved,~n lDO ml o~ water. After mostOof 
o 

the water was boiled off by heating on a hot plate, tbe salt 

J 
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. , 
preé~pi t,ated on cooling. Th,e solid was redissolved in 250 

ml hot acetolle and' recrystallized in an ice bath. After two 

further +ecrystallizations fro~ acetone, the product was dried 

in an oven at 110°. 
\ 

. 1 \. b 'd Tr1propy ammon1um ro~ e 
o 

A 36 g arnount of conc HBr was added to 30 g of 
1 

tripropylamine dissolved in 400 ml acetOne. The salt separated 
~ 

" upon cooling the solution in a dry ice - acetone bath. The 

filtered product was redisso1ved in hot ethyl acetate and , 

crystals""precipi tated when the solution was" cooled. The 

compound was recrystallized twice from ethyl acetate and 

dried in an oven at 110°. 

\ 

same as described for 
~ 

~~prOPYlammonium iOd~de 
,_" _/ The proc~dure used was »'th'! 

tripropylammonium bromide using 28 g 
\ 

conc HI. 

tripropylamine and~~"~ 

j 
or 

TriprbpylammOn~um perchlorate 

A 16 g amount of conc HCI04 was added to 15 9 ~f 

tripropylamine dissolved in 200 ml acetone. The acetone was 

evaporated und~ vacuum and the crystalline residue was re-, 

dissolved ïn a minimum volume of acetone. Ethyl acetate was "" f' 

added gradually until the compound precipitated. Precipitation, 

was completed by cooling the mixture in an ice bath. 'he salt 

wàs fi,ltered and washe.d lWith ether. Recrystallization was 

,\ , 

1 
1 
t 
1 

, ' , 
,j) 

.' , 



. 
\ 

t 
',w 
i 

! , 
1 
t ' 
t • o 

------~---, ) 

" . 20 

carried o~t twice by the same proced~re, dissolving first 

in the minimum amount of acêtone, then adding ethyl acetate. 
l ') 

TributylamnConium èhloride 

'A 12 g quantity of co~c Hel was added tp 20 g tri

butyltmiRe d!ssolved in 100 ml of water. The volume was 

reduced by evaporat~on of water in a warm rotavapor still 

under vacuum. The product was dissolved ih a small volume 
1 

of ethyl acetate and qrystallized in an ice-acetone bath; it ~ 

was thep washed with cold ether. The 'compound was recrystal-

d twice from ethyl ac~tate in the same.rnanner. 

Tributylammonium broffiide 

An J8 g quantity of conc ·HBr was a~d, tO,,18 g 

. tributylamine g,issolved in 125 ml ethyl acetate. After th,e 

salt precipitated in a dry ice - afetone" bath, it was filtered 

on a precooled Büchner fritted glas,~ filter and washed with 

cold ether. It was recrystallized twice from,lOO ml ethyl 

acetate cooled~in an acetonf-ice bath and washed with ether. 

'* Tributylammonium iodide 

The procedure used was the same as described for ~ 

". tributylammoniùm bromide with 18 g t~ibutyla~ine and 22 g' 
~: g 'J -t'o 

, Fonc HI~and an ice batfi for recrystallizations. 

Tributylammonium pe~chlorate 
" f' 

~e.p~~ee~ure used was the s~e as described for 

" ' 

1.. 
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t~ibutylammonium bromide with 18 9 tr;putylamine, 16 9 conc 

HCl04 , 75 ml ethyl ~cetate and a dry ice - acetone, bath for 

recrystallizations. ' 

Tripentylammonium chloride 
. 

A 7 9 quantity of conc HCl was added to 15 9 tri-

21 

pentyl~ine dissolved in 150 ml of ethyl acetate. Th~l 

precipi~ate forrned in an acetone - dry ice bath,was filtered 
1 : 

and ~ashed with cold solvent and cold ethe~. The salt was 

recrystallized twice from ethyl acetate in an àcetone-ice 
\ 

bath, washed on the filter with'" cold solvent and dri>ed under 

suction. 
1 

Tripentylarnrnonium bromide '" 

The proced~re just described for the chloride salt 

was used with,15 9 tripentylarnine and 12 9 conc HBr. 

Tripenty1ammonium iodide 

The procedure was the same as described for the 
" 

ch10ride with 15 9 tripenty1arnine and 14 9 conc HI and dry 

ice - acetone baths for recrysta11izations. 

! 

Tripentylammonium perf10rate 

Not obtained. 

111 . ' () 

Trihexy1ammonium ch1~ride 

A 5.6 9 quantity of ~~Cl was added to"lS 9 tri

~xylamine dissolved in 100 ~ ethy'!acetate. The solid was 

. , 

" " 

, 
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:~~~'~1 
; è 
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precipitated in a dry ice - acetone bath and then filtered 
1 ,- , 

on a pÇecooled f;i~~ed glass Büchner, was~ed with'cold ether 

and dried under suction~ The salt was recrystallized twice 

under the sarne conditions. 

Trihexylammonium bromide 

The procedure was the sarne as described for the 

ehloride with 15 9 trihexylamine and 10 g conc HBr. 

Trihe~ylammonium iodide 

The procedure was the same as described for the 
/ 

chlQride with 15 9 trihexylamine,ând 12 g conc HI. 

Trihexylammonium perchlorate 
1 

Not obtained. 

Trioctylammonium chloride " 

A 5.4 g amount of co ne Hel was added to 18 g tri

octylamine dissblved in 200 ml ethyl acetate.. The precipitate 

formed in a dry ice - açetone bath was filtered, washed with 
" 

eold solvent and cold ether. The salt was recrystallized ), 

twice from ethyl ace~ate in a~ acetone-ice bath and wa~hed 
1 

with cold solvent and ether. 

'~ Trioctylamm~nium bromide 

A 5.3 9 quantity of conc ~r 
\ 

oct yI amine dissolved in 200 ml diethyl , ~ 

was added to 10'g tri.-

ether and the solution 

1 
! 
1 

" ' 

, .' 
'- > .. 
,1' ~,i 

, l 
, ~, 

" 
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shaken'. Crystals which separated after placÜlg the solution 
,,' 

in a, dry ice - aeetone 'bath were dried 9n the filter under 

vacuum. The salt was reprystallized twiee under the same 

" conditions. \ 1 

Trioctylammonium iodide 

A 6.1 9 arnount of conc HI was added to 10 9 tri-

23 

-1 , 

G octylamine dissolved in 200 ml diethyll ether. The precipitated 

product was collected from the solution cool~d at dry ice -

acetone bath temperatur~. The precipitate was recryst~llized 

three tirnes from ether at the same temperature. 

Trioctylarnrnoniurn perchlorate 

A 4.5 9 quantity of conc HCl04 was added to 10 9 
,~ 

trioctylamine dissolved in 250 ml diethyl ether. The salt 

prec~ted at acetone - dry ice temperature and was re

erystallized twice under t1ese condit~ons." \ 
1 

Tridodecylammoniurn chloride 

A 4 9 arnount of cone HCl was added to 20 9 tri

dodecylarnine dissolved in 200 ml diethyl ether. A precipitate 

forrned when the solution was cooled in an ice bath. The salt 

was reorystallized four tirnes from petroleurn ether in an ice 

bath. 

Tridodecylhlomoniurn bromide 

A 7 9 quanti ty of conc HBr wls added to 2q. 9 tri-
(' 
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dodècylamine dissolved in 100 ml petroleurn ether. The pre-

cipitate formed at ice bath temperature was collected and 

recryst~llized three times under the sarne conditions~ 
/ 

Tridodecylammonium iodide 

24 

An 8.3 9 amount of conc HI was added to 20 9 tri

dodecylamine düÙlolved in 200 ml acetone. The salt separates 
1 

in an acetone-ice bath and is recrystallized four times 'from 

petrolewh ether in an ice ba'th. 

Tridodeeylarnmonium perchlorate 

A 6 9 quantity of cene HCl04 was added to 20 9 tri

dodeeylamine dissolved in 200 ml aeetone'. A precipitate 
\ 

separated at the temperature of a dry ice - aceton~ bath. The 

salt was recrystallized three times from acetone, in an ice-

acetone bath, then twicr from petroleurn ether in an iee bath. 

3. Potentiometric titrations 
1 - (1) 

',' Substi tuted ammonium saI ts and specifically ~er-

tiary alkylammonium salts(2) ean be titrated 'in alcoholic 
, 

solutions. In the present study, the end-point was signalled 

potentiometrically by means of a glass-saturated ~lomel 

electrode pair conditi~ed in water. In this procedure lapprox

imately one millimole of compound was'''acrurately' weighed and 
...... '-2 ' \ 

transferred ~n a beaker. A standardized (ca. 4 x 10 N) 
1 \ 

solution o~ potassium hydroxide in ethanol was delivered by 

i 
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\ 1 

a 25 ml burette to the salt blanketted by a nitrogen atmosphere. 

Ti trant and salt were mixed bya small Teflon-encased rnagnetîc 

bar._ T~e titration reaction is: 

+ 

, 1 

\ within 

A steep potential change of ca. 100 mV was recorded ' 

± .5% of the end-point which was calculated by the 

second derivative method. The molecular weight as obtained' 

by titration is compared to the theoretical rnolecular weight 

in Table I. T~e alcoholic solution of potassium hydroxide was 

prepared by weighing out ca. 5.2 g of KOH pellets. After first 

rinsing in water té rernove any superficial carbonate anF then 

rinsing in ethanol a few times, the pellets were dissolved in 

2 l of absolute ethanol under,a nitrogen atrnosphere. The 

solution was stored in a polyethylene bottle and dispensed 

through a systern'protected from atrnosp~eric_carbon dio1ide. 

The solution was standardized by potentiornetric titration of 

ca. 0.2 9 of 'potassium hydrogen phthalate dissolved in 2~ ml 
, 

H20. Standard deviations on titration resuH~.s were of ca. 

0.2-0.3%. \ \ 

4. Purity of cornpounds 

In aIl cases the ~olecular weight obt~ined by titra

tion was fo~nd to be within less th an .5% of the theoretical 

/ 
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"one, usually on the highjside. An elemental analysis CC, a, 
halogen) was përformed on those compounds for which no melting 

Cpoint was reported in the chemdcal literature. For these new 

compounds the C, H composition agreed with the theoretical 

composition within experimental errors. In three cases the 
o f, ~Y 

%C disagreed by one point or more. . , The halide analyses were 
- \ 

conform to theoretical percentages. In the course uf this 

study solutions of TPRAHCl04 and TOAHCl04 were preferably 
\ 

prepared in situ by neutralisation of the amine by the 

corresponding acid. Solutibns 0t TPTAHC~04 and THAHCI04 

were prepared in situ since~these salts could not be isolated. 

"---,--
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TABLE 1 1 

Tr2a1kylamine chloride, b~omide,.iodide and perchlorate salts properties i 
-_. -- ---- -- - -

J • . . 
Ha1ide-------

'" 
\o.. C, H analyses analyses 

Literature mol wt 
mp and ca1cd te ca1cd %H ca1cd %x calcd 

~-Compound mp referenees obsd obsd ob~d obsd Remarks , 
') 

Tripropy1ammonium 

- chloride 140-141 131 (3) 179.73 hygroscopie 
180.1 

- bromide 185-186 180(4) 224.19 hygroscopie 
.. 224.9 

~ 

iodide 233-5 166(5) 271.18 , 46.8 
272.0 47.1 ! 

l 

- perchlorate 265-7 243.73 44.3 9.10 
i 
1 

244.9 42.3 9.2 \ 

1 -

Tributy1ammonium 
1 , 

182(6) 1 
- ch10ride 72-73 ~ (d) 221. 82 16.0 very 

1-221. 8 16.0 hygroscopie 
""-

IV 
~ 

5 ,-... t5 Sr wed lP' M '0 5 .. ">1 '= V l' P ..... .-... _ .L .... ~!o l\Iiil~ ......... _ ...... -. 'm. ms,.E, 1. _ -. '~"'::>i<- j;-""" ~.~. ~~7~j· - "'/ l' __ .. :r- 1J r ,., '/' ~ "'i ~~ ~ ~. -,/ +>~,.:p!I.. ~'"' 
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Table T - cont ·,d. 

" ------

Compound 

brondde 

- iodide 

- ,perchlorate 

~ripentylammonium 

- ch10ride 

- bromide 

iodide. 

- perchlorate 

~ 

mp 

~ 

74 
.. 

101-102 

85 

33 

65-67 

50-51 

.r e 

r 

\ 

Literature mol wt 
mp and ca1cd 

references obsd 

74-75,(7) 266.28 
75-76(8) 267.1 

102,103 (4) 313.27 
101. 0-101. 5 (7) 314.2 

285.82 
286.'8 

f 263.90 
264.6 

308.36 
309.3 

355.35 
355.0 

327.90 

>, 
... 

Ct 

.. 

Ha1ide 
C, H analyses analyses 

%c ca1cd 
obsd 

%H ca1cd 
ébsd 

%X ca1cd' 
obsd Remarks 

hygroscopie 
' , 

" . 
ye110wish 

50.4 9~9 
50.1 9.8 

68.3 13.0 13.4 hygroscopie 
67.5 ·13.4 13.5 

58.4 11.1 25.9 \ 
58.1 10.8 25.9 

50.7 9.6 35.1 
50.9 9.8 35.,8 

not obtained 

~ t-.) 

co' 

1&< 

__ rllt. prat« 1 FI Il sM'; HP , J J , _ Si ? 10 1 ;I..~'::::~ iNa m ! l ,"! in. ,.J, '< ,,:1,!!,x.;;1ts.J! '11 PtS p'. J' JW'T'fr . 10.* 's,.:rC-.... ".- ~-_. - ...... _'--~--
~, b (~. y',.:!' - ... .,~ , ...... -.., ~".~~'..""":"~"l:"~4'-·-; ~~.', 
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Table 1 cont'd. 

CompoWld 

Trihexylammonium 

- chloride 

- bromide 1. 

- iodide 

- perchlorate 

Trioctylammonium 

- chloride 
• / 

~ - bromide 

- ~odide 

mp 

50 

56 

40 

72 

72-73 

60 

". 

Literature 
mp and 

references 

72-74(4) 
71-7t(9) 

72-73 (10) 

" 

.. 
C, H analyses 

mol wt 
calcd %c calcd 
obsd obsd 

, 
%H calcd 

obsd 

Halide 
analyses 

%X ca1cd 
obsd 

() 

. Remarks 

- -- -- -- -- -------------- ------ __ ..... ,~~:7: 

'\. 

305.98 70.7 13.2 11.6 
30&.0 70.7 13.0 Il. 7 

350.44 61. 7 Il.5 'l) 22.8 
351.1 63.3 Il. 6 22.7 , 

397.43 54.4 10.1 31-.9 
398.8 54.4 9.8 31. 9 

369.98 
./-

not obtained 

390.14 ,'" 
390.1 

434.6 
435.0 1( 

481. 59 59.9 10.9 26.4 ye110wish 
482.4 58.2 11. 0 26.3 

',! ~ 
. \0 

J r il 17 r m= J l = fU ' " J! ... ,;;;",-~.", ~ > "'fi Il! ,:,~,.:::.:: ?" .,. 1 9 r", " ~3"';; ;."'1,'5 "' • ., MW m.liin M W'n,ren 'P $ , "100. ,., .. ---, M_' ... --
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Table 1 cont'd. 

C, H an~l~ses 
Literature mol wt" 

mp and ca1cd %C ca1cd %H ca1cd 
Compound mp references ohsd . ohsd ohsd 

perchlorate 49 454.14 63.5 11.5· 
( --- 454.8 64. '4 Il.6 

r If' 

Tridodecy1ammonium 
~ 

- chloride 84-85 78-79(4) 558.46 
84-85(2) 560.2 __ 
82-83(9) 

- bromide 86 ~"-"".., 86-87(2) p02.92 
.~ . 604.1 
r 
" 52(10) - iodide -67-68 649.91 66.5- Il.8 , 652.6 67.0 11. 7 

. 
58-59(2) perchlorate 59 622.46 

"" 62V 
• ( 

Melting points are reported without stem correction 

-.. 
l'II 

/ 

Ha1ide 
ana1~ses 

%x calcd 
ohsd 

1 

• j 

... 

Remarks 

1 

'\ 

ye11owish-

pinkish 

~ 
,.~ 

-' 

~ 

w 
o 

r 
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B) PURIFICATION OF TRIALKYLAMINES 

Trialkylamines used in thie study were al1'commer-
\ 

cia11y avai1ab1e. They were disti11ed and their purity 

assesse'd. 

1. Chemica1s and purification 

The fo11owing ,amines were distilled on a spinning 
1 

band co1umn under reduced pressure: tripropy1amine (Aldrich 

98%): 54° and 20 mm; tributy1amine (Eastman): 88° and 10 mm; 

tripenty1amine (Eastman): 72° and 1 mm~ trihe~lamine 

(Eastman) : 128° and 3 mm and trioctylamine (,Aldrich): 110° 

and < 1 mm. Tridodecy1amine (Eastman) wa~ non disti11ab1e 
!; Q 

under normal conditions: It was used directly af,ter decantation 

away from a white solid deposit~ (11) The me1ting point was 
l' 

measured as 15.8-16.0° (reported ~s 15.7° in (12». 

Although tertiary alkylamines-Fre considered 

re1ative1y stable, (13,14) most showed a tendeney to gradua11y 
'\ 

become ye110w and were stored in dark bottles in a nitrogen 
/ 

___ ~i11ed, box. They were periodica~ly redistil1ed. 

2. Purity~of amines 

the purity of amines was assessed by non aqueous 

titration ~ glacial àcetic acid with an anhydrous acetic 
i.-

acid solution of perchloric acid. (15,16,17,18) 

A 0.1 N perch10ric acid solution was p~epared by 



o 

·' 

\ . 

o 

r 

\ 
, mixing 8!5 ml HCl04 70-72% (Anachemia, reagent) with 300 ml 

glacial acetic acid (Fisher, reagent), and adding 20 ml of 
- ~ 

acetic anhydride (Eisher, certified) followed by dilution , 
\ 

to one liter with glaci~l acetic acid. Standards wer~ prepared 

by dissolving ca. 0.5 g potas~ium hydrogen phthalate in 50 ml 
Il 

/ 

. hot gl~cial acetic acid. Two to four meq of amine were 
\ 

dissolved in 50 ml gl~cial acetic acid and,titrated with the 

standardized HCI04 solution. End-points were detected potén

\iometrically with a ,calomel-glass electrode pair conditioned 

in glacial acetic acid. A potential break of ca. 150 mV was 
, 

observed within ± .5% ofÎÉhe end-point. The equivalent 

weights from titration were found as: TPRA (calcd: 143.27, 
Il 

obsd: 143.6), TBA (calcd: 185.36, obsd: 185.4), TPTA (c~lcd: 

227.44, obsd: 227.7), THA (calcd: 269.52, o~sd: 271.1), TOA 

(calcd: 353.68, obsd: 356.9), TLA (calcd: '522.00, o~sd: 524.6). 

( 

o 
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C) NITROBENZENE d 0 

The nitrObenzene used throughout this study was 
o 

Fisher certified. It w~s purified for conauctometric and 

solvent extraction studies. ,. 

1. Impurities and ppr{fication 
é) 

. 'Commercial nitrobenzene is obtained as a deeply' 

yellow coloured liquide Purified nitrobenzene has been 
\ 

reported to have a pale yellow colour and is to be kept ~n 

dark bottles because of its photosens'itivity. Nitrobenzene 

33 

may contain water soluble acidic impurities remaining from ~ 

·its synthesis,. (19) A yellow impurity attributed to the 

presence of nitrophe~ols(20) can be removed"in part by washing 

the solvent with alkali~2l) or passing it through a column 

of alumina. (20,22) Müller and Diamond(15) observed thàt the 

pH values of aqueous phases of low acidity increased when 

saturated with nitrobenzene • 

In this study the presence.of~cidic and basic 

• • c!;o impurities and the efficiency of the various"means of purl.-. 
fication were checked by titration. ~~~ pf 50 ml aqueous 

~Cl (1. 000 x 10-3 N HCl and 9. 9~ x l~ ~ Kel) w~r~ titrated 

'with a KOH aqueous solution "(1.000 x 10-2 N KOH and 9.00 x 

10-2 N Kel) in the presence of various samples of nitrobenzene. 

/ . These conditions which can producela wide range of acidity 

and bastcity .reproduce the exp~rimental conditions of a 

' .. 

" ~ 

,.' '" 
'. ' 
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selvent extrac~ion·experiment by two-phase emf titratioR. 
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The denser n'i trobenzene phase was stirred wi th a magne tic bar <; 

-. 
'a~d rnixed with the aqueous phase. Potential readings were 

taken o~· the aqueous phase by a glass-calomel electrode ~air (', 
r 

.. 
in a con~ant temperature system. 

\ 
The titration curve obtained with nitrobenzene 

absent appears as curve l in figurei l, 2 and 3. The poten-
- Jo>.'"' -3 

tial varies from approximately +220 mV for a' 10 M Hel 

solution to ca. "';220 mV for' a 10-3 M KOR solution. The 
~ , 

presence of acidic or basic impurities extraét~le into acidic 

or.basic aqueous solutions is expected to influence the shape 

of ,the1standard titration curve and shift the equivalence 

point. - v 

Curves 2 anq 3 in figure 1 were obtained in ·the 
f 

. p~~~.ence-----ôf 10 ml al}d 20 ml respectively'of non-purifi\d nitro-
r. . 

benzene in equilibrium with the.aqueou~phase. In curve 4' of 

f~gure 2 th~ nitrobenzen~ present had been washed twièe with 

0.1 N NaOH solution which extracted a red-orange compound, 

then rinsed three times with distilled water. In' curve 5 

the nitrobenzene had been passed through a column of~alumina , 
#Fisher certïfied, neutral, for Ichtomatography) Mhich a~sorb7d 

., a red-yellow compound. In~ curve 6 of figur~ 3 ·'th~ nit:robenzene 

had been washed twice with 0.1 N H2S04 ~nd rinsed three tirnes. 

with. water. 

If vac~um disti1led nitrobenzene was titrated, ~e 

,. 
1 • 

a .' 

, 

~. 

,'. 
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FIGURES ~" 2 ~nd 3 
" 

• 
Aqueous acid-base potentiometric titration curves obtained\ 

in the presence of various samples of nitrobenzene. 

Sample: 50 ml aqueous'- Hel (1. 000 x 10-3 N HCl and 

9.90 x 10~2 N ·Kel). 

Titrant: aqueous KOH (1.000 ~ 10-2 N KOH and 

9.00 x 10~2 N KCl). 

Curves : ,( l ) blank: no nitrobenzene present1 . . 
with 10 ml- reagent grade nitrôbenzene; 

with 20 mi reagen,t grade nitrobenzene~ 

35 

(2) 

(3) 

(4) 

(5 ) 

with 20 ml~nitrobenzene after NaOH extraction; . , ..... , 
with 20 ml nitrobenzene after purification on 

alumina; 

(6)' with 20 ml nitrobenzene after sulfuric acid 

extraction. 

" 

" , 

" 

.1 
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, 
titration curve would appear in figure l between curves 1 

'and 2 in the high potential region and between 2 and 3 for 
1 • 

the,lower region. Titrations performed on HCI04 solutions. 
\ 

with aquequs NaOH in a NaCI04 medium gave similar results as 
1>" , . 

reported in figures l, 2 and 3 for a KCl medium. , 
" The of ac~dic and basic water extractable presence 

r 

impurities in nitrobenzene was thus demonstrated. An\acidic 
-tI' 

impurity appears to displace the end-point (see figure 3) ~ 

The aqueo~s phase becomes more intensely yellow as the solution 

becomes basic. Acid i~purity cao be rémoved by washing with 

aqueous alkali or by adsorption on aluminai it is only partly 

removed by vacuum distillation. The basic impurity (see 

figure 2) can be removed by ~ashing with aquéous acid or in 

large part by vacuùm dis±illation. This irnpurity seems to 

account for the effects observ~d by Müller and Diamond. 

The following purification method ~as adopted: (23) 

nitrobenzene was first distilled under reduced pressure on 

a spinning band column. It was then Jashed three times with 

0.1 N Nao~, rinsed once with distil1ed water, washed three 

times with .0.1 N H2S04, then rinsed three or four times with 

distil1ed water. The pH of the last washing was ch~cked for 

neutrality. The solvent obtained was of a pale straw colour. 

Nitrobenzene thus obtained did not interfere in the standard 

titrations described above. Potential readings were the sarna 

as in curve 1 within ± .3 mV. 
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2. Physica1 constants 

The specific conductance of the water saturated 

nitrobenzene was measured with a Beckman RC18-A conductivity 
\ 

bridge and a ce11 of known constant (see chapter III) and 

was found to be 2.9 (± .2) x 10-8 0-1 cm-l at 25°. 

The density of purified and wa~er saturated nitro

benzene was determined at 25°C using a pycnometer and found 
/ " 

to be 1.1971 (1.1986 for anhydrous nitrobenzen~ in (24». 

The viscosity was determined at 25° using three 
( , 

ca1ibrated u-tube capi11ar~ ~ype viscosimeters (Cannon -

Fenske) and found to be n = 1.82 ± .01 cp using the density 
, ,\ 

value previously determined (n = 1.811 cp for ,anhydrous 

nitroberizene in (~4». 

The die1ectric constant at 25°C of the water satura-

ted nitrobenzene was determined on a Dipo1meter type DM 01 WTW 

using disti11ed, deionized water and anhydrous nitrobenzene 

° (disti11ed and stored over 4 A molecu1ar sieves) as reference 

points. The dielectric constant was found to be 34.87 ~ompared 
, (24) 

to 34.82 for anhrdrous nitrobenzene. 
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CHAPTER III 

CONDUCTOMETRY AND THE DISSOCIATION OF 

TERTIARY ALKYLAMMONIUM SALTS IN NITROBENZENE 
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Conductivity measurements of water-saturated 

n~trobenzene solutions of tertiary alky]ammonium salts were 

undertaken to determine the nature of the solute and the 

equilibria prevalent among~the different solute species. In 

nitrobenzene ionophores 

ciption(l) depending on 

usually experience a partial disso-

the sizes of anion and cation • 
• ' 0 

( 

/-

Conductometry of solutions of qua'ternary ammonimn 
" , 

salts in nitrobenzene-has led to the es~imation of their 

dissociation constants. ' For these salts dissociation was 

found ta be important and to increase with i~reasing size 

of anion and cation in agreement with an electrostatic model 

for their association. (1) Tertiary ammoni~ salts gener~lly 

experience a much smaller dissociation than quaternary ammonium 
, - 1 

salts in dipolar aprotic solvents due to the formation' of an 
.. 

internaI hydrogen bond between cation and anion in the ion- ~ 

pair.' 

Only fragmentary data exist on the dissociation of 

tertiary alkylammoni~ salts in nitrobenzene. (2,3,4,5) In~ 0 

this study the chain' length of'
l 
the alkylammoniwn cation was 

increased .. and anions of differing hydrogen bonding affinittes 
, 

were, introduced to reveal the influence of the structure of . ,1 

tertiary amine salts O,n their solution properties. 



A) CONDUCTOMETRY AND THE MEASUREMENT OF DISSOCIATION CONSTANTS 

> 

,The electrical resistance of a solution depends on 

the number, mobi1ity and charge of the different ions, present~ 
~ 

1. Basic relations and units 

The molar conductance, A, of a solution of molarity 

c is related to its specifie conductance K by: 

,1 

A = fc.-1000 K/c 

, 
The specifie conductance K is in turn related to the resistance 

R of the solution measured in a cell;of constant k by'K = kiR. 

The twô eguations are combined to give: 

~-l" where k i~ in cm 

A 

c, in mol 1-1 , 

R, in 0, 

in 0-1 -1 K,r cm 

A, in -1 2 0 cm 

= 

, 

1000 k 
R c 

\ 
\ 

-1 mol • 

;; 

• 

The limit towards which A'tends at infinite dilution 1s called 
1 

"-. 

the mQlar conduçtance at infinite dilution or the ltmiting 

molar conductance Ao. 

In general for solutes dissociating completely or 
l , 

f 
1 
t 
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,/ 

par~ially into ions the molar conductivity is ooserved to 

incr~ase with incrèasing dilution. 
o 

l30lutes (1) , 
\ 

2. Incomp1ete1y dissocia~d 
i' 

If the solu~,e AB dissociates in solution into ions 
\ 

A+ and B according to the equilibrium: AB t A+ ,. - 1 

+' B " the 

dissociation is described by Kd, the dissociation constant: 

Kd = (A+) (B-)/(AB). Assuming that the change in molar con-
-

duc tance with dilution is due to the change in the degree of ~ 

dissociation ~ 11 is one at infinite dilution); one can write: 

x = A/Ao <" 

<---
and 

Kd = cx2/(1~x) 
/ 

""( 

These eguations are c'ombined to give: 
f 

.,-, 
~ 

" \ 

,-~»" 

1 
X 

When Ao can be obtained by extrapolation 

, > 

through Koh1rausch's 

law, Ka, can be calcu1ated at any concentra ion o~ estimated 

graphically from mSasurements on a series f solutions", 

This treatment suggests that sol tes,behave ideal1y 

'f the concentrationv } , 

However aata on complete1y dissociated e1ectrolytes show a , 
·and that ionio mobilities are independent , 

',tI 
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dependence of ionic mobilities ,on • concentration. 

" ~ 1 
3. Onsager's ~nterionic attraction treatment of , 

conduc.ivit~(1,6) 
, 

The Debye-Hückel theory, introducing the concept of 

the ion atmosphere, was modified by Onsager and applied to 

condpctivity measurements on very dilute solutions of com-
, '1 

pletely diss9ciated ele~trolytes, leading to the equation: 

A = A.o - '(a Ao + (3) rc 
• 

where a and f3 dèpend only on the dielectric constant b~ the 

solvent, its viscosity and the ~bsolute temperature. This 
, 

treatment accounts for the,increase in molar sonductance with 
\ 1 

increasing dilution through two effects arising from the" ion 
• "<; l) ," 
~ ~\ 

atmosphere, the "electrophoretic, e'fe,ct" and the '!time of 
'.tl> " ~ ~ " 

relaxation effeèt"" !:'eflected in the two constants Cl and 13. 

" Since the Q eÇJua tion A~scribed a limi ting law, i t was further 
>') 

modified ta tak~ into account solute size. The new trea~ent 
f • \0.., '~ ,. ~ ri e ~ 

led ~o the Fuoss-Onsager equation: - . " 

fl. , 0.° " 
- 0 

~ -~where F and J depe.nd on~""the size of the ions. 
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\ 

4. WeaklY,9issoeiated solutes{7) " t 

The treatment of interionic effects on conductivity 

of strong eleetro1ytes through Onsager's equations and on 

acti vi ty through Debye-Hücke 1 1aws have permi t ted ea1culat,ion 

of more accurate dissociation constants of incomp1ete1y disso-

ciated solutes. In the case of a solute with a dissociation 

constant 1ess than approximate1y 0.01, (7,8,9) the E; J and F 
, \ .. 

terms are o~ten dropped and the conquet an ce data t~eated by 

the methods of Fuoss and Kraus or Shed1ovsky. (10,11) Onsager's 

1imiting law equation is modified to take into aceount asso-

ciation :/ 
" 

A = 
A \ 

X Ao - r; (a Ào + ~) icx 
r ' 

/ 
t,., 

Stz:trting from molar condüotance data at séver'aî 
o 

concentrations and an approxi~te value of Ao found by extrapo-

llation of A vs. /C, these methods lead to rapid qraphica1 

solutions yielding va,lues for' the thermodynamic dissociation 

constant Kd and improved values of Ao. 
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B) 'EXPERIMENTAL 
,f 

Conducti vi ty measurements ·were performe~ on "la'ëer-! 

saturated nitrobenzene solutions of tripropylammoniûm,' tri

butylammonium, trip~tyl~onium, t:ihexylammG~ium, trioctyl-' 
, . 

~ 

ammonium and tridodecy1ammori~um'chlorides, bromides, iodides 

and perchlorates. 

, . 
~p ~ 

1. ' Chemicals· 

t, 0' The preparatidn . of. t+ialkylammoniU:lll salts and ,the '". #,..~. " 
, .. co , 

purification of am!ne~and nitrobenzene have been descrtbed .. 
," 

in chapter II. 
," .""'" 

. .. \. 

. 
2. Prepaxation ,and standardi.zati.on of trial:lt.yl

'<0 
ammoni um s al t, solutions',~ . 

~ @ • 
Salts obtained as ,pure sol~ds were d~ssolved'~n .' , 

water-saturated nitrObenzene and diluted to approxïfuate 

decimo1ar solutions~ , Nitrobe~zene ~olutiohs of the other" 

salts w~ich were not isolat~d a~ pu~e crysüalline comp~unds 

(s,~e chapter II) ,were prepar~d by neutralisation of the 

appropriate amine solution in nitrobenzene with'an aqueous 
, ' ~. '" , 

'Solution of ,.the cor~~~QI)~g acid. An approximate decimolar '. 
. '\ ' \'. " 

'solution of am~ne in ni~~Obenzene was ptep~red .and shak~ 
. 

with an equal volume of 0.2 M aqueous solution of acid .. The 

separated organic phase was therefore 'decimolar in ammonium 

" , . 1 

[' 
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salt. To insure the organic pKase was water-saturated at 

50 

/ ~ 
the temperature of the conductometric measurements the salt 

solutions prepared either ,way werè -further'-equilibra'ted at 

25° in a çonstant temperature bath (WilkenS-Anderson) with a 
o , 

solution of the corresponding 0.1 N aqueous acid. A 1 M 

oacid solution was used for the more soluble TBAHC1, TPRAHBr, 

TPRAHI. The TPRAHCl solution was not further equilibrated 
o 

with water. 1 The acid was introduced to prevent hydrolysis 

of the trialkylammonium ions. 

The trialkylammoniurn salt solutions w~re stand-

ardized"by potentiometr1c titr~tion withostandard potassium 

hydroxide ~n ethanol (see chapter II, section A), part 3). 

The end-point was detected with a calomel-glass electrode 

pair prev~ous+y conditioned by soaking in water. 

The standardized decimolar solution was used as 

stock solution for the preparation Dy ailution of a series 

of'eight solutions ranging from 10-2 to 10-4 M. These 
'~ ". 

dilutions were perforrned at 25° using volumetrie flasks 
r 

immersed in the constant t~perature bath. Nitrobenzene 

used for the dilutions was water-saturated at this tempera

ture. :he vo1umetric,glassware used during this study was \ 

calibrated and 'conforrned to class A requirernents. The stated 

,\rol~es were used. ,No significant difference was obserJed 

when pipettes delivered nitrobenzene rather than water. 
--"..- 1 

\ 
\ 

\f 
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... 1-
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3. Conductance measurements 
\ 

a) Conductivity cell 

f > 
• \ 
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The conductivity cell was a cylindrical flask"with 

two planar squar~ paralleloplatinum ~lectrodes situated inside 

near the bottom of the flask. The electrodes,covered with 
\ 

.platinum biack, were in electrical contact with pools of 
\ 

mercury contained in sealed glass tubes. PlatinUm~wires 
'" '\ 

immersed in the rnercurY pools were connected to the conduc-
~ 

~ivi~y bridge. The capacity of the ground glass stoppered 

flask was 40 ml. Temperature control was achieved by irnrnersi,ng 

the cell in water contained in a double-walled beaker main-

tâined at 25.00 ± .02 0 by a circulating bath (Hetotherrn, 
1 

type 623) calibrated with a 2801 A H.P. Quartz thermorneter. 

The Teflon-encased magnetic bar used to stir the water in 

the beaker actuated a l cm stirring bar in the conductivity 

celle Solution volumes of 25 ml were transferred to the celle 

The resistance of the solution was shawn to increase with 

\decreasing volume of solution for volumes below 20 ml. This 

was probably caused by a graduaI eut-off of current lines as 

the level of th~ solution approached the electrodes. 

ob) Conducti vi ty bridge 
1 

\ 

The conductance of the solutions was rneasured using 

a Beckman RC-16 B2 ~ricige. The accuracy of the resistance 

scale of the bridge was verified at the two available fre-
\ 
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\ 

, 
quencies (50 Hz and l kHz) by means of a calibrated resistance J 

decade box. In the range 200000 to 500 n the bridge showed 

no deviation higher than .3%. This corresponds also to the 

sensi ti vi ty claimed by the manuf~cturer. 

o 

c) Freguency dependence and resistance range . 
'Y 

In c~nductivity measurements a dependence,of the 

resistance of solutions with applied frequency is generally 

observed. (6) This is attributed to various electrostatic 

and electromag~etic couplings and introduces uncertainties 

in the measurement. 
c 

In this study solutions with resistances between 

1000 and 100000 n gave readings at 50 and 1000 Hz which did \ 

not differ by more than .5% and were .5% only at these limits. 

Consequently lonly solutions falling with~n this resistance 

'" range were used. The frequency dependence increases rapldly 

outside of these limits with a ch~ge of 2% for a solution ~ 

of 200 n resistance and 1% for a solution of ,150000 n. 

d) Measurement of the cell constant 

The resistance of .an aqueous solution of KCl of 

known mo1arity (c =' 1. 000 x 10-3 M) was measured at 50 Hz ", 

and 1 kHz and the ce11 cons tant k ca1culated by: 
\ 

k = 



c 

/ 
1 

o 

with R = m~asured resistance of the KC1 solution, 

Rw = resistance of the deionize~ water, 

A = molar conductance of the solution (146.95 0-1 cm2 

mol-1 at 250, (12»). 

The 1.000 x 10-3M KCI solution was obtainèd by dilutio~ of 

5'3 

a 1.000 x 10-2 M KCl solution prepared by di~solving 7.4557 g 
, 

of KCL (Baker, analyzed reagent,,\ 99~9% purity, dried three 

hours ~t 110°C) in a one i volumetrie flask and diluting to 

the mark. The'values of resistance\at 50 Hz and l\kHz 
l ' \ 

(1625 n and 1620 0) were averaged. The resistance of water 

(disti11ed and deionized on a mixed bed ion-exchange resin) 

was measured as 5 (± 1) x 105 n. The value of kwas calcu
l 

lated to be .239 ± .001 cm- l 

4. General procedure, 
,('\ 

Before a-measurement the cell was rinsed with~ 

acetone and dried by circulation of air. Th~ sOlution,to be 

measured was used first to rinse the eell. During storaqe 

the ce11 was kept filled with distilled water. 

The ~olution to be measured was pipetted fram itS 
flask maintained at 25° and transferred into the conductivity 

celle The resistance was measured at 50 Hz and 1 kHz after 

five minutes stirring. For all cases two series of measure

ments were uridertaken on,each system with dilutions startLng 

from the sarne decimola~ solution's. A characteristic ~et of 

\ 



t· ' . 
, 
i (#1 1 

~ 

1· 
, 
t. 
1 
i , 

t 
t 
~. 

" . 

01 

\ '\ 

o 

54 

·concentrations was: 10-2 , -3 
M, 6.0 x 10 -M, 4.0 x 10-3 M, 

'-3 -3 
2.0 x 10 M,lO Mt 4 .. 0 -4 -4 x- 1 DM, 2 • 0 . x 10 M, 1. 0 x 10-4 M. 

The lower limit corresponds ta instrumental limitations sinee 

the resistance becom~s excessively large. 
, , 
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C) METHOD OF CALCULATION 

1. General 

An estimate of the limi ting mo1ar conductance 

and the dissociation constant, Kd , of each salt was obtainable 

from measJred solution resistances. The rno1ar conductance, 
(k/R-Ks ) ta3 A, is ca1culated according to A = where R is the c 

solution resistance an~ Ks is the specifie conductance of the 

solvent. A p~oreogram is prepared by p10tting A vs. Ië where 
\ . \ 

C is the solute concentration. 

The data were treated-according to the method of 
l ' 

Shed1ovsky(6,ll) applicable to poor1y dissociated solutes. 

By extrapolation of the 1inear part of the Phore~ on the 

low concentration side, an initial value of AD is. ob~ined. ' 
.v,---

The Shedlovsky parameter S(z) and y± (see Appendix I) have 

been related to AOl Kd, A and c according to 

1 
AS(z) = 1 Ac + (1) 

A plot ,ff 1/A~ (z) vs. ACY;~ (z) yie1ds a value for AD ~nd Kd 

from the inter~ept l and slope S. A least-squares method 

was used to fit the data to a straight line. The new value 

A~ for the 1imiting mo1ar conductance was used to iterate 

the calculation yielding final values of Ao and Kd' In the 

least-squares method an equa1 weight was given to a11 points 
cr and standard deviations were calcu1ated for AD (crA) and Kd ( Kd ). 
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2. Concentration limits 

The range of concentrations over w~ich the method 

~s applicable is lirnited, aside from instrumental limitations, 

by the same conditions as applicable to ~he Debye-Hückel 

treatment. (8) Within an order of magnitude the upper limit 
-4 -3 bf concentration is given by 2 x 10 e (7 x 10 M for nitro-

benzene). The possibility of formation of tr~ple ions sets 

another limitation which has been estirnated l to éorrespond to 
-7 3 (7) ~ \ -2 a concentration limit of 3.2 x 10 e (i.e.~.4 x,lO M 

in nitrobenzene) • 

In practice the upper concentration is found experi

menta~lY from the Shedlovsky plot ~y rejecting the points in 

the high concentration range w~ich deviate from ~e straight-
, r 

line relationship. In nitrobenzene the limit was usually set 
\ 

at 3-5 x 10-3M• (5,13) 

1 -

., 
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D) RESULTS 

1 

Individual data and calculated values for each 
.. 

system are tabulated in Appendices II and III. \ 

1. The perchlQrate and iodide systems 

For these systems two series of measurements at, 

eight different concentrations ranging from'~O-2 to 10-4 M 
, 

were obtained. Phoreograms appear in figures 4 and 5. Ex-
J 

57 

trapolations in the low concentration range of the perchlorate 
1 

and iodide phoréograms were possible and yielded preliminary 

values of 1\0. These values were used for:-1'first calculations 1 

of Shedlovsky plots. Visual inspection of the Shedlovsky 1 
plots indicated the critical concentration above which calcuf 

1 Iated da~a/points deviate, from a straight line. In generalj 
{ -2 3 

points ai 10 , M and sorne at 6 x 10- M deviated in a syste~~ 

atic fa:hion and th'e data were recalculated using 4 x l~-3 'M i 
1 

as t~~ limiting concentrati~n. Da~a aie presented in figures 

8 and 9. New values of Ao thus obtained were used to determine 

final Ao and Kd values reported in Table\2 • 

. 
2. The bromide and chIo ride sYstems 

For these systems measurements at low concentrations 

were Iimited by solution high resistance (lower limit was at 

6 x 10-4 M for chlorides and 3 ~ 10-4 M for'bromides). For 

this, reason extrapolations to infini te dilution could not be 

'. 1 

r ' 
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• 

... ~ FIGURES 4, 5, 6 and 7 , 

, 
Phoreograms of trialkylammonium perchlorates, iodides, bromides -

\ 

and chlorides. 
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" 

FIGURE~ 8, 9, 10 and 11 

Q' 

Shed10vsky plots of trialky1arnrnoniurn perch1orates,'iodides, 

bromides and ch1orides. 1 

~ 

X = ' 1/ AS (z) 
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used to obtain initial Ao values. Phoreograrns are presented 

in figures 6 and 7. The foliowing procedure was ~dopted. 

Literature values (5) for the ionic limiting conductance of 

Cl04, 20.9, and I- '. 20.4, in cj>N0 2 and the experimentally 

determined limiting conductances of ~he trialkylammonium 

perchlorates and iOdides"were combined to estimate average 

values for the limiting conductance of the tertiary ammonium 
i'j 

cations (see Table 4).. These values and litetature valu~s(5) 
, 

of the limiting conductance of Cl-, 22.2, and Br-, 21.6, 
1 

r 

yielded estimates of Ao for the different chloride~and ~omide 

trialkylammonium salts with a confidence lirnit estimated at 
,-

± 10%. These Ao values were used to calculate the 'ioints of 

the Shedlovsky plots (figures 10 and 11). 

In the ~romide plots points a~ 10-2 M and 6 x 10- 3 M 

were rejected. In aIl cases but one, recalculated Ao values 

tell within 10% of the initial ones and were associated with 

standard deviations of the order of 6-10%. This fact and 

the sensitivity of the ~alculated Ao to experimental errors 
• • 

in the case of solutes with very low dissociation èonstants(9, 

14,15) render the direct use of the Shedlovsky method un- \ 

certain. In this case Ao values were assumed tobe FS 

initially est~àted from the perchlorate and iodide ex~riments 

and Kd values were c~lculat~d for each,point using eq. (1) 
• 

and averag,ed for each' system. These values are recorded in 

Table 2. The s~andard deviations',of Kd values thus obta;i.neÇl 

/ 

\ 
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,U 

.u 



, 
il.' 

~ , 
r , 
l ~ . 

bl 

(' 

o 

ci 69 

• 

are rough'ly 3%, however the confidence limi t is close to 

20% sinee i t is approximate1y 10% for 11. 0 ' (see a1so Appendix III). 

In the ch10ride system points at 4 x 10-3 M, 6 x 
l ' 1 ~ 

10- 3 and 10-2 M wer~ rej~cted. Ca1cu1ated values of 11. 0 from 

the Shed10vsky plot were not used for the ca1culatio~ of Kd 
1 

for the same reason as advanced for the bromides. ~he esti-
\ 

ma~ed 11. 0 values yie1d values of Kd for each salt with relative 

standard deviations and limits of confidence similar to the 
o l' 

bromide values. These values appear in'Tab,le 2. 

3. Reproducibi1ity and the 1imits of the methQd 

'of Shed1ov9ky 

Reprodub~bi1ity of conductance data in this study 

between two independent sets of measurements was found to be 

of the order of 1% on an average. It was usua1ly poorer on 

the low concentration side than on the high concentration 

'side. Both adsorption effects and uncertainties associated 

with successive dilutions can affect the ~eprodupibility. 

In the case of some chloride and bromide sa1ts adsorption on 

the wal1~ of contai~ers~can exp1ainvariations of conductivity 
.. 

with time. The réproducibility of the resi~tance measurement 

i tself is of. the prder of ; 3% • '--. 

A limitation t~the method comes from the fact that 

the terms F, E and ~the 'Fuoss-Onsager genera+ equation 

have to be abandoned in the Shed10vsky equatlon., However a 
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TABLE 2 
~ 

L~mitinq molar conduct~es and dissociation # 

constants of trialkylamm4hium salts in nitrobenzene 
, ~. 

Amine 

Tripropyl 
TPRA 

Tribut yI 
TBA 

Tripentyl 
TPTA 

~Trihexyl 
THA '" 

Trioctyl 
TOA 

Tridodecy1 
TLA 

~ 

..., 

R3NHClO4 

A * 0 -log Kd ** 

36.5±.1 2.3B±.01 

35.l±.2 2.4l±.01' 

33.9±.1 .'2. 45±. 01 

33.3±.1 '1. 46±,. 01 

32. 2 y:. i2.46±.ül 

30.9±.2 ~ 2.47±.01 -

R3NHI R3NHBr 

Ao ~log Kd -log Kd t, 

f 34. Bi . 4 3.40±.01 4.5 
: 

'" 33.4±.5 3.41±.01 4.5 -

31.9:t.4 r 3.41*.01 4.5 

3l.0±.3 3.43±.01 4.5 

. 
30.6±.3 ~.48±.01 4.5 

.:' 29. S±". 2 3.S0±.01 4.S 

/ 

~ 

R3NHCl 

-log Kd
t 

5.0 

5.0 
~ 

5.0 
:, 

5.0 

5.0 

S.O 

-1 2 -1 * ~o in n cm mol t Confidence-limit estimated as ±.l log 
'-1 ** Kd in moL t r" unit· 

/ 

0,.-

~ 
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1 

cpmp1ete ana1ysis usipg the Fuoss-Onsager equation necessitates 

a reproducibility of the order of 0.1%. (7) 1he error intro-
fr 

duced by tne use of a simp1er equation should be reflected 

in the Kd va1~e." It has been estimatéd to be of the order of 
l;" ,( 16) 

10% in nitrobenzene for a salt with a pKd of 1. 7. . 'The, 

error should 'be sma1ler for the more strongly associated salts 

in this study (pKd ,> 2). (7) 
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E) DISCUSSION 1 

~ \ . , 

0 

1. Ion pairing and internaI hydrogen ponding 

Ih dipolar aprotic solvents salts of terti~ry amines 

experiènc~ a degree of internaI hydrogen bonding. (17 -- Spec

troscopie studies 'Of s1lJid a(d~;isso1ved sàlts{18,19,?0) by 

nmr and ir techniques have shown that the hydrogen atorn bound 
\ 

to the_central nitrogen atom interac~s strong~y ~th a srnal1 

or;basic ~nion. This has the effect of increasing the asso

ciation of the ion-pair in dipolar aprotic solvents over th~ 

pure1y electrost~tic association. Dissociation constants 

from conductornetry in various solvents are found to be orders 
\ ,./ 

of magnitude lo~er than (for the corresponding quat!~rnary 
, '; 1 

ammonium ions. (S,13,1.? ,21,22) This "compat-ison 'appears in 

Table 3. 

TABLE 3 

. 
Comparison of buty1~onium Kd\Çalues 

d' , 

Tribut~lammonium Tetrabut~larnmo~iQffi 
~ -....... 

Anion 
_..1 -5* 10-2 (S) 8romide 3.1 x 10 1.79 x , 

Iodide 3.9 -4*, 3.7 10-2 (23) x 10_5 (5) x 
9.-5 

~ 

x 10 
Il • 

Picrate 1.9 x 10-4 (21) 3.3 x 10-1 (13) 
1 1.4 x 10-1 (23) 

;f 

* This work , .. 

, , 

.. 
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The 

and Fuoss (25) 

methods of Denison and Ramsey(24} or Bjerrum 

based on purely electrostatic effects permit 

the calculation of~the dissociation constant of an ion-pair 

from an estïmate of their distance of closest approach a. 
< "'~ \r 

"Reciprocally this distance can ~e estirnated from the known 

73 

dissociation constant. The failure of a purely,electrostatic 
~ ",' \ 

model of the ibn-pair formationin the case of the present 
~-

study is illustrated ~y the very low values for the average 

distance of -~losest approach calculated from experirnental 
o 

resu r each series. Values of a in A;calculated according 

a pë~~ in the fOllowing list: R3NHCIO 4' l~. 40; R3NHI, 

1~06~ R3NHBr, O.B7~ R3NHC1, O.BQ: A sirnil~r caloulation 
q.. {\ ~ , 

done on trib\.ty,lammonium pic~ate in anhydrous nitroben'tene (21) 
l" • _ 1 0 

gave a value of 1.02 A. 

}o.2. 
1 

Dissociation and 'anion basicity 
"'-

The dissociation constants of ~rialk,ylammonium 
<. 

salts found' in this-study are seen to be strongly d~pendent 

on the anion,,~ecies. Although no significant dissociation 
\ ' 

of trilaury1ammonium chloride was observed Dy Di~ond, (3,4) 
\ ' 

he reported ~~ bromide, iodide and perchlorate salts were 

increasingly disso"ciated. Dissociation con~tants were not 

reported. 
1 • 

The average Kd from each series in this study a~e 
, .po 

found to be ca. 3.6 x -3 -4 10 for R3NHC104~ 3.7 x 10 for R3NHI, 

- 3.1 x 10-5 for R3NHBr and 1.0 x 10-5 for ,R3NH~1. For tetra-

1 

'" 1 

J 
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butylammonium s'alts in nitrobenzene (Table 3' and (26» the' 
_ l' 

~ecre.ase in Kd going from r- to Br and Cl. is seen to b;.,' . 
" 

. \ 

-----
" ~ 

if a much smaller amplitude. Again.this difference may' be 

explained by the· influence of~hydro~en bondi~g on th~.ion 
\ , 

pairing of partially substituted ammonium salts •. 
. + - ' 

Hydrogen bonding of the ~ype NH ... X should be 
o 

stronge~, the smaller and more basic ~the anion. (27) Kertes 

et al. ,,~ 18) by ir 'spectroscopic measurements of ltmg 1 chain 
, 

partially substituted ammonium salts related h~rogen bonding 

strength tq ionic radius and proton affinity of the an~ons, 0 

the strength decreasing in the order Cl- > Br-'> l > ClO~. 
Il (19) , ~ 

Keder and Burger >st~ied CC1 4 solutions o~ trioctyl~onium 
1:> 

salts by nmr and observed à. simi,l~r order. Chenon and ~andorfy 
, . 

( 28) t' '1 b ' , h h' 'lk 1 r~por S1m1 ar,o ~ervat1ons on s orte~.ç a~n.tr1a y-
, " 

ammonium halides. 

\ . ' 
,\ 

3: Dissociation and alkyl chain length 

Examination ~,of data in Table 2 'on experimental .. 

dis~ociation constlants .r.eyeals that dissoc~aTion of t~rti~ry 

ammonium.salts noes not' increase with increasing chain length. , . ~ ) (' ~ 

Indeed a slight increase in ass~ci~tion is observe~gèing 

from tripropyl to tridodecyl 'amrqonium sa,lts. 
-' >' 

Tl1e trends in 

the ~hloride and bromide systems are not considered signifi-.' 1 C", 

cant since these data have been associated,with a large 0 0 , 

confidence 
o • 

limite 

oS 

' 0 )' -0 

0 

.cl 

o 

" 

,> • 
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The relative~20% decrease in dissopiation, constant 

observ~d proceeding from tripropyl to tridodecylarnronium 

~odides l,or perchlorates has to be contrasted to the situation 

for quat~rnary ammonium salts. For short to median chain 
.) 
length quaternary ammonium salts in most solvents an increase 

in 'chain length is reflected in an increase in the dissociation 

constant. (1,29) This is in agreement with the electrostati1r , 
theory of ion-pairing where 'the contaèt distance of the iO~~ 
is increased with ,increased chain length. 

For the tertiary ~onium cation an increase in 

. alkyl chain length should .not provide additional steriè . 
\\ hi~drance to the approach of 'the anion, since the positively 

charg~d attracting si;te is situated close to the apex o,f a 

pyramide ,Thus the, purely electrostatic part of the associ-
',~ A 

ation of .,tertiary .anuhonium saI ts should not be directly 
, 

influenced by alkyl chain length. 
. 

It has been reported that at least up to a ~&rtain 
,1, 

chain length hydrogen bonding incr~ases with chain lengtn(l8,30) 
o . 

in tertiary ammonium salts. However this effect seems to taper 

off after a chain length of three or four is reachèd and could 

not explain the observed dissociati6n trends. Solvation of 

the cation could also play a role. The alkylammonium œation 

in the dissociat~d salt should experience,a stronger stabi-
, 

liz~tion by, ~on-dipole interaction with nitrobenzene molecules .. 



could partly expl~in the 'observed trends. However conductance , 

,\ 

data of a,nigher reproducibility would be necessary in order 
• • ' 1 ~ 

1 J to apply a complete Fuoss-Onsager equat-ion and analyze small 
~ 

differences among Kd values in a non ~quivocal way. 
r _. 
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4. The limiting molar conductance of 

trialkylammonium salts 

Values of the limiting molar conductance of 
,,-..,.. 

tria~kylarnmonium salts in nitrobenzene as in other solvents 

77 

are as sparse as data on their dissociation cpnstants. (5,13,31) 
!;t 

~ value for TBAHI (33.33) can be compared to 33.4 ± .5 
. 

obtained in this work. An estimate of the single ion con-

ductance of the trialkylammonium. cations (Table 4)' can be 

ob~ained using published values ~or the a~ions. (5) As e~pected 

these values appear to deerease when the ,chain length is 

increased. 
1 Stokes radii, rs' can b~ calculated using the 

1 . 1 S k . (32) Ab' f . c ass+ca te es express1on. s a aS1S 0 ,compar1son 

van der Waals radii, r , obtained ~rom calculated van der w . 
Waals volumes(33) are shown. 

TABLE 4 

y Limiting ionic conductance (in 0-1 ~2 mol~l), Stokes 
6 

and van d~r Waals radii (in A) for trialkylammonium cations 

10 ~ Ao ,1 r 

\ 

L , 

rw s 
.'- -' 3.~ tripropyl" 15.0 ±, .8 3.0 

(3 tribut yI 13.6 ±. .8 > -3~ 8 

tripentyl 1J 12.3 1.1 
.... 

3.7 4.1 ± 

trihexyl 11.5 ±" 11'3 3.9 4. -3 

trioctyl 10.8 ± 4.2 ,4.\7 .7 

tridodecyl 9.5 ± .6- 4.7 5.3 

0 

Il 

~ 
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,. 

In Table 5 Stokes radii of tetraalky1ammonium cations 
.. 

calculated from published Ao values in nitrobenzene are compared 
, 1 

to their ca~u1ated van. der Waals radii. 

TABLE 5 

Limiting ionic conductance, Stokes and ~ 

van ~er Waals rad~i for tetraa1kylammonium catiohs 

Ammonium ion 

tetraethyl 

tetrapropy1 

tetrabutyl 

tetrapenty1 

16.4 (5.) 

13.5(13) 

II.9 (5) 

10.8(13) 

2.8 

3.3 

3.8 

4.2 

'r w ,:1' 

3.4 

3.8' 

4.1 

4.4 

A comparison ~f data in Tables 4 and 5 suggests 

sim~lar hydrodynamic behaviour for trialkyl- and tetraàlky1-

ammonium cations in nitrobenzene. The ~ow Sto~es radius values,' 
.. 

also abserved for tetraa1ky1ammonium cations in other solvents~ 
(~4) are c~nsistent with the fact that these cations are nat 

considered ta be solvated strongly in dipo1ar aprotic solvents • 
. (17) 

The adequacy"of the Stoke~ equation can aIso be ques-

tioned sinee the solvent cannot be regarded as a 'cont.inuum. ,~ 
.' 

" - ~i 

(32,33) 'Geometrical factors related to the shape of moleculesl' 

have aIso been pointed out. (33) ... ----' 

• 
Q ..... 
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s. Triple ions and higher aggregates 
. 

Tertiary ammonium sa1ts dissolved in ~rganic solvents 

;;0' • t' 1 th .. 1 d . . ( 35 ) can ex~s as spec~es more ,comp ex an 10ns an 10n-pa1r~. 1 

Limited information on high ~olëcular weight halides and per

chlor~tes(3r.4,36) indicates tha~ aggregation beyond the ion-
1 

pair seems not to occur in nitrobenzene up to concentrations~ 

of approximately'O.l M. In conductivity studies minima ip 

phoreograms and deviations from a straight-line relationship 
1 

in the Shedlovsky plots have been attributed to triple ion 

formation. (7) '" 

For all salts in this study measurements in the' 

10-1 M region showed that no minimum in molar conductance was 

observable up to decimolar concentrations. However on thé 
---1 "-

Shedlovsky plots fo~ the bromide and chloride salts data 

points on the high concentration side deviated below 'he 
1 

Shedlovsky strai~ht line (see figur,s 10 and 11). Thus the 

possibility exists o~'limited triple ion formation for these 

systems in the concentration range studied. Other approaches 

~than conductometry are necessary to estimate ~uantitative1y 

the extent of form~tion of triple ions and higher ag9regates. 

1 

6. lnfluence of hydration on dissociation 

In this study the dissociation constant pf TRAHI 
,... \ ~ 

appears different (4 x 10-4) from that found by Witschonke 
1 

and Kraus(S) in anhydrous ni~robenzene (10- 4). This may be 



• 

.. 80 

1 

f 
1 

attributed to the effect of water • 

Interaction of the anion of the dissociated ion-

pair with water molecules by i~n dipole and ~ydrogen bondin9 

should be stronger than the interaction of water with the 

neutral non-dissocia't~d ion-pair. Dissociation should thus 

be more important in water-saturated nitrobenzene than in 

anhydrous solutions.' 
1 

\ 

1 
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A) INTRODUCTION ~ 
)- .. 

~igh molecular weight (8 CI or more per chain) .. 
tertiqry ammonium salts are ~n~wn to be, practically ~at~r 

insoluble. (1) On the other hand some.of"the low to middle 

"" molecular weigh~ $alt~ shou~d have a degree of solubility 
~ 

in water comparable to that of the côrresponding soluble 

quaternary~ammonium salts. Similarly in a solvent extraction 
~ . , 

". 

experiment where a tertiary ~onium salt dissolved in an 

organic phase is contacted with an aqueous phase, the low 
\ 7 

, , 
," 

m6lecular weight salt is expected ta partition between the 

two phases to a greater'extent than a high molecular weight 
H/iIIf' 1 . 

one. "To understand the basis for the application of tertiary 
\ 

ammonium salts in solvent extraction it is necessary to be 
'0 • 

1 

able ta estimate their partition constants. In the case of 

the more water soluble salts a.knowledge of the partition 

constant is necessary ta optain other solvent extraction 
\ 

constants. , 

Tri~lkylammonium salts in nitrobenzene exist mostly 

as ion-pairs. The extent of dissociation is a function of 
1 

the hydrogen bonding strength between the ammonium cation 

. ' 

and the anion. In the preceding chapter dissociation was 

shown to be lowest with Cl- and highest with ClO~ in the o~der 

~i- < Br- < I- < ClO~. Dissociation has been seen to be , ~ 

essentially i~dependent of a~Yl chain length. In water the 

• 

., 
l ' , 

" 
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\ 

tertiary ammonium salt c,ation and anion can ~~prm hydrogen 
~, " 1 

, , 

bonds witn water 'm6lecules and the salt is believed to be 

. completely ,dissocia ted. (2 ,3,> The parti tièm of a tertiary 
<1 

ammonium salt'between nitrobenzene and' water is tnus best 

represented by the equilibrium: 
", 

R
3

NHX 
-+ R NH+ -
1-

3 + X 
... 

to which the constant K corresponds p 

K = 
(R

3
NH+) (X-) 

P (R
3

NHX) , 
\ .. 

Kp can be determined by equilibrati~g an aqueous 

BG 

. ' 

and an immiscible organic ammonium salt s91ution and measuring 

the equilibrium concentrations. Corrections are calculated 
. \ 

by taking int? account dissociation in the organic, phase and 

activity coefficients in both phases (see sectidn C). 
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1\ 

EXPERIME~AL , 
\ 0 fi , 

, 
o 1. Cl'lemi-.cals and solutions' 

The ~reparaJion of solid Cry~talline ·T~~HC1, 'TBAHC~, 
... <.,) ( 

TPTAHC1, THAHC1, TOAHC1, TPRAHBr, TBAHBr, TPTAHBr, 'THAllBr" TPFAHI, 
\ t 

~ TBAHI, TPTAH~, T~I, ~PRAHC104 and TSAHC104 ~as been.described 

\ . 

. \ ' 
in chapter II. Thè purity of these salts'has been ~ssess~d 

by acid-'base titration and ,elemental analyses. . ' 

Aqueous solutibns of the salts TPRAHC1, TBAHC1, 

TPTAHC1, TPRAHBr, TBAHBr" 'TPRAHI and TPRAHC10 4' were prepared ,,' 
• 

by dlssolving the ~Olid' salt in niprobenze~e-satur'a~ed deionized' . . ~ , ,. ~\ 

water. Their molar·i,!:y was' calculated ':1sing the experi~ental 

molecular~ weights of the'solid salts as fou~d by acid-base 

The or;ariic' salt S"Ol u/i:ons' were 
r 

titration (see Table 1). 
, , 

prepared' by dissolution or solvent extraction ln a: p-rocedw:-e 

similar 

ized by 

to tbat descril:)~d in .chapter III. They were standard- , 
'. 
\, . 

potentiome:ric ~itration with ethanolic KOH. 
\ \,} 

/ 

2. Experimental procedure 

• 

In a typical .determination, ]tnown volumes of c;>rganic 

solution (or'plain water-saturated nitrobenzene) andDaqueous' 
.J'. " _ 

solut'ion (or nitroberize~e-satuta'ted water) wérJ pipetted into 
, ,0 ~. 0 

a jacKeted b~aker in w~i~h a l~rge Teflo~-encased.magnetic bar 

was plàced. The beaker was maintained at 25 0 by c~rculation 
, . "-

of water f!om a constant temperatbre bath. , 
~: J 

-,.' 
) 

! .. 
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1 
The beaker was covered with a plastic lid,' blanketed 

with N2 , and the two phases were equilibrated by slowl~ rot~ting 

the magnetic bar immersed in the organic phase. After ca. 1/2 

h the 'pH of the aqueous phase was measur,ed by introducing a 

glass-calomel e,lectrode pair. An aliquot of the organic phase 
o 

was pipetted out of the beaker and titrated with alcoholic KOH 

in a co 2, free atrnosphere (see chapter II). 
, 

For the pH measurement a shielded Beckman glass 
, 

electrode .(~9000) associated with a calomel electiode (Fisher 
o " 

1~t39-51), was adj ~ ste d using pH buffers and an Accwnet 

320 Fisher pH meter. (à 
1 1 

4 • ~ ~ 
In each case the two phases w~e allowed to equili~ 

,-~ . 
brate for 39 min even though equilibration ,was believ~d to be 

" achieved in 5-10 min as suggested by constant pH readings. 

In o"rder to check that equilibrium was reached some solutions 

were left to equil,ibrate for 2 hours ~ no di'fference was noticed 
o \ 

in their' final concentrations. Only in the\~~ses of THAHI, 
l' ,? , 

~4;~ ~ .,. 

, THAHC104 and TOAHCl solutions was equilibration found to require 

more than 30 min. The phases in these cases were contacted 

for one hour and compared with duplicates run for tiwo hours. 

In a typical determination, a nitrobenzene solution 

of'~e' ammonium sa~ was c~ntacted with water. Toree initial 

orga~ic phase concentrations Jere us~d (ca. \10-1 M, 3.3 x 10-2 

-2 M,lO M). The ratio of organi~phase volume to aqueous phase 
, ( 

volume was made smail enough so that a change in organic phase « 
,/ n . " 

" 
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-, 

- conçen~~~on of at l~ast 10% occurred. 
'" , 

> ~es in the6 organic phase did not ~xceed 

the basis of a 300 cm3 molar· volume for the 

The concentration 

2 x lO-:t-M. On 

, l 

salt, volume 
L--' \ "-

changes of not mo;re than .6.% occurred . ... 
'~o !3 

For the salt~ that would undergo excessive transfer 
( 

in~o the aqueous phase becpuse of high partition constants, 
~ 

the organic phase was equ~~with an aqueous solution 
~ , 

ha~tion near the equiliBrium condition.' In 

Al those few cases where the partition constant w~s very high 
, 

the salt was initially present only in the aqueous solution. 

Duplicates were run for all de~erminations to produce u~ually 
six measurements for each salt. 
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c) METHOD OF CALCULATION 

1(/ 

The organic ~nd/or aqueous salt co~ceritrations 

before and after equilibration of the ~hase~and the pH of 

the aqueous phase may be used to calculate ~n apparent partition 

constant. If C~rg and C~q are the initial salt concentrations 

in the orgatiic and aqueous phase volumes Vorg and Vaq respec

tively the mass balance equation for' the species X is: 

= 

Acid-base titration of an aliquot of the organic phase gives 

the total 1R3NH+] + [R3NHX] which is also IX-] + IR3NHXJ or 

[R~NHX]T or c • Thus [X-] can be, calculated. 1R3NH+] can :;, 'org 

be determined from the charge balance equation for the aqueous 

phase: 

(2) 

'\. The hydrogen ion concentration is obtained from the 

pH afte~n activity coefficient correction(4) using the 

extended forro of the . Debye-Hückel 11miting law (see Append1x 

IV). The apparent partition constant 01 18 thus obtained as' 

= 
[R3NH+] rX-] 

[R3NHX]T 
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To obtain the non-thermodynamic constant 03 defined as fo1lows: 

= 
[R3NH+] '[X-] 

[R
3

NHX] 

, ~ 

it is necessary to subtract from the total ·or,ganic phase salt 

concentration the par~ which is ionizeü. . 
The thermodynamic dissociation constant of the salt 

-;, -
in the organic phase Kd has been obtained from conductivity 

me as ure me j' s at low concentrations (see chapter III). Assuming 
1 \ 
, , 

that no appreciabl'e amount of more high-ly associ.ated species 

than the ion-pair are pre~ent at concentrations up to 10-1 M 

one ~an write: 

= 

-where y± is the mean activity coefficient of dissociated R3NHX 

in the orga~i.c phase. 

By knowing ~d' corg and estimating a in the Debye-
. , 

Hückel'activity coefficient factor (see Appendix IV), one can 

calcul~te [R3NHXl'-anÇl_~03. 02 i8" obtained in the same manner 

a~ 03 but negl~cting ac~ivity coefficient correction in the 
~ ,} 

organic phase, i.e. letting . 
\ 

, 
, [R3NH+] 2 

= 
[R

3
NHX] 

\ \ 

------- -----_ .... _---------_. 

\ 

... 
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The thermodynamic partition constant Kp can be 

obtained from 03 by estimating the mean act~vity coefficient. 

y± of the aqueous salt using a Debye-Hückel equation (see 

Appendix rv). Thus if a can be estimated (see Appendix IV) 

and an aftivity coeffici~nt of one assumed for the ion-pair 
~ , 

in the organic phase (see chapter V) one obtains: 
" ~ 

K = Pl 

IR3NH+] [X-] 

[R
3

NHX] 
= 

Details on c~lculations perfôrmed tQ obtain 01' 02' 03 and 

Kp can be found in APpendi~ '~ 

• 

i 
4 

, 
• 1 

( 1 
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D) RESULTS 

, 
Individual data for each system can be 'found in 

Appendix VI. In Table 6 the values of the coefficients 01' 

02 ~n~ 03 and of ~e constant K p are listed. For the five 

salts noted, with one aster~sk ~~~s~~ obtained from 

only one organic or aqueous solution concen~ration for practical 

reasons (too low or too high extraction constant). For ~e 

other constants determined at ~ree different organic s~ution 

concentrations, it is generally observed ~at the relative 
t 

standard deviation decreases in ~e order 01 > 02 > 03 >~Kp. 

The difference. between ~l and 02 ~ue to dissociation 

in the organic phase is best observed in the ClO~ and I-

columns. The difference between O~ and 03 due to activity 

coefficients of ~e dissociated salt in the organic phase is 

best observed in ~e ClO~ column. The ~ffect of ~ctivity 

coefficients in ~e aqueous phase explains-the difference 
l 

between 03 and Kp and is best obser,ved on those salts that 

have higher partition éoefficients (log K > -3). 
P 

It is of interest to test the influence on K of p 

different factors. An error .in Kd of 10% can be calculated 

to influence the final Kp by only 3% fo~ ClO~ sal~, 1% for 

l salts, .2% and .1% for Br- anc Cl- salts. If an activity 
. . , 

coefficient correccionjfor the dissociated salt in the organic 

phase was not applied result~ would differ by 13% for Cl04, 

, 



, , 

'. 

\ \ 

'3% for I-,' .4% and .2% for Br and Cl- salts. 
l, 

IThe partition constant determinations for TOAH/~' 

!~ THAHI 'and THAHCl04 represent limiting cases. The part~,tion 

equilibriurn codstant is below 10-5 and a high aqueou~to 
, 

drganic phase volume ratio (~40)'was necessary to permit a 
1 

This 

94 

( 

" 1 

significant (10%) transfer into the aqueous phase. ., 
creates a limit~e to the volume capacity of the equilibration 

celle T~e aqueous phases in equilibriurn for these salts are 

'" -3 of low ionic concentration « 10 M) and are thus more 

sensitive''l-to possible low level impurities ~nd their pH values 
, , -
less certain.; However when applying eq. (2) for these systems 

+ :-
the [H ] term appears important (25 to 80% of the [X ] term). 

The reason for the increasing importance.o~ ~he [H+] 

term in eq. (2) when one considers salts with low'partition 

constants lies in the increasing importance of the hydrolysis 

equililbriurn of the salt: 

\ 

R3NH~ t 'R3N + H+ + X-

cornpared to the part~tion equilibrium. 
) 

In Table,"6 th~lues for the partition constants 
f ' 

of ~OAHCl and T~Cl04 being obtained at only one concentration 
,~ . 

level and èor::résponding to limiti~g cases are thought to be 

1{ 

" 

, , 

i , 
~ 
1 
< 

.1 
f 

/ 

" , 

1" -

, ' , 

, , 

" 
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, 
In the ca~ of the salts with~igh partition equi-

-
librium constants (> 1) it is necessary to use aqueous solutions 

of hig~ salt concentration in order to'obtain" a rneasur~le 

equilibrium concentration in the organic phase. Thé Kp value 

obtained for TPRAHCl from 0.5 M aqueous solutions is approxi-

mate since the calculated activity coefficients in such, 

solutions are approximate. The Kp values for TBAHCl and 

TPRAHBr have been calculated dn the basis of the 0.1 M aqueous 

" solutions,' dis:!='egaJ::ding the 0.5 Mones. 

\ 

\ 

" 
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Parti tion constaritf'!!nd coefficients of various 

tria1kyl~onium salts, between nitrobenzene and water: 

, log Kp and log 93 , log 02' log 01 
, 

Cl Br l ClO4 

** * -O. 672±. 026',,· 1. 60 ±.Ol 0.586±.002 -1. 59s±. 014 

1. 93 LOI 0.794±.003 -0.46 ±.06 -1.470±.03 
1. 93 ±.Ol 0.790±.003 -0.48 ±.06 -1.532±.04 

1 1. 90 ±.Ol .0. 731±. 002 -0.53 ±.08 '-1. 78l± .16 
1; 

* ) 

0.05s±.0Il -0.924±.02 -2.269±.01 -3.088±.02 

O.250,±.017 -0.744±.04 -2.177±.O2 ,..3. 03l±. 009 
0.250t,.017 -0.7l6±.04 -2.190±.02 " -3.093±.011 
O.228±.018 .-0.763±.04 -2.2s3±.06 -3.274±.14 

-1. 666±. 01 '-2.676±.O23 -3.928±.026 -4.793±.013 

,-1. s36±. 01 -2.·s99±.Ol -3.89 ±.O3 -4.769±.011 
-l.s38±.Ol -2.60l±.01 -3.90 ±.04 -4. 825±. 014 
-1.547±.01 -2.6l9±.OI -3.96 ±.QG -4.99 ±.08 

* -3.362±.02 -4.458±.OI2 -s.68S±.01 -6.133±.Ols 

~ 

-3.30 ±.Ol -4.426±.O2 -5.670±.01 -6.119±.014 
-3.30 ±.Ol -4.428±.02 -5.679±.01 -6,,162±.014 

\ fIP THAR 

... -3.31 ±.O;I. 1 -4.445±.03 -5.714±.Ol ':"6. 249·±. 013 ' 

* -6.15 ±.13 

TOAH -6.12 ±.13 
-6',12 :L13 
-6.12 ±.13 ... 

* "\. .. based on one concentration ~evel. log K 

** 
P 

based on a o • 5 M aqueous solution. log 03 
log 02 
log QI 

K ançi other coefficients in mole 1-1 
p 

\. 

1 
~ 
l, 
, 

1 
1 ' .. , 

~ 
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E) DISCUSSION 1 
j' 

( 

1 

Only few studies have dealt with the measurement 
'v-. , -

,l~. of partition equilibrium constan:ts of alkylanunonium salt~. 

(5,6,7,8) Smulek and Siekerski (5) reported approx~at~ 

distribution coefficients for sorne tertiary amines between 

severai inuniscible solvents (~nciudin~ IPN02~' and 8 M HCI • 
• 

From these data obtained under different conditions than 

this work, the ratio of partition constants for TBAHCI and 

TRABel in IPN02 should be approximately three orders of 
~ ~ 

magnithde, compared to 2700 in this work. 

-97 

Freiser et al. (6) studied the partition of various 

tetrahexylammonium salts between water and various aliphatic. 
, 1 

l ' 
alcohols. Using organic anions they report an increasing 

extractabili ty into the organic phase as the numbe,r of, carbon 

atoms increases in the anion. A systematiq study by Schill 

et al. (7) dealt with the partit!op of various tetraalkylam

monium salts of inbrganic anions between ~ater and methylene ,. 

chioride and the various equilibria in the org~nic phase. 
1 

The sarne trends are observed as in the present study, i.e. 

a regular increasé in the extraction constant~into the organic 

phase in the arder, CI- salt < Br- salr < 1- salt < CI04 salt • 
. 

Similarly the extraction constant for the sarne anion increases 
, \ 

drastically with increasing chain length of the alkyl chain 

of the ammonium ion from tetrapropyl to tetrahexyl. 

/ 
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In arder ta provide a more fundamental basis for 1 \ 

the trends, observed in the present study it is useful to 
., /"'r 

'\ .-

, compute the free energy of t~ansfer of the dissociated ions 
" .. , 

and test)an electrostatic model of the Born-charging type. 

1. Transfer equilibriurn constant of dissociated 

ions - \ 
The equL~ibriurn donstant for the transfer of the 

"'-\ & 

,'dissociated ions (Kt) is defined as: 
4C- 1 It 

= 

,For the reaction: 

Kt is related ta K and Kd p 

Kt 
)l-

The rela tio{:ship 

(R3NH+) (X-) 

(R
3
NH+) Ôë-) , 

through 

K 
-~ -, Kd 

between the 

be represented as the ~ollowinq cycle: 

., 

thrJ equilibria can-

( . , 
• , . 

.', 

" 
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f::.G
o 

\ t}r ...... r E R NH+ -R NHX' 1> + X ., ~ 

3 . <1 K 
3 

p 

\ " 

where f::.G
o is 

1 

the standard free energy for each reaction. 
~ ~ 

The c~lculated valu~s for Kt and ~~G~ from the 

experiment.al Kp and Kd are sununarized in Table 7. The transfer , '-', 

equilibrium constant of the dissociated ion-pair between nitro

benzene and water is see;n to be highest for the"chloride salts 

in the order CI- > Br > l > CIO~ and highest for the lowest 
. 

molècular weight alkylarnmonium salt in the order tripropyl~> 

tribut yi ~,tripentyl > trihexyl. This order is to be expected 
4 "'-on the basis of a simpl~ electrostatic model of the t,rëJnsfer 

j ~,? 

of ions betweèn two phases. 
)il' ... "" 

2. Electrostatic model 

The Born charging model applied to the transfe~ df 

two sepàrated ions of radii r+ and ~_: .fr,om a medium of qielrc

tric constane t 2 to a medium of dielectric constant el gives 

an expression for the standard free energy ot°transf~r(9) on 

\ 
; 

1 
1 
,~ 

.,' 
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a molar, scale(lO): . , 

, 

For the transfer from nitrobenzene to water ~~ 
\ 

o 

= 
l-\' 1 

-2.64(-- + --) kcal r+ r 
'with r in A 

. or = 1 1 1.94 (- + -) r+ r_ 

(3) 

(4) 

Values fOr .âG~ ~or 109 Kt} can be-calculated from 

egs. (3) or (4) from known values' of ionie iadii. van der' 
., •• :r • 

waal~ radii have been used fo.r the eati~ns (see Table 4) and 

CrYS~allOgraPhic radii for the anions. (11) The theoretic~l 
.. 

~G~ values thus obtained are listed in the last column of! 

Table 7. 
v 

The u~end~predic~ed by eg. (4) correspond to the 
.... 

expe.ime~tally observed Kt values. The transfer' equilibri~ . 

. constant Kt increases w~th deer~asing size of the anion and 

decreasing size of the cation. However'these values d~ff~r 
\ 

very signifieantly fro~the experimental values by magnit~de 
\' , 

and sometimes 8ign. This confirms the well-established fact 
~ \ "" _ \ ob 

that the simple electrostatic model i8' insuffi~ient in'many 

inst~nces to.properly describe details of~the process of 
\ , 

r' 1 

\ A 

\ 
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TABLE' '7 

. Equilibrium constants for the transfer of 
6 

the4issocia~ed ions and re1ated guantities 
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,) 
ionic predicts that the transfer of 

ions will always favor the phase ,of bigher dielectric constant 

(~Go < 0 from most or ,t to water)... Other studies 
. 

and this.work gi~e many 
.~~ 

les of th~ contrary . 

3. 

The e~~~rimentally determined free energy of transfer 
\ 

À , 

of a pair of ions can be decomposed into', its cationic an'd. 

anïonic parts. 

o . " 
~G R NH+ X- = 

t 3 , 
o 0 

~G R N~ + ~G X-
t 3 " t 

" 

By using the values in Table 7 it is thus possible to calculate 

differences' in free energy of transfer of single ions by, sub

tracting the values of two ~alt~ hav.ing another iOQ in common. 
" 

These differences are avera9,ed for e'ach .pair C>f ion and tabu- . 
1 

lat~ in Table 8 with ~~ corresponding standard deviations. -

These vrlues are at ~east an order of magnitude bigger tha~ 

the predicted values from a Born charging model.' In the case . ' . 
o~e halides they arel however comparable to values obtained 

Cl 

in transfers between water and other dipolar aprotic solvê~ts 

of polarity sirnilar to that of n1trobenzene (e.g. in;aceto~' 
. 0 . 0 0 

nitrile ~G Cl- - ~G B - = -3.4 kcal, ~G B -
ott r t r 

.00 . 
kcal;" in n~tromethane ~G, Cl- C - ~G I- = -4.5 

t '. t 

- ~Go i'- = 
t 

kcal) • (12) 

-3.3 \ 

The simple Born char~i~g model considers each solvent 

as a continuum and does nqt tak~ into,account' st' è1fic intèr-
1 1. . ~ ., 

o . ," 
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actions between the ions and the s~lvent mo1ecu~s. (13) 

TABLE 8 

Diffe'rences of free energies of' transfer of single ions ~ 

,,' '/}'Go /}.Go, 
tl t2 

(kcal) 

- -, 
Cl Br -2.08 ± .i7 

- -Br l -3.22 ± .09 

l - CIO-
4 -2.53 ±' .09 

TPRAH+ - TBAH+ -2.08 ± .08 
v. 

TBAH+ - TPTAH+ -2.32 ± .07 

TPTA:lf+ - THAH+ -2.36 ± .07 
, '" 

The larger the ion introduced in the aqueous phase 

the more hydrogen ,bonds linking water molecules will be broken 

in orper to fit the ion into the ice-~ike,struc~ure of water. 
(14) 

~he a~ions considered in this study are solvated ~n 

water mostly through hydrpgen bonding with water molec~les 

and io~-dipole interactions. However the smaller more basic' ~ 
Cl- is more stabilized by hydration than the larger 'CIO;. 

" 
Hydration -energy decreases in the o'rder Cl- > Br - > l > CIO-4 ~ , 
which is-also the arder of hydrogen bonding affinity of the . 
anions and the reverse order of ~eir size~ Thus the transfer 

.> 
1 

into water of the anions can be explained through the combined 

, ' -
'3:: ~"'~,.t*"~~~~~gl'\'liiIIJIlJC~,,Q~GIIIl= .. a __ 2AW~9A..t 1l4lW22Z&Jif!i4tLl$~ .. "' "'&!SS] 
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.. effects of water structure breaking and ion, solvent inter

acti!ons. (14 , 15 ) 
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In the dipolar aprotic solvent nitrobenzene anions 

are solvated through ion-dipole interactions anf' interaction~ 

due to the,mutua~olariZability of the ion and"the solvent 

rnolecule. (16) The solvation energy in anhydrous nitrobenzene 

should decrease in the order CIO~ > l > Br > Cl-. However' 

tertiary alkylammonium salts are known to be partially hydrated 

in nitrobenz~~e and the anion usually considered as carrying 

water of hydradion (see chapter III, section E, part 6). Thus 

solvation of the anions in the organïc phase is a complex . 

process made up,of several contributi?ns. { 

Considering the different factors affecting the 

transfer of anions the dielectric effect involved in the Bo n . 
1 • 1 

eguation is seen to be insuffic~ent to describe the process. 1 

" FurtherIQOre assuming the predominance of effects in the agueous 

phase it is reasonable to assume that th.e free energy of trans-
o 

fer should vary from one anion to another to a greater extent 

than predicted 'by the Born eguation. 

It is interesting to note here that plots of ÔG~_ 

vs. the reciprqcal of the" ionic radius for the anions appear 

~inear (see figure 12). This dependence on the iopic size , 
, ~ • 1 

has been observed in many systems. (17,18,19) The Born charging 

approach i~ not supported however since the slopes of the 'plot~ 

differ widely from the theoretical Born" slope1 furthermore the . 
. ' 

/ 
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FIGURE 12 

Standard free energy of transfer of tria1ky1ammanium sa1ts 

from nitrobenzene ta water versus the inverse of anionic 

radii . 
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1inearity is ~n1y approximate and depends on the value chosen 

for the radius of C10~ which is controvers~al. 

Alfenaar and De Ligny (ll) suggested that for very 
1 . 

large ions 6G~ cou1d be decomposed into the sum of two termS, 

?ne.being the Born charging,term, the oth~r one being the free 

energy of transfer of a neutra1 mo1ecule of the sarne size as 

the~' 0 

= 

It was reas~ed that a very large ion, having a weak e1ectrical 

field, would interact with solvents in a fashion similar to a 

neutral species of the .,.!Une size. 

In the case of the anions considered here their free 

energy of transfer could not be decomposed in such a way 

because of their smal1 size and specifie Bolvation effects. 

In the case of the larger trialkylammonium ions a sirni1ar 

decomposition is probah~y unrealistic too because of the exist

ence of a high ch~rge density centre .Inear the N-~ bond. However 

the importance of a non electrostatic term could be indicat~d 
, 

by what seems to he the existence Q~ a methylene effect. 

Values of 6G~ appear to increase regularly in each series of 

salts as the alkyl chain length increases by. the addition of 

methylene groups (see figure l~). An increase in chain length 

must have the effect of disturbing the hydrogèn bonded structure 
1 

'\. 

" 
..., :-: 

( 
l 
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FIGURE 13 

Standard free energy of transfer of trialkylammonium salta 

108 

\\ 
from nitrobenzene to water versus the number of carbon atoms 

in the cation • 
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of water. - Additive methylene effects have been observed in 
1 

many systems. These are reflected either in values of the 
~ ~ 

enthalpï of transfer of ions or neutral molecules between 

9rganic solvents and water(20) or their distribution ratios. (13) 

D 1 (8 ,21) . t dt' . 1 1 yrssen et a • po~n e ou an emp~r~ca ru e 

gOVerninJ the ~artition ratio of free amines and of ~ium 
salts (Kp~ bet~een organic sol vents and water: the logarithm 

of the eqJilibrium constant is a linear function'of the number 

of methylene groups; n, the slope being 0.6. In this work a , 

similar result can be fo~d. F~om log K values,tabulated in 
, p 

Table 6 it is deduced that log Kp debreases as an average by 

0.51 per methylene group between tripropyl and tribut y 1 ammonium 1 

salts, 0.57 between tribut yI and tripentylammonium salts and 

0.58 between tripentyl and trihexylammonium salts. 

Additive methylene effects may be attributed to 
1 

hydrophobie effects in the'aqueous phase. The free energy of 

solvation of a -CH2 group in water is positive and made up of 

two, contribut,ions. (22,23) ,The Goulombic or "normal" hydration 
\ 

involves the breaking down of hydrogen bonds linking water 

molecules to create a cavity for' the group (positive enthalpy 

change). The structural contribution concerns the rearrange-
/ 

ment of water-molecules as an nic~erg" aroUnd the hydrocarbon 

l '" group. Similar effects are observed around non polar gases 
-

in solution. The structural contribution contains a ~egative 

enthalpy term. Considerin~entr~y, the,overall entropy of 

1 

", ' , 
~ , ' 

" 

, " 
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, t 

solvation shquld be negative due to ~be réarrangement of 

the water structure intè' the more ordered ice-like structure. 
1 ~ 

\ 

The relative importance of the diffe'rent terms forming the 
1 

free energy of solvation is controversial, but the total 

effect of all contributions should be a strong positive free 

energy of hydration for -CH2 g~oups coming mostly from the' 

positive enthalpy of the coulombid part of the hydration. (18) 
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TWO PHASE EMF TITRATIONS AND ION EXCHANGE CONSTANTS 
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In th~ preceding chapter partition constants have 
• ol> \ ~ 

been o~tained for some low to medium molecular weight tertiary .. 
alkylammon1um salts. -By combination,- ioncexchange constants 

. " 

can be estimated. In othe ~resentochapter-the experimental 
o 

determination of two-phase hydrolysis equiribria is described 
\ ~ 0 • 

for medium te high mb~ecular weight trialkylammonium salts. 

The io~-exchange ~onstants ob~ained by' combination of these 
~ / 0 

...,{ . ' '" 
constants are discussed together with i~n exchange constants 

determined from results in the previous chapter. 
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A); INTRODUCTION 

The evaluation o~ t~~ two-phase equilibrium con~tant 

K corresponding to thê equilibrium: 
" , 

+ 
+ 

yields information on several aspects of organic solutions of . 
higher mOlecular weight tertiary ammonium salts. K represents 

, 

the inverse' of the formation constant of the salt from the 

organic dissolved amin~ and aqueous acid. It is thus a measure 

of the hydrolysis of these solutions in contact,with aqueous 

solutions. Combination of these equilibrium constants yields' , \ 

ion e~ange constants pf t~~di~soived salts cOnsidered as 

rM."!t.:.d anion exchangers. Furthermore, !I~in? the course of thé 

establishment of K, information on the state of dissociation 
1 

or aggregation of the salt can be collected. 

Several mathods have been employed to eval,uate K. (1) 
1 

These consist in equilibrating an organic phase containing 
\ " ' 

R3NHX or R3NHX-R3N mixtures ~with an aqueous phase,o pu~e water 

or const~nt ionic medium. 
, 

In the technique known as back extraction, ammon~ 

,salt organic ,solution is contacted with water, the pH qf the 
, , 

aqueous phase~is measured and/or the concentration~of ammonium 
'

salt is determined by ,titration. (2.,3,4,5,6,7) V~lues of con-
, T-

centration and activity for H and X ,and free amine and 

) 
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\ 

ammonium salt concentrat~Qns are thus obtained. A semi-

tnèrmodynamic constant KST is deterrntned as: 
( 

" , [Rj'Nl (H+)' (X-) 

[R3N~X] 

117 

If the salt is dissociated or aggregated the constant will 

vary with concentration of the organic phase and corresponds 

to an apparent constant KST wi th: ' 

= 
[Rj'Nl (H+) (X-) 

[R3NHX]T 

where [R3NHX] T = [R3NHX] + ['R3NH+] + 2 [ (R3NHX) 2] + ••••••• 
~, . 

Jn another technique (S,9) an organic amine solution 

is contaoted with enough aqueous acid totran$forrn one-half 

to ammonium salt and the pH is rneasured. The constant KST is ('" 
+ 2 then equated to [H 1 o· The sarne result can be achieved by 

titrati~ ~the organic ammonium salt with aqueous base and 

. taking the pH at ha~ neutra~i~ation. (10) Intermediate 

techniques have also been used. (11,+2) 

Th~above mentioned technique~hav~ several dis-

advantages: Each experirnent yields only one value of the , ' 

equilibri~ q~otient; sorne techniques rely on1a pH measurement 
1 

of a non-buffered, medium or they involve analyses by titration 
s-

of ali~ots of the organic Or aqueous phase or both. The 
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, ,j 

back extraction suffers from extr~me sensitivity to acido-
• 

basic impurities in the aqueous phase. 

For this study the more rigorous two-phase emf titra-

l tion was used. 
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1 

B) TWO-PHASE &MF TITRATIONS 
l 

THE TECHNIQUE 

In', the teclilnique of twoïphas.e emf titration (13,14) 

tn,e ratio [R3Naxl T/[R3N] is constant1y varied -in the organic 

,phase by addition of acid or base to the aqueous phase in 

contact with it. The ratio is then obtained from the initial 

organic phase amine or ammonium salt concentration and the 

nu~er of equivalents introduced as H+ or OH in the a~ueous 

phase. Correction has to be made for the H+ or OH- concen- . 

tration at equilibrium in the aqu~ous phase. 
f 

In the aqueous phas~, â' constant ibnic strength 

medium method is employed with the purpose of keeping the 

activity coefficients of reacting ions con~tant (see section 

D).I The solute used to maintain constant the ionic [strength 

is a salt of the anion, X-, in the equilibpium consi,Çler~d: 

e.g.; MX, 0.1 M. This way the concentration !X-] of. one 

species in the equi1ibriUf is maintained'constant and known. 

The other species H+ ia determined by a glass electrode 

reference e1ectrode system appropriately designed to be 
J 

compatible with, the aqueous phase (see section E, part 3) and 

a110wing the di~ect deter.mination of H+ ion concentration in 

the medium. Defining 0 1 as: 

0' = 
[R3~ [H+]I [X-] 

, \[R3NHX]T 

this concentration quotient can thus be calculated. 

- '! i 

1 
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The constant Q defined as: 
'i 

'. 

.' l '/) 

Q = 
[RjNl [H+] fX-] 

[R3NHXl 

l' ' 1 
can be estima~e~ f~om Q' if the state of dissociation or 

120 

aggregation in the organic phase is known. The semi-thermo-

dynamic constant KST may be determined from estimates o~ YH+' 

YX- ,or y ±HX given by the Debye-Hückel equation or tables (see 

section G, part 5). 

Know1edge of activity coefficients in the organic 

phase is necessary ta determine the thermodynamic equi1ibrium 
:III-

constant K. No information is availab1e on the activity 
• 

coefficients of the ion-paired salt R3N~X or of the free amine 

R3N in nitr~benzene. However, departures from ideality are 

us~~ small for uncharged sol~tes' at the level of concentra

tion encountered in ,this study. (15) The activity coefficients 
1 

of R3NHX and R3N in the,lorganic solvent were takèn as unity. 

(3,11,16,17,18) Furthermore on the basis of resu1ts"obtained 

in other solvents(7,17) tria1kyl~ines were considered as non 
(? 

associated in nitrobenzene. (1,18) 

(' 
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C) SLOPE ANALYSIS ON LOG-LOG PLOTS 

The state of aggregation or dissociation of alkyl

ammonium salts in organic solvents has been studied b~several 
'<} 

different approaches: cryoscopy, ebulliometry, vapour pressure 
\ , 

Qsmometry, conductometry, light scattering, viscosimetry and 

spectroscopy. (1,19,20) Two-phase,emf titration provides an 
\ 

additional means to study the state of the solute in the 

organic phase in contact with an aqueous phase. 

The so-called Z analysis of data fram two-phase amf 

titrations has been developed and used extensively by the 

Swedish school for studies of aggregation. In'this method , 

~he change in shape of the curve obtained by :plotting the 

quantity Z = [R3~HX]T/[R3N] vs. log [H+] [X-] for diffe~ent 
initial organic amine concentration is indicative of aggre-

1 
gation. (14) 

A related way of analyzing two-ph&se emf titration 

data is through a slope analysis of a log-l~g plot. (21) The 
,0 _ '+ _ 

quantity log [R3NHX]T is plotted vs. log [R3N]IH ][X]. This 

method has the advantage over'the Z analysis of offering the 
l ' 

possibility of direct graphical interpreta~,ion(fbY ,slope 

analysis. ' 

Consider a solute i 3NHJS.existing in the different 
, "'-

forma R3NH+X-, dissociated,at l~ edncentrations, R3NHX, ion-

pai~ at intermediate concentrations and (R3NHX)2' dimer,at ,. 
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higher concentrations. 

In the region where the salt exists essentially as 

an ion-pair a lo~-log plot as defined above will he a straight 

line of"slope'one indicative 9f the relation: 

= 

In the region of low concentration where the salt is completely 

dissociated the hydrolysis equilibrium is represented by: 

with a constant 01/2' whereby: 

1 + - 1 = '2log I~] IR ] IX J - 210g 01/2 = 

The plot will be a straight line of slope 1/2. Similarly in 

the region where the salt exists as a dimer only the slope 

of the plot will be 2. Higher aggregates would give slopes 

of cbrrespondingly hitr value. ~ 

The general ape of the log-log plot over a wide 

range of concentration is depicted,in figure 14. , The actual 

plots should have a similar shape with variations depen4ing 

on the location and extent of the various' concentration 

jstability zones of the different solute species. 
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FIGURE 14 
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log [RjN][H+][X-] 

Hypothetical log-log plot for the two-phase trialkylamrnonium 

salt hydroly~is over a wide rang~ of concentrations • 
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D)' THE CONSTANT IONIC STRENGTH MEDIUM 
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The ionic medium used in the aqueous phase serves 

several purposes. A constant and known concentration of X-, 

one of the participants in the equilibrium studied, is main-

tained. It also allows an accurate determination of the 

concentration of the hydrogen ion by maintaining constant its 

activity coefficient. (22) The H+ concentration rather than the 

activity is neede~ in mass and charge balance equations leading 

to the estimate of QI. Furthermore a direct reading of H+ .. 
, activity from a glass electrQ~e ~ystem in a constant ionic 

medium is doubtful since junctiop potentials d~ffer from a 

regular buffer to a given cons,tant ionic strength medium. (23,24) 

In the procedure used here the:glass electrode system is 
, - '" \ 

calibrated' in the given medium" to allow H+ concentration and 

emf to be directly related. Errors due to variations of 

liq~id junction potential with ionic strength are accordingly 

eliminated together with errors due to the possibl~ non ideality 

of the gl.s electrode or the measuring instrument. The 

presence,of the constant ionic medium MX also serves to repress 

the partition of the salt into the aqueous phase through the, 

constant K (see chapter IV) in the case of the low to medium p 

molecular weight salts. 

The molarity of the ionic media was chosen às 0.1 

sinee the Debye-Hückel law is considered to be valid at that 

.. 
; l ., .. 



" 

125 

" 

concentration. Thus activity coefficients for ionic species 

in the aqueous phase could be estimated. More concentrated 

solutions could also increase the alkaline ion error in 

potential rneas~ernents with the glass electrode. 

Potassium salts were chosen (except for the per

chlorate) because they minirnize alkaline ipn interferenc~. on 

the glass electrode. The potassium perchlorate salt was 

rejected on the basis of ion-pair formation in aqueous solution. 
( 25) Furthermore a decimolar solution being close to satu-

ration (at 0.15 M») problerns of liquid junction clogging by 0 \', 

precipitation coul4 be expected if the 1 M KCl solution was 

used as ,a salt bridge. A decimolar solution, of the sodium 

salt was used in the casd of perchlorate extraction systems. 

The glass electrode - calomel electrode system was 

calibrated for each constant ionic medium. The relationsaip 

between potential and hydrogen ion "concentration was ~tabliShed( 
\ 

and the measurement of the ionization product of water in each 

medium was effected. These expe+~rnents and their results are 
, 

described in Appendix VII. 

1 

\ 
i 

" 

" 



J 

E) EXPERlMENTA~ PROCEDURES 
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'1. Chemicals 

1 
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J 

The salts KC1 (Baker analyzed'lre~~tJ--,--KBÇ--(crystals, 
~~-

Fisher certif~ed), KI (crystals, Fisher certified) and 

NaC,104 -H20 (Fisher puri~ied) were used ~ith6ut purification. 

The salts KCl, KBr 'and KI were dried for two hours at'120o. 

Th'e concentrated acids wel'e HC1 37.9%. (Baker, reagent 

grade), HBr 47.9% (Baker, re~gent grade), HI 64% (BOH, Ana1aR) 
l' 

and HC104 70% (AnacH~ia, reag~nt grade). The preparation of 

trialky1ammonium salts and the ~urification of trialky1amines 

and nitrobenzene have been described (see chapter II). 

2~ prep!ration of solutions 

a) Aqueous solutions 

Stock mo1ar aqueous solutions 'of KC1, KBr, KI, NaCl04 , ,. 
Hel, HBf,' HI and HCI04 were prepared. Since the salt NaCI04·H20 

is hygroscopie, the mo1arity of the stock solution was deter-
, t j 

mined by t~trat1on o~ the acid eq~ivalent displaced on a cation 

exchange resi,n (26) (Dowex 50W-X8, H forro). A standardized 

decimolar NaOH solution was used to determine the norma1ities 
'. 

of the aqueous acids. The NaOH solution was preparéd from a 

carbonate free 50% solution. A stock KOH solution (ca. 1.5 M) 
1 

was prepared by dissolving 60 g'of KOR (Anachemia, reagent) in 

500 ml wate~. The carbonate was removed by addition of small 
• 1 

J ' 

, 
/ 
, , 

" 
< ... ~ 

1 Ifl 
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( 

qu~ntiti~s of concentrated BaC12 solutions unti1 no more 
.. _...--
precipitate formed. The .solution was then filtered through 

glass fibres. Alka1i solutions were kept in plastic bott1es 
\ 

and protected from atmospheric carbon dioxide durin~delivery. 

They were standardized us~g primary standard potassium.hydrogen 

phthalate. 
'\ 

A1l other solutions were prepared by dilution of the 
.1 1 i 

stock solutions and when necessary their normalities were 
/ 

\ 

checked by st~ndard methods. Water used to prepare solutions 
<\ 

was distilled.deionized water which was boi1ed shortly beforè 

use to remove co2• It was saturated with nitrobenzene at room 

temper&..ture. 
If 

Denotirig the constant ionic medium salt, the acid 

and alkali used in tit!ants as~, HX and MOR respectivel~, the 
, "1 

following solutions were prepared: MX 0.1 M, HX 0.1 M and !-PC 
• \ 0 

0.1 M, HX .0.01 M and MX 0.1 M, HX 0.001 M and MX 0.1 M, MOR 

. O.' 1 M, MOR O. 01 M and MX O. 09 M. 

b) Organic ~lutions 
\ 

Organic trialkylammo~ium salt solutions of 1s ixteen 
~ 

different salta were prepared. These were th~ chlorides, 

bromides 1 i,odides ~9 per~hlora tes ~f tridpdecylanunonium to 
l , 

tributylammonium with the exceptions of TBAHC1, TBAHBr, TBAHI 

and TPTAHCl. The procedure followed fOr the preparation was . 
by dissolution of the salt or by Bol vent extraction ~rom the 

( 
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organic amine solut~on. ~his was identical to the procedure 

described in chapter III. The decimolar solutions were 1 

standardized by potentiometric titration with ethanolic ,KOH. 
l ' 

Centimolar and millimolar solutions were prepared by dilution. 

Organic decimolar trialkylamine solutions were, 
- 1 

prepared bi direct dissolution of the purified amines. Pipettes 
\ 

were not used to deliver volumes of thèse solutions since these 
1 

were found to deliver unevenly. Known quant~ties were thus 

transferred gravimetrically. The decimolar solutions were 

standardized by titration with HCl04 in acetic acid. The 
~ 

procedure used was the sarne as the one despribed for amines 

(see chapter II, section B). The end-point was detected 

potentiometrically and the potential break represented ca. 120 
. 

mV within .5% of the end-point. Centimolar and millirnolar 

solutions were prepared. 

3. Electrodes and potential measurement 
, 

The electrodes used were a Beckman double shielded 
1 

Il 
39000 glass electrode 1 and a Fisher calomel electrode #13-,639-51. 

... ' 

The originally sat~rated calomel electrode was mOdified, to a 

1 M KCl calomel electrode. The main feason for this change is 

the considerably lower tèmperature'dependence of the potential 
..., .. ~ 1 

of this electrode compared to the saturated calomel electrode 

(. 2: m~vs •• 8 mV/ O
). In the ·saturated calomel electrode 

crystallization of KCl in the tip can also oceur frequently. 

" ~ 
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The calomel electrode was separated from the solution 

in which a potential measurernent was to be done by a salt 

bridge of l M Kel provided by a Remote Reference Ju~ction 

(Fisher #13-639-55). The calomel electrode was thus protected 

from the temperature chançe,that' would occur from room temper

ature (23 ± 1°) to 25°, the temperature of the solutions. The 
, i 

reference electrode was placed ca. one foot above the solution, 

dipping three cm in a 125 ml separa tory funnel connect~d by 

the stem to the "remote reference -t;;hrough Tygon tubing. The' 

funnel, tub~ng and remote reference were filled with l M KCl 

solution (see figura~15). The hydrostatic head was believed 

to give improved stability to the flow of electrolyte in the 

porous ceramic plug serving as liquid junction between the 

salt bridge and the solution. ~table P9tentials could he read 

with a reproducibility of ± .2 mV shortly after inserting the 

solutions. 

The potential of the electrode pair was measured 

using a Fisher Accumet pH meter Model 320 w,ith expanded scale. 

\ 1he expanded mV scale orlly was us~d and ca~ibrated using a 

precision potentiometer' (Leeds ël:nd Northrup Volt Potentiometer 

Overlap of the different scales was adjusted. The 
, 

6 found not to be perfectly linear in the low mV range. 

4. 

The ~ __ ~~~tions were carried out in a 

l , \-
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"-
100 ml jracketed beaker maintained at constant temperature by 

circulation ~f thermostated water (see chapter III). A 50 ml 
, 0 

volume of aqueous constant ionic strength solution was pipetted 

into the beaker which was later covered with a lid to maintain 

a nitrogen blapket. The solution was agitated for 30 min in 

orderto degas., The or~anic phase_~as then( intrèd~ced (usual

ly ro ml) by means of a pipette; Decimolar amine solutions 

were transferred directly from their flasks and the volume 

calculat~d by weight difference (see part 2 above). The \ 
p 

electrodes were introduced through holes in the lid and dipped 

in t~,e aqueous phc:se to a depth'-of ca. two cm. The titrant 

was added from a burette, the tip of which was ipserted in 

another hole in the lid (see figure 15). 

For each salt six titrations were performed covering 
~ 

rv', 
\ 

approximately threedecades of total organic salt concentrations 

from 10-.1 to 10-4 M. ' Three titrations were performed by' ti-
l " 

trating,the amine in nitrobenzene with aqueous acidic titrant. 

Three titrations involved titrating the ammonium salt in nitro-
"\ 

benzene with base. 
Cl • 

The three titrations covered an organ~c 

amine or salt concenttation 

centimolar and millimolar. 

which ~ucceSSiVelY decimola~, 
For~ch titration five points 

were usually recorded, i.e. at 10%, 20%, 40%, 60% and 80% of 

-'equivalence. 

After addition of titrant the two phases were mixed 

1 

by means of a four cm magnetic bar irnmersed in the' lower organic 

1 
î 
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phase. Equilibrium was. attai~ed when the potential reached 
\ 

.~~~ a stable value c (change of less than '.2 mV in 10 min). The , l rl.... ,.... 

,\ 

• J) 

/ speed of rotation of the stirrer had no.significant -influence 

on the equi1ibri~ potential reading. It had however an 

influen~e on the equi1ibration time. A high enough rotation 

speed 'was adopted so thàt equilibri~ could be reached in 

less than one hour for each point. The two phases never 
-

formed a stable emulsion and separated quic~ly into two trans-

parent phases when stirring was stopped. 

In order to estimate the E~ value applicable in the 

pote~tiall- hydrogen ion concentration relation (see"Appendices 

VII and X) the potential of a reference acidic solution was 
, 

measured before and after each titration. 

IV • >t 
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METHOD OF CALCULATION 

, 
For each point in a two-phase e~f-titration the 

, + - ' , 
quantities [R3NHX]T' !R3N] , IH ] and IX ] ~an b~ determined 

from the potential reading ~nd the knowledge of initial con

centrations: the total concentration of amine, c~ (or ammonium 

salt, c~) in the organic phase of volume Vorg and the salt 

, concentration c of Mx in the agueous phase of volume VO 
• aq 

A known volume Vadd of titrant of known composition is added 

and the concentration of H+ ions in the aqueous phase is 
, 

determined by a potential measurement. ~+ (or. nOH-) is the 
. "\ 

number of meq of aC1d ,(or base) introduced by the titrant. 
1 

,For tne case of a two-phase titrat~on of an amine 
1 ~ 

organic solution with an acid HX mass balance and charge 
-

balanoe equations may be written: 

= ( 5) 

[R3NHX]T is the total concentration of all forms of ammonium 

salt (ion-paired, dissociated or aggregated). 

'. 
VO 

aq c + V ~dd (c + ~+ ) 
Vadd 

---"' . . , 
where Vaq = VO + Vadd aq 

1 

) 
. 
! 
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\ 

and: 

( 

IH+] + [K+J = !X-] + [Og-J = c. 

The ~oI16win9 expressions can'be deduced: 

[R3N] '" (6) 

r ] 
V
l1i+ -~ {Ig+] - IOB-J} R3NHX T = V 

1 -org org 

= (8) 

\ 

In the reverse case of a titration of the organic 

àlJllllOni um salt by aqueous alka1i, eqs. (6l and (7) are changed 

to: 

n
OH

-" 
= -+ Vorg 

( 9) 

(10) 

.. 
measured (see Appendix VII). 
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2. ·Applicability 

In the cases consiqered.above the ammonium salt is 

considered as being absent from the aqueous phase. However 
1 

for sorne medium and low molecular weight species a non negli-
D'< 

gible fraction of the ammonium salt might migrate te the 
t '\ 

aqueous phase. 'Thermodynamic R values representative of the 
• p 

equilibrium ~R~3N=H==X ~ R3NH+ +"X have be;n determined in the 

preceding chapter. 
, - + 

As an approximation the' partition ratio [R3NH li 
~ 

[R3NHX]T of salt between nitrobenzene and the aqueous phase 

'can be equated to K ly+2,c '(see following part 3) and the 
p - c 

percentage loss of organic salt to the aqueous phase to 

100 Kp Vaqly±2 Vorg c, i.e. ca. 8000 Kp. 'If an errer of 1% 

(corresponding to the petentiometric error of .2 to .3 mV) 

is incurred, the maximum value of R , admissible befere , ,p 

appreciable "loss of organic salt to the aqueous phase occurs, 

is seen to 1)e: 
l _ -4 

Rp = 800 0 - 1. 25 x IO .' 

From Tab}le 6 in chapter IV th~ following thirteen 

salts éan be considered to be negligibly extracted into the 

aqueeus phase: TLAHCI, TOAHCI, TLAHBr, TOAHBr, THAHBr, TLAHI, 

TOAHI, THAHI, TPTAHI, TLAHC104 , TOAHC104 , THAHC10 4 and TPTA

HCl04• For the other salts of low molecular weight in each 

series, eqs. (7), (8) and (10) do not apply and a different 

approach i8 necessary. 
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3. Lower molecular weight salts 

For ~hese salts eq; (5) , the total amine mass balance 

equation, 

CO V 
Borg 

has 

= 

to be modified to: 

Introducing the pa~tition constant Kp one can write: 

K = p. 

where Yi is the mean activity coefficien~ of R3NHX in the 

aqueous phas~ If the fo1lowing assumptions arè made: 

[R3~HX1T = [R3NHX] and [X-] = c 

the following expression is valid: , 

K -----[R3~H+) = -f-rR3NHX]T 
Yi c 

, 
(11 ) 

) 

Eq. (11) can be rewritten and expressions developed for [R3NHX,l T 'f 

and IX-] replacing eqs. (7) 1 (8) and (10). These ~xpressions 

can be found in Appe~dix VIII. Their range of validity i8 
A 

limi ted"'however to the less di8sociated and the lees water 

, " part~tioned salts: THAHC1, TPTAHBr and TBAHCl04 (see Appendix 

IX). 
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4. Partition of the amine 

In deriving the preceding equations the as sumpt ion 

was made that the free 'ami;ne dissolved in the organic phase 

did not migrate significantly to the aqueous phase. This wa~ 

verified to be the case for tripropylamine. The constant 

rèlative to 'the e~ilibr~um R3N t R3N ~as measured to be ca. 

-3 * l~ • Constants for higher molecular weight amines were 

considered fO be even smaller and the concentration of free 

amine in the aqueous phase to be in aIl cases negligible. 

! 

, ," 
< 

*A 10 ml volume of a .1 M TPRA solution in nitrobenz~ne 
was contacted with 50 ml of nitrobenzene-saturated deionized 

water. The pH was measured as 10.88. Knowinq thé pKa value 
for R3NH+(27) (\0.7) and calculating for [R3N] as IR3NJ = 'i 

Ka 'K~/ rH+] 2, . the value of ~e equilibrium constant was estimated \ 
as 1 x 10-3• (See also reference' (21) in chapter IV.) 
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G) ty!iSULTS 

1. Values from.log-log plots 

The log-log plots for various trialkylammonium salts 

appear in figures 16 to 31. The experimental data'from two-
, 

phase emf titrations appear in Appendix X. 
. -3 -4 

In the low concentration de cade 10 to 10 ,M in 

total ammonium salt drift and oscillations were frequently' ~~ 

observed. Drifty values ~ere not recorded and oscillating 

values wer~ averaged. In the case of the iodide s~lt solutions 

systematic drifts towards lower Evalues were observed in the 
\ ' 

three 'concentration decades for solutions with Evalues above 

certain thresholds (see data in Appepdix X). This seems to 
. 

\ 

indicate the onset of a decomposition reaction and renders 

uncertain the values recorded even for the more stable points. 

It was found that in this system aIl values ~ould eventually 
l , 

• -2 -4 ~ drift in the low concentration ranges (10 to 10 M total 

ammonium salt). No attempt was made to clarify the reaction 

responsible for these drifts. One possibility is oxidation 

of iodide by traces of dissolved oxygen through the reaction(28}: 
Il 

.. 
+ 

The rate of this oxidation increases rapidly with increasin~ 
, \ 

acidity (i.e. increasing Evalues here). The reaction would 

.... 

, ' 
" 



" 

.J 

1 

! 

FIGURES 16 to 31 

Log-log plots of various trialkylammonium salts fro~ 

nitro~enz~ne-water two-phase emf titrations. 

0, orgànic amine titrated with aqueous acid; 

., organic ammonium salt titrated with aqueous basei 

straight 1ines are of unit slope and were calculated 
1 

on the basis of the equilibrium: 
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be catalyzed by strong l;.ight,t, 

o 

.. . 0' 

In the experim~nts performed, iodide containing 
~ 

solutions, prepared from boiled distilled water, were stored 

under a nitrogen atmosphere. Oxygen oould remain as traces 
\ 

and be further introduced through transfers~and delivery of . "'---, 
the tit.rant. 

2. Log~log plots 

a) Chloride system 

. ;, 
qualitative examination 

Allo plots were linear with a slope of one. On this 

.. basis the solute should exist under the forro of an ion-pair -

over the concentration range studied. No significant,disso

ciation was evident. Values of Q seemed to vary little from 
~ 

the trihexyl to the tridodecylammonium salt. 

b) lBromide system 

AlI plots appeared linear with a slope of one in 

the 10-1 M concentration decade •. Deviations begin to appear 
-2 ' ~ -3 

in the 10 M decade and increase in the 10 M decade. The 

solute may be considered as ion-paired at hiqher concentrations 

and to!uridergo a degree of dissooiation in the lower èoncen

aCcessible from the first decade ., 
t~,pent~l 'tf? the "'Eridodecylammoni~m 

tration ïranges. 'Values of Q 

seem to be constant from the 

salt~ 
f 

"- .. 

, \ l .h 



.~ t , . 

" ' 

1 , l 

, ' 
/ 

" 

Q 

" 

' .. . 

lS9. 
',- ! , 

c) Iodide ~stem' 
1 

Behaviour similar to that of the bromi~e system was 

observed. However deviations frorn a slope one in-the lowèr 
/t"~ b 0 \ 1" 

concentration dec~d~s was mori.important than in the bromide 
", '" , , plots"indicatinq a higher dissociation. Va~ues of d:àccessible . ' :..,. 

','j:rom the ,fir~t decàde" seèmed not to vary from tripentyl to 
Q .. ~ " .... 

tridodecyl salts. 

" 
, " d) Perchlorate system 

,1 

, 
AlI ,plots showed similar b~haviour. The ,slope ~e-

, creased regularly from hi~b to l6w concentrations co~responding .. " 

, "to a value close to' one to a value close to one half. Th,us 
'" 1 1 

ion-pairs seemed to be predominant at high~ çoncen~ration and 

dissociated ions at low concentrations. The rel~ive positions 
. 

of the plots, at high concentration seeme;d to indicate that Q 
1 

,~ values are similar for tribut yI to tridodecylammonium, per- 'p 

chlorates. , " 

/, 
) , J 

e) Higher organic salt concentration tegion 

Examination of the r'egion of" h'igher organic salt 
, 

concentration on a~l' log-log plots showed that in no system 

~, .~id the experimental curve have a slope significantly higher 

than one. This is interpreted as showing that rio extensive 

" forma'ti9n of species of higher molec~lar weight than the 
~\ \ 

ion-pair occ~s in the range 0; concentration studied (see 

l , 

" . section H). 

" 
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3.' Estimation of 0 and Kd Graphical method 
1 

From an exarnination of the log-log plo~s it was shown 

'that the alky1ammoniurn salt existed mainly in the forms of ion

pair and dissociated ions. No systernatic or significant sign 

of aggregation cquld be'found. 
, 

If the systems can ge entir~ly represented by the two ' 

equi1ibria with constants K and Kd,then the followipg graphLca1 

procedure can be ~s~~. A family of ~urves is calcu1ated and 
" reproduced in figure 32 which represents the theoretical 10g-

~og plot", of a nurnber of systems for a given 0 value wi th 

varying Kd va1ues r The straight line of alope one represent~ 
o 

the system without dissqciation;"systems with incJeasing Kd 

values (;rom 10-5 to 7 x 10-3) deviate frbm the stra{ght line 

in ~n increasing rnanner. The devi~tion is minute for a Kd of 
-5 0 

~O and noticeable only a~ the lowest concentrations; it is 

important for a,higher Kd and noticeable at aIl concentr~tion~. 

A change in,O value does not change this pattern but just shifts 

the set of curves horizonta1ly on the log-log plot. 

To calcu~ate the set of durves an i ter,a,tion method 

,similar to the one des,cribed in Appendix V, with an averàge"a 
,:. , { 

value of 6" permi ta for gi ven Kd and [R3NHX] T" values to calcu

la~~ IR3NHX]: ,0" Thel'l( ,once the refe~'ence' straight line of slope 

one on the' log-log plot ia selected data points of ordinate 
" \' 1 • 1 

[R3NHX)T can be "Pla'ced above points on t~e straight :Ll.ne of 
. 

ordinate [R3NHX). 
'?' 

,-

., . 
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HYP9thetical 1og~1og plots for two-phase emf titrations 
.. 

.i; using ,various.Kd values and,a constant Q~ two-phas~~ydro1ysis 
, 

cons'tant . 
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, \ 

The/e~perimenta1 log-log plots can 'then be compared 

by superimposi~ton to the <standard curves. The best fit is 

se1ected. The Kd value is ,thus estimated and the Q value 
1 1 .. :) 

evaluated from the position of the cQi~esponding'straight line 

of slope:one. 

In the case of the ch10ride plots Kd ,could be esti

mated to be osma1ler
1 
th~n 10-5 • A11 experimental curves could 

o -5' "1 
fit in between tbe curve for a ~d~of 10 and the curve for a 

non-d1ssociated'species. Furthermore it can be calculated 

-5 that point$ on a th:oretical curv~ of Kd of 10 deviate as 

an average by l~~s than 10% (in QI values) from the correspond

ing straight line. IThislis of the same magnitude as the 

reproducibility of several points in an exp~rimental çh10ride 
\ 8 

\ 

plot. No a~ternpt was made to estimate Kd' values graphic~lly 
1 

or by computation in that,series. 

Results are lisJed in the fo1lowing table (Table 9): 

1-

, , , 
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TABLE 9 

Graphically estimated Kd and Q velues 

amm:mium 
salt 

TBAH 

TPTAH 

THAH 

TOAH 

~ " 

TLAH 

. -

Cl 

< 10-5 

3.5 x 10- 7 

< 1'0-5 

3.5 x 10-7 

< 10-5 

3.5 x 10-7 

* Rd approximate~/' 

Kd,in mol R.~1 
o in mo1 2 t-2 

. r 

1 

Br 

'ù 5 ~ 

4.0 x 

1 

' '''5x 
1 

3.5 x 
'i 0 

'ù 5 x 

3.5 x 

'" 5 x 
, 

3.5 x 

10-5 

10-8 

10-5 

10-8 

10-5 

10-8 

10-5 

10-8 

* l 

'ù 2 x 10-4 

2.0 x 10-9 

'" 2 x 10-4 

1.9 x 10-9 

'\, 2 x 10-4 

1.8 x .10 -9 

'" 3 x 10-:4 

2.0 x 10-9 
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4. ~stimation of 0 and K- b~ d 
computation 

a) General ' , 

The preceding visual method is approximate. It is , 
, 

possible to calculate directly from the dfba points on the 
1 

log-log plot the pair of Kd and "0 values fitting each system 
.J " 

, best. Each data point consists of a pair of values IR3NHX]T 

+ -an.4 IR3N] rH ] [x ]. , By an ïteration m~~od each IR3NHX] T value 

yields a value" of IR3NHXJ for a given Kd value. 0 is calculated 

for each point as [R3N] IH+],IX-] / [R
3
NHX]. If the correct value 

of Kd has been selected, Q'should be a constant over the whole 

concentration range. The plot of IR3NHXJ vs. IR3NJIH+JIX~] 

should ~e a straight line of slope one. 

Several Kd values are tested around the approxima te 

Kd found by the visual method. The value that minimizes the 

spread on Q"values is select7d together with the corresponding 

o value. Details on the computation can be found in Appendix 
\ 1 

1 

XI. In figures 16 to 31 the corresponding straight lines of 

slope' one were drawn for eàch system. 

~) The oh1oride series 
1 

These salts gave log-log plots which were linear 

and of slope one. No computation of 0 or K by the precedi~g 

m~thod was attempted. Values of QI calculated directly for 

each data point were averaged over the entire concentration 
1 

( , 

" 1 

1 
j 

1 

1 
.1 
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range g~ving the fol~owing res~lts: THAHCl,~Q = 3.6 (± .2) 

-7 -7 x 10 ; TOAHC l, Q = 3. 3 (± • 2) x 10 ; TLAHC l, Q = 3. 4 (±"~ 2) 
1 

c) The bromide series ) 

A complete computation was attempted; Kd values 
, -5 -4' ,t' 

ranging between l x 10 to l x 10' were tested. Values in 

this range which minirnized the standard deviation on Q were 
~'i 

found. The corresponding Q values with their standard devi-

ations are listed in the following table together with the 
t 

Kd values and their ranges. 

TABLE 10 

f 
Caleulated Q 'and Kd values for the bromide salts 

d) 

TPTAHBr 

THAHBr 

TOAHir 

TLAHBr 

'\ 

The iodide series 

Q x 108 

\ 4.2 ± .2 

3.7 ± .2 

3.7 ± :2 
3.6 ± .~ 

JI 
1 

Kd.X 105 

5 ± 3 

5 ± 3 

7 ± 3 

5 ±l' 4 

\ 

, C;; , , 1 
Sinee relatively few stable data points were found 

in this system and all of these in the, upper concentration . 
de~ade, no direct computa~iori of Kd and Q was attempted b~ 

/j 

(J 

i 
l 
l 
j 
'1 

f " 
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• 

rather the resu1ts from'the visual graphical method were 

believed to give a reasonable approximation on the value of 

Q. These appear in Table 9. 

'el The. perchlorate series 

The results of a complete calculation are presented 

.below in Table -Il. Kd values ranging between 10-3 and 4 ~ 5 

10- 3 x were te$ted. , 
TABLE Il 

1 * 
Calculated Q and Kd values for the perchlorate salts 

'\ 
1010 10 3 

Q Kd x x 

,TBAHCI04 3.0 ± .3 2.0 ± .5 

TPTAHClO4 2.7 ± .2 2.0 ± .5 

THAHCI04 
'\ 2.5 ± .3 2.0 ± • Sb 

TOAHCI04 2.7 ± .3 2.0 ± .5 

TLAHCI04 3.0 ± .4 °2.5 ± l 

~: The partition of MX between; the aqueous' 
medium and the nitrobenzene ph~ was disregarded. Conduc-, 
tivity'measurements done on nitrobenzene phases equilibrated 

with O.l,M aqueous solutions of NaCI04, KI, KBr or KCl showeq 
the concentration of ionized inorganic salt '111 nitrobenzene 

to be in aIl cases negligible. 

ir: 

~ 
' , 
" 

? ... 1 , ,. 
'JI. 
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5. A~tainment of equi1ibrium. Sources of erro~ 
1 1 In aIl cases at~~inment of equilibrium in the two-

phase emf titrations was verified by comparing pata points 

on the log-log plots obtained by direct and reverse titrations 

(see figures 16 to 31). In ge~eral titrations of.organic amine 

by acid and of organic ammonium,~alt by base in the same con-

centr~tion decade gave data points that coincided (from their 

Q' values) within 5% or less. The difference\was attributed 

in good part to potentiometric errors (.2/.3 mV or 1% in ' 

concentration on each potential reading).. In several cases 
.P 

the points for one titration °would 1,ie systematically above 

or below the point.s obtai.ned by the reverse- titration ,(within 
, 1 • 

u~ally less than 5% in Q' values). This could be attributed 
'~, 

partly to the potentiometric error and to the influence of 

poss~ble impurities in the constant ionic'strength aqueous 
1 « medium, such as disso1ved CO2 or 02 in the case of the iodides. 

The prefence of low level;, acidic or basic imfuri ties in ei ther 

\the initial amines or'~mmonium salts ~~~lSO be invoked. 

The presence of low level impurities in the constant ionic 
. l '~ 

strength aqueous so~ution could also have the effect of shifting 

pOint~ significantly in the low concentration r~ion 

log-log plots. These impurities cou Id come ~ot{onlY 
in the 

'from ~the 

water (C02) but also from th~ s~lt dissolved in it.· (The 

presence of carbonate has been r~ported in commercially 

available sodi~ perchlorate. (29») . ' 

'<t 

r 

e 

j 
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c 

The assumption of constant ionic strength in the 

aqueous phàse can be examined. The concentration of X- as 
f 0 

calculated by eqs. (8), (16) or a. 7) never deviated from .1000 M 

by more than 2% which wou1d resu~t in neg1igib1e changes in 
lJ \ 

the 1iquid j/unction potentia1 or in, activi ty coefficients in 

the aqueous phase • . 
" The assumption of constant ratio of activity 

coefficients for R3NHX and _R3N in the organic phase 5eems to 

be justi.fied by :the smo0t:hness of the plots on the log-log 
--

scale, be,4:.;they plots .of [R3NHX]T vs. [R3N] [H~] [X-] or the 

correspG~ingl linear plots corrected for dissociation. ~he 
activity coefficients 'fann6t actually be proven to be unit Y 

by this method. 

In the case of iodides the accuracy<of the visual 

mè.thod was be1ieved to be ± 5%. To ~s a standard dev~ation 
,,," 

,of 10% was added giving a range of ± 15% around the 1 values 

list.ed in Table 9. 

6. Final K values and ion exchange constants 

4 In order to obtain the thermodynamic constant K 
" ' .. 

from Q values, an estimate of the activity coefficient of 

low concentrat'ionl of HX in 0.1 M MX is necessary. This is 
• 

obtained by applying'the extended forro of the Debye.~Hückel 

law (see Appendix IV) yielding YH+ and yx~ or Y±HX' A value 
~ 

of .79 for IYH+YX- is obtained in fll cases and is seen to be 
'. 

'\ 
\ 

• 
~ f , 

1 
t , 

1 
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\ 

close to the values of Y±HX tabulated for 10-1 M solutions of 

• * HX (HC1: .796, ,HBr: .805, HI: .818, HCl04 : .803). 

~ Table 12 gives the final tabulation of log Q and 

l' log K values. 

(~~' 

TABLE' 12 

'" 
Log Q and log K values 

1 • 

system '" Cl Br l 

-9.52±.05 
TBAH 

, -7.38±.02 

-9. 7l+. 05 

- 8 • 70 ±'. 06 1(" -9 • 57: • 03 
TPTAH ) 

-7.58±.02 -8. 90±\. 06 .... 9. 77±. 03" 

, -6.44±.03 -7.43±.02 -8.72±~06 -9.60±.05 
;;0.> 

THAH 
-6.65±.03 i -7.64±.02~ -a.90±.06 -9.76±:15 

----~--------~--------------------~------~~ \ 
TOAH 

TLAH 
{>.. 

-6.4~±.03 -7.43±.02 -8.74±.06 -9.57±.05 
/ 

-6.69±.03 - 0 -7.64±.02 

-6.47±.03 -7.44±.03 
", 

... 6 • 6'1'S.. 0 3 -7.65±.03 

* , 

-9.74±.05 

-8.70±.06.,.' -9.52±.06 

-8.90±:06o -9.69±.06 

log 0-

log K 

See reference (19), Appendix B. 

, 1· 

, " 
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1 
The constants K can be combined for each seties of 

salts to give ion exchange equilibrium constants. The 
'-

equilibria: 

and 

with·90nstants KI 
! 

equilibrium: 

-+ R3N + R3NHXI + 

.. 
-+ 

I
R3N + R3NHX2 + 

and K2 , cart be ., 

r _ 

+ -H ;'XI 
v 

H+ + X -
2 

combined to yield the &J.lowing 

~ 'R3NHXI + X2 

Th~Ui{ibrium describe~ .0-

the exchange of anion Xl from the 
~ 

ion-pairt& salt in nitrobenzene R3NHXi for anion X2 in the 
w. 

aqueous solution. The dons tant for this ion-exchange equi1ib7.iUm 

..,. is Kl2 with: 

= 
[R3NH~2] [X'l-] 

[R
3

NHX
I

] [X
2 
-], 

" 

= 

Similarl~\f~r the salts of low to middle molecular we!ght -for 

which no value of ~ was obtainablJ, Kp values (determined in 

chapter IV) can be combined to obtain the ion exchange conrst.ants: 

= 

I~ Table 13 the \ ion exchange constants for the couples, 

•• .J , " 

' , 

1 

1· 
l' 
1 
l· , 
i 
1 

t 
) 

i i~ 
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Cl-/Br-"Br-/I~, and I~/CIO~ are listed fo~ e~èh ~i~lkyl-. 

armoonium aeries. 
1( " .. 

TABLE 13 
\, 

Ion exchange constants lo~ K12 of trialkY1ammonium,Ja1ts 

* 

TPRAH 

TPTAH 

! 

THAR 

ft 

ft 

TOAH 

TLAH 

• 

t 

, 
*t l.01±.01 

*t ,,98±,.,01 

~~btained from Kp values. 

t Obtaj,riéd 'f~om K values p, . 
ft" 

L1 ~ , 

. , 

o 1.. \ 

1 _ r L 

) , 

1.26±.03 ~ 

* 1.3S±.03 

* 1. 2s±. 05 , ' 

If 
h~3t.02 -

1. 26± •. OB 

1.26±.OB 

u , 

* .92±.04c 

. .: * 
'.82L03° 

o * .,86±.04 

• 87±. 09 -n 

• 

.84±.1l; 

l> 

'.79±.12 

qased on one conèentration level. 

• " ,1 

, 
o 

~~!~î#JIJ..Q~i • ; 1 

1>-. , 

\ 
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For a ~ew salts values obtained by both me tho ds are 

available •. In most'cases there is no significant difference 
• 

c 

between the' t~o values. In"the case of THAHCl,\ the value 

obtaine~by ~~o-phase emf titratiôn ~as believed to be more 
, 0 

x:eliable sinbé it was obtaineCl. from more ~xperimental points. 
1 

. " 

/ Il 
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1 , , 

H) DISCUSSION 

The technique of two-pha~e emf titration has been 

see~ to,yield values fo~ the hydrolysis equilibrium constant, 
" -

K, of various Middle' and'~igh molecular weigh~ trialkyl~on~um' 

salts disso1ved in nitrobenzene. Information on the aggregation 
, 1 

or disspciation of these sa1ts in the organic phase has also 
'~ \ \ '-

been o-pollected. \ 

-. 
J. Agg~egation and dissociation 

Dissociation constants'obtàined by two-phase emf 

titratio~ can be compared to the, ones obtained by conductometry 

(see Tables 2', 9, lb and Il). \The pKd values by cond?ct~metry 
, 

(chlorides ~ 5.0, bromides ~ 4.5, iodides ~ 3.4, perchlorates 

~ 2.4) are in fair agreement with values from two·phase emf 

titrations (chlorides < 5, bromides ~ 4.3, iodides ~ 3.7, 
, 

perchlorates ~ 2.7). No significant trend with alkyl chain 

length can be observed in values obtained ~y potentiometry 

since they are associated with high standard d~viations. No 

precise value was obtainable for the chloride salts by poten

tiometry (see section G, part 3). At this low level of disso-
" 

ciation deviations from the slope one line_were considered to 
; 

be non significant. Furthermore the influence of low lev~l . 
impurities in ,the aqueous phase would mak.e their determination 

uncertain. values, of Kd for bromide salts obtained by poten-

!li; 

•• 

î. , . 
; 

-, 
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/ 
tiometry were seen to be'associated with important standard 

, , 
deviations making only their order of magnitude significant. 

\ 

'" . 
Values of iodide salt dissociation a!e o~ly semi-quantit~tive 

. 
because of iodide decomposition. The dissociation constants 

! 

of perchlorate sa~s obtained by two-phase emf titra,tion' 

compare favorably with'va1ues from! condu9~ivity meas~em~nts~ 
Agai~ if the discrepancy is assigned in p~rt ~o lo~ lev~ 

,- , 

impurities in the aqueous phase it is interesting to not~ 

~hat'pKd values calculated by omitting th~/low concent~at~on 
1 

decade polnts in the two-phase emf ti tra1yion are' seen to 
f 

1 

acjree bet~er with conductivity values (pKd IV 2.4 in both cases). 

, From an examination of the log-log plots in the 

upper concentration region'occurren~e of significant aggre-

gation could be disregarded. Confirmation of this cornes from 

the fact that Kd'values determined conductometrically for low 

salt poncentrations,where aggregation is neg1igible compare 

fav~oa ly with K~ values obtained over a wider range of con

centr tion. Furthermore the absence of any significant genera1 
) 

trend in K values measured over a decade of organic salt c9n-, p 

ce~tration (from 10-2 to 10-1 M) supports ~he argurnen~ ~gainst ~ 

aggregation (see chapter IV and Appendix VI).. ' , 
\ 1 

Final '. t is interesting to note that the relative 

standard d iations of Q oséillate ~round 5 ~_d 10% for meas-, 

urements perfO~d over a .three decadE{ range of cOricent,rations. 

T~iS correspondS, a.,JrclximatelY tr what should be exp~cted 
knowing the repro ucibility of t~o-phase emf t~tration'dâta 

CI 
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between the direct and the reverse titrations. 
; 

2,. K values. Basicity of amines. 

A few of the -log K values tabulated in Table 12 can 

be compared to ~~lues 'determined by other workers: TOAHCl, 
'il 

(2)· (4) (4) 
6.75 vs. 6.69; TLAHCI, 6.78 vs. 6.67; TLAHBr, 7.70 . 

• (4) '" 
vs. 7.65; TLAHI, 9.00 vs. 8.90. The agreement is good ~n , 
al~ cases. Müller and Diarnond(3) gave a value of pK = 7.45 

for ~LAHCI04 corresponding to the following equilib~ium:' 

1 R Na+ + CIO- t R3N + H+ + ClO~. 
3 J J' 4 

A corresponding value"from this work would be 7.0 (obtained 

,as pK - pKd). The Müller and Oiaritond treatment however was 

admittedly inaccur~te si~ce consideration of the association 

of dissociated ions ta ion-pairs is, ignored • 

From an exarnin~tion of K V~lues obtained in this 

work f9r a variety pf salts two major elements àppear, the 
J 

constancy of K with increasing carbon chain length for the 

sarne anion and the marked influence of the natdre of , '. ' 

the anion.' 

No significant t~end could be found in the K values 

in a given series of salts when going from tributyl or tri

pent?larnine to tridodecylamine (Table 12). If the following 

acid-base react~on in the organic solvent is considered 

,/ 

(12) • 

~ 

, 
~<' 

" 
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the equilibrium constant ~a ~s directly"related to K through 

== K kHX where kHX represents the partition equilibrium 
, 

constant of ,HX corresponding to the partition reaction: 

+ 
+-

For a given anion, kH~ is a constant and since K does not vary 

with alkyl chain length, IÇ is a constant too. :This suggests 
o 

that the basicity of trialkylamines in nitrobenzene does not 

ch~nge with increasing chain length. 
~ 

The inductive effecb should increase uhe basicity of 

triàikYlarnines' as alkyl c~ain length is increased.(30) This 

effect has been observed in water proceeding from trimethyl 
• 1 

to tributylamin~. (31) Trémillon et al. (32) by a spectrophoto-

~etric me.t,hod· found that the base strength of amineS' in various 

solvents was not significantly influenced by the chain length 

from tributyl to trioctylamine. 
, (10) 

G~instead reported a 
~ 

similar affinity of THA and TOA for HCl in toluene. A higher . 
~ . 

affinity of, TOA than THA.for H2S04 ~h benzene was re~orted by 

Ve~stregen~ (11) Compa~ison between trioctyl and tridodecyl

~ne 'systems (1) usua1ly reveals similar affinity of these 
1 

amines for various~ acids in different sol vents. The above 

affinity comparisons, however, may he indicative since the 

authors have not always cons~dered the influence of,aggregation 
1 

in the organic phase and of a"ti vi ty corrections in the aqueous 
1 

phase. Thus the constancy of the eguilibrium constant of reaction 

,p 

,1 

l 
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; 

(12) for aIl four acids ~X with increasing chain length can 
1 

be attributed to the constant basicity of the amines. 

3. Anion ex change constants 

The influence of anion nature on the values of the 
1 

hydrolysis constant is large. Hydrolysis assumes increasing 

importance in the order ClO~ < 1- < B~- < 'Cl-. There is 

approximately an order of magnit~de dïffer~nce in the hydrol

ysis constant vhen g?ing from ClO~ to I-,-from l to Br and 

from Br to Cl-. Anion exchange constants (Table 13) reflect 

these differences. As is the case with basicity, ion exchange 

does not seem to be inf+uenced significantly by alkyl chain 
1 

length. JOnly two values of log K12 differed significantly 

from otJers in their series: for the couples TBAHBr/TBAHI and 

TPRAHI/TPRAHCI04• This deviation may be attributed to experi

mental error.) 

The, or~er of anion exchanse can be attributed to the 

nature of the aqueous and organic phases. In the organic phase 

cation-anion interaction through electrostatic interaction and 

hydrogen bonding should favor the extraction ot Cl- vs. Br-, 

Br vs. land l vs. ClO~ .(see chapter ~II). However this 

interaction is believed to be less important than interactions ~ 

in the aqueous phase. Hydration is more favorable in the case 

of a smaller more basic anion. Furthermore anions of larger 

diameter are also energetically more favored in'the organic 
1 

, 

l 
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phase than small anions because of the water structure breaking 
If ' factor (se~ chapter IV, section E, part 3). These'effects can , 

be summarized in a diagram. (33) 
, ( 

./ R NH+ + X- + y-
i' 3 , 

1 ! 

~ " ' 
. , 

"-

R3~H+ + y- + X~ 

/01 
R NH+ 

3 
+X-+Y-

, In step l the ion-pâir R3NHX in the organic phase 

is dissociated. In step II the anion X- is extracted1in the 

aqueous phalse. 1 In st.ep III anion Y-.. '!'from the aqueous phase is 
'b' 0 , ' 

'(. 

extracted in the organic phase1lo ~orrn an ion-pair with the 

organic cation in step IV. Scibona et al. applied such a cycle 

to study ion exchang~ involving t~~raalkylarnrnoniurn(34) and 

tri,alky lamrnoni urn (3 3) sal ts • Col\1ornb' s law was appl ied for 
l t.r. 

, ,'r 

dealing ~,ith dissociation in· th~··o~.ganic phase and the ~orn ' 

charg;ng expression for the transfer of ions. I~ this'study 

no such attempt was made sincè the simple electrostatic theory 

and the Born charging expression for the transfer of ions were 
, 

• not cons.tdered sufficient in the case" of trialkylammoniurn sal ts 

in nitrobenzene (see chapters III and IV) • 

, . • 
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CHAPTER VI 

L~QUID ION EXCHANGE SELECTIVE ELECTRODES 
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From ion exchange constants of tertiary ammonium salts 

.... .\ 

determined in nitrobenzene it was concluded that ~he affinity of , 

the organic phase for CI04 ani9ns was. superior to that for. the 
\ 

other anions studied. This propertyjsuggests the use of these 

salts as liquid ion exchangers in electrodes that would be se-

lective towards perchlorate. 

In ,order to test the electrochemical response of the 

salts a cell was developed to measure the P?tential across a 

membrane of ion exchanger contacted on'each side with aqueous 

solutions. In a design similar tp that adopte~ fpr ion selep

tivé electrodes, the aqueous solution on one 'side of the ex-
~. ,.-

changer was maintained 't ~'-~cotlst~nt concentration while \on' 

the other side concentrations could Ibe varied. ~he potential 

response of the electrochemical cell was measured for all the 

trialkylammonium salts. .. 
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A) EXPERIMENTAL 

. 1. Chemica1s and so.lutions 
, 

o 

Th~ pr'eparatiC?n of nit.robenzene satura1!.ed' aqueous 
.. Jr '. 

solutions of NaC104, KI,I KBr_ and KCI has beeJl descr~bed (chapter 

V) • , Trialky1arnmonium salt solutions in "nitrobenzene of 0.1 M 
-, 

concentration were prepare'd as described in chapter III. 

2'. Experimen-ta1 ce11 

The e1ectrocherniqal ée11 was designed to provide' " ' ... 
.1 

a' 

, . 
J 

1 1 ' 

1 

{ 
maximum flexoibility and rapidity of use. Inspired by a design .-

of Eisenma~(l) it consisted of a Teflon b10ck divided in two 
, 

parts ,connected to ,each~other through a machined key. Each 
1 

. b10ck contained a drilled-out compartment thaè çould be fil1ed 
r 

with an aqueous ,solution (see ligure 33). The two blocks ~nd 

compartments were separated by a liquid ion ~xchanger compart-
'. . 

'ment. Three Teflon o-rings 'sandwic~ed 'two Millipore filter 
Il 

membranes and cou1d be posi tioned to sepa:cate the tWQ compart-" . " 

ments. The céntral space in ~etween the two, filters co~id be , 

filled'with liquid ion exchanger. 

Two 4 cm long piecës o~ polyethylene "spaghetti tubi:ng', 

were inse~ted in the top part 6f the central o-ring through fine 
• J 

holes. These allowed.the injection of liquid'ion exchange~ by 

a ~yrlinge in the central space' in between the two' fil ters. The 
o 

aqueous cylindrical\ compartments w~e ca. eig~t cm ,long with a 

one cm diameter. O-rings had a one ,cm internal diameter •. 
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FIGURE 33 

ct .'> \ 
ElectrocheJTlic~l cell used to \test liquid ion':'exclianger, so.lutions. 
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(Millipore XX300l20l). Reference electrodes (1 M calomel 
Il • 

electrod~s Fish~r 13-639-51) contacted the SOlutiors~n each 

side of the membrane through holes drilled in "the block. 

peveral typ;s of filters ~ere teste~fO~ the central 

liquid ion exchanger compartment. Millipore ~olvinert filters 
l ' ~ 

(UGHP01300) were found to be adequate to retain the nitroben-
p 

zene ion exchanger solutions. These filters a~e described by 

the manufacturer as solvent resistant hydrophobie filters of 

0.25 ~ pore size. They were found to swell slightly in,nitro

benzene and were adjusted in the compartment after pre-soaking 

in the organic solutions. The volume of the exchanger compart-
3 ( 

mm • 
~ 

ment was estimated as 150 
/\ . The electroche~cal cell was·placed in a constant 

temp'erature environment. This consis~ed of a double-walled 

lucite box through the lid of which reference electrodes cou Id 

be lowered. The temperature w1as maintained at 25° by circu-

lation of water. This is the temperatur~ at which aIl other 

~ measurements have been done in this study. 

Measurements of the potential were performed by a 

calibrated Accument Expanded Scale Research pH-meter (model 

320) in the expanded mV mode. The potentiometric error was 

estimated at ± .2 to .3 mV. 

3. 
1 

\ 

Experimental procedure 
, 

\ 

For each sal; t tested as a liquid ion exchanger/~a 
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potentia~ response curve was obtained. First the membranes 

after soakingoone minùt~' in the organic 1iquid were placed 
" in between th~ o-rings •. The block thus formed\was positioned 

in the cell using an external centering device. The two blocks 

were tightened in order to support the exchanger compartment. 

The 0.1 M liquid exchanger was introduced. One of the aqueous 

compartments was filled with a 0.1 M solution of MX, X being 

the anion of the salt used as exchanger (e.g. Nac~o4 for the 

TLAHCl04 exchanger). In the other compartmrnt several MX 

solutions were tested,consecutively. Concentration levels , 
usua11y wére 10-1 M, 10-2 M, 10-3 M and 10-4 M. In the per-, 

chlorate series intermediate concentrations were also tested. 

For interference measurements the solutions tested were deci-

molar in KI, KBr or KCl and contained various levels of per-
D 

chlorate from 10-4 to 10-1 M. 

Solutions were ~emoved from the_compartments by 
! 

drainage through a plug situated on the side pf each block. 

Compartments we're refilled from the hales provided on the 

top of the blocks. Reproducibility was checked by testing 

/ duplicate solutions first from ,dilu~e to concentrated then 

in the reverse order. 
\ \ 

AlI or9anic solutions were decimolar 

(within 5%}oin ion exchanger except the!TLAHCl solution which 

was 0.06 M (saturated solution). 

• 

, " 

.. 
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B) RESULTS 
~ 

The response curves o'f the electrochemical cell for 

the four series of salts s~udied appear in figures 34 to 37. 

In figure 38 the response curve of the TLAHCl04 based electrode 

in the pre~ence of anion interferenc~s is presented. The 

quantity E is plotted vs. the log of the anion activity. The 

value for~E is obtained as the difference between the pot~ntial 
-

measured and the potential obtained when the two aqueous com-
"" partments contain 0.1 M MX solution. Values of E frr each 

"-system are tabulated in Appendix XII.~-~\The anion activity is 

calculated fro~ the concentration after\ Debye-Hûckel single ":.:. 
\ , 

ion activity coefficient correction (see Append~x IV). On the 
\ 

graphs the activity is plotted as deereasing from le ft to right. 
\ 

Solutions of pure water tested in t e electrode were 

not reported sinee they gave drifty,~unstable, nd nonrepro

ducible potentials. Generally the response time inereased 

with lincreasing dilutiorr of the'test solutions. sOlu1ions at 
\ -4 -4 
3 x 10 M or 10 M cou Id require ten to fifteen minutes to 

reach a stable value. Other more concentrated solutions would 

reach a s~ble reading within a few minutes. ReproducibiI'ty 

varied with the concentration level and the exchanger teste 

Hiqh molecular weight ammonium salts gave usually reprodueibl 

potentials,while low molecular weight exehangers had generally 

a poor reproducibility. A vertical line extending at a value 

of cr above and below each point on the graphs represents the 

1 
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dispersion range on e~bh'potential reading. 

It was observed that for the low molecular weight 

salts TPRAHCl04 , TP~I, TBAHI, TBAHBr, and TPTAHBr potential 

• values·' were stabl~ only for a few minutes after which the / 
o 

po,tential would drift to lower-values. For the salts TPRAHBr, 

TBAHCl and TPRAHCl no stable value could be recorded. In the 

case of the TLAHCl04 electrode, response times were found to 

• be longer when interfering ions were present especially at 

low concentrations of the main ion. 
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FIGURES 34 to 37 
/ 

/ 
j 

/ 

! 

/ 

Response curve of elect~odes using tria1ky1ammonium per-

chlorates, iodides, bromides and ch10rides as 1iquid anion 
-

exchangers in nitrobenzene. 

Lines extended with dots represent theoretical Nernstian 

response of'59 mV per decade. 
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FIGURE 38 

Response curve of the TLAHCI04 e1ectrode in the presence of 

interfering anions. 

Line extended with dots represen~ theoreticàl Nernstian 

response of 59 mV per decade. 

" ( 

. ,. 

" 

" 

, 

l ' 

f 

f 
f 



" ,"~ ."._- .......... -~- ... -.............. --.... 

(' 

~" 
'0 

Emv 
TLAHC104 ion-exrh,ng?r 

-"', Cl .1 F -
120 • Br .1 F 

1- .1 F 
0 

0 

.' 

80 

40 

", 

" 

'. 

,1 

';:.. 

10-1 ,,' 

d 
. , 

" 

',- nGUu 38 

... ' "tI"._ .... " ...... ~ __ ~ ••• "''', ... 

", 

.... 

1 

, 

. -3 
10 

1 
1 

• 

1 
1 

" 1 
1 

1 

• 

, 

197 ! 
l 
-j 

1) . l 
l' ./' 

1 1 

'1 

) 



\ 

.. , 

~ , 

t 
• 0 

.. 

o 
, " 

.. l' '.198 .. . 
.l, "r:'t~ 

Il' 

C) DISCUSSION 
0;; 

1. r~curves 

,High' mo1ecu1-ar weight ammoniuiq' sa1ts in each series 
'. 

(usua11y gaye more Nernstian resp~n~e; è.~es. th~n thei~ low 

mole~u1ar weight homologues. In genera1, the order of increas-

ing deyi~tion'from an,idea1 Nern~tian response curve was C10~ 
~. ~ u ' , <i 

< l < Br- < C1-. 'In the range of con~entration studied a1l 
If < ~ • 

curves showed deviation from,the theoretica1 slope at low 

concentratj:ons,: These deviations are usua11y attr±buted 'to 

contamination of the test aqueous phase in contact with the 

ion exchanget with anions coming from the exchanger, thus in-

~ creasing their concentration above that of the, test solution. 
C;) 

(1 ;02) 

Two'processes were probably responsible for deviations 

from'the i~eal Nerns~ slope. Onê wou1d be the partition of ~e 

orgap~c ammonium s~it from pitrob~n~ene into water. The 'other 

wou1d be hydro1ysis of t~e ion. exchahger. l~ 

The extent of solùbilization of the ion excpanger in ,. 

" Jan aqueous phase by parti tio{l iso regulated by i ts' Kp val~e 
correspo~din9 to 'the ~qu~li~rium: 

.' ~ 'R NHX 
.3 

+ 
+ 

. \ 

These constants haveobeen measured for various exchangers (see , 
chapter IV; Table 6) and are seen to be of increasing mag~itude 

" , 
, 

in, the order: TPTAHI . .,< THAHCl < TBAHCIO 4 <. TPTAHBr < TBAHI < 

.' 
• ,1 

1 
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TPRAHClO 4' TPTAHCl < TBAHBr < TPRAHI, considering on~ose 
1 -4 

salts with Kp values above 10 

If part of t,he deviation from Nernstian slope is due .. 

to S~lubil~ation, it is to be expected that this deviation 

wil14ollow the sarne ortler as K • (3)" oBy m~asuring the deviation 
, n ' p 

at an activity' level ~f 10-2 the following o'rder of increa,sing 

deviation is found (see fiçures 34 to 37): TPTAHI (no devi-

ation) < THAHCl, TBAHCl04 < TBAHI < TPTAHBr < TPRAHCl04 , TPTA~ 

HCl, TBAHBr < oTPRAHI: This is essentially the sarne order as 

that of K values. No deviation is found for TPTAHI and other 
p 

salts of highe~ molecular weight in each series •. Thus devi-" 

ations from the theoretical slope at this concentration level 

can be attributed confidently to the process of solubilization 
1 

of the exchanger by partition into the aqueo?s phase. ~ 

When deviations at low èoncentration levels are 
1 -3 -4 • considered (10 ,- 10 F ion concentration) partition would 

not be sufficient-to explain the trends. The salts T~Cl04' 

TOAHCl04 and THAHCl04 give the same response curve. The sarne 
\ 

is true for TLAHI and TOAHI~ TLAHBr and TOAHBr. These salts 
r. 

are however exp~cted to have different water partition constant~ 

It is also observed that the extent of deviation increases i'n 

the prder ClO~ ,< l < Br < Cl-. This is however the order 

expected if this deviation is attributed to hydrolysis of these 

high mblecular weight sa~ts. Two-phase hydrolysis constants 
" 

have been determined (chapter V) an~ are known to increase when -

o 
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going' from perchlorate'to ,chloride salts. Thus the high 

molecular weight salts cited which have very low partitio~ 

constants would however hydrolyze to the same ex te nt within 

each series (K values are independent of c9-rbon 'chain lengthl) 

and tOla different extent from series to series. This would 

explain the observed trends. " . , 

At aIl cqncentrations a combination of the two men-
" 

tioned effects prqbably regulates the behaviour of the elec-

trodes. 

Reproducibility, drift and response time are better 

~ understood if the above ~eactions are çonsidered. oèc~rrence 

of important partition or hydrolysis is expected to create 
1 ~ 

drift and worsen the ,reproducibility by changing the composition 

of the ion ex changer phase. The constant drift encountered 

in ,the TPRAHCl, TBAHCI, TPRAHI systems can be attributed to 

their very high corresponding K values depleting the organic. 
p 

phase of ~on exchanger immediately after introduction of the 

aqueous phases. For the higher molecular weight salts partition 

is lese important. At high aqueous concentration ~evels since 

hydrolysis or partition are repressed no drift lis observe& and 

reproducibili~y is of the same order as the potentiometric 

error. 

/ 
2. -Selecti vi ty 

The TLAHCI04' system was chosen for selectiyity studies 

/ 

" 1 
~ , 
1 

( 

J-
l'' 

" 

/ 
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since' it represented the exchanger having the most N~rnstian 

response and the best reproducibility. From the plots in . 
filgure' 38 the effect of interference cpu1d be assessed. Quali-, 

tatively the iodide anion could be ,seen to have the most influ

ence on the p~tential of the perchlorate electrode since the 

response curve in the~presence of a constant level of iodide 

(10-1 M) deviated most from the interference free perchlorate 

response curve. Bromide was'seen to interfere less than iodide, 

while chloride gave the least interference. This is what is ' , 

to be expected qualitatively from the trend in ion exchange 

constants determined in chapter V. 
" o 

The extent of interference on the response of ion 

selective ~lectrodes is usually expressed-through the insertion 

of a selectivity constant KS12 in the equation for potential 
1 

J, ' 
response. For a monovalent, anion selective electrode one has: 

o 

whete al and a2 are the activitïes of main and inte+fering ion 

respectively,(4,S) and E lo a con~tant term." 

\ 
\, 

The constant KSl2 "can thus Jt>e obtained as 

o 

al x IOâE/,59 - al ~ 
a2 

. " 

in the case of a monovalent anion selective electrode. The 

J 
1. 
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value ~E an mv) is the difference in Evalue between the theo-

retical Nernstian interference free potential and the actual 

recorded potential in the pr~sence of interference. 

Values for KS12 were computed at different CIO~ 

activity levels for the interference of I-, Br- and Cl- ions 
\ / 

on the T~Cl04,eXChanger electrode (see Appen~ix XII). These 

values are seen to vary with the-activity level as was often 

observed with lion selective electrodes. (6) The average value 
1 

corresponding to activity ,levels b~low 2 x 10-3 was selected 

sinçe in tqis activity range th~ response of the electrode is 
, . 

Nernstian. 

The select~vity constants KSl2 were found to be: 

C~O~/I- ClO~!Br- ClO~/Cl -

Il' 

KS12 "'.1 '\1'.03 "'.005 

" " 

'The se values are only approximate and must be considered as 

empirical parameters(2) describing interference in the experi-
\ ' 

mental conditions specified. Interference is seen to increase 

- from Cl - to Br - to 1-. 

A few àuthors hqve attempted to correlate electro-
1 

chemical selectivity constants with ion exchange constants. 

(1,3,7-9) Freiser et al. (S) studied the interference properties 

of electrodes using- tetrahexylammonium iodide dissolved in 
l' 

'. 

1 , 
1 

~ 

1 

., 

t ' 
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various organic alcohols as liquid anion exchangers. He found 

a good correlation between selectivity constants and ion 

exchange constants in this system. Scibona et al. (9) a~d 
Fabiani(IO) used tetraheptylarnmonium salts disso1ved in various 

solvents. App1ying theoretical ~quations deve10ped by Eisenman 

et al. (7) they related semi-quantitatively interference con-

stants to ion-exchange constants, dissociation constants cand 

the mobility of the anions in the organic phase. Eisenman(1,7) 

mentions- a membrane made of dodecylami'ne dissolved in nitro-
• 

benzene which in an electrochemical ce1l-was selective for I-
I 

in the presence of Br- and Cl-. In a more detai1ed study on 

di-2-ethylhexyl phosp~oric acid in n-amy1 alcoho1 the author, 

using the theoretîca1 equations, (7) could predict the order 

of selectivitiesi however the agreement was on1y qualitative. 

For the system used in this selectivity study no 

theoretica1 equa~ion i8 avai1ab1e which could relate the inter-
, 

ferenc~ response curves to the chemica1 properties of the ibn 

exchanger. ,The system does not fall in the category of a com-

p1etely dissociated ion ex changer nor a str,ong1y associated 

one ('V 15% of the ion exchanger i,s ionized). However a corre

lation could be found bètweerl KS12 values and K12 values. In 
~ 

figure 39 a plot of log KS12 vs. log K12 appears.' Values of 
, 

ion-exch~nge const~nts K12 were deduced from Table 13 in 

chapter V. The slope of the plot is ca. 0.6. A similar 

correlation with a slope of,ca. 0.5 was observed by Back and 
'\ 
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Plot of log KSl2 v~. log Kl2 for tridodecylammonium per-
" ' 

chlorate in nitrobenzene. 
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sandblom(3) on tetraalkylammonium sal~s in methylene chloride. 

Freiser et al. (8) observed the sarne phenomenon but with a 'slope 
~ 

close to one. 

Finally it may be of practical interest to compare 

the selectivity constants obtained with those of commercial 

perchlorate electrodes reported. 

This work 

Orion (11) 

Corning (12) 

Radelkis (l3) 

0.1 

0.012 

.9 

ClO4/Br 

0.03 

0.00J56 

10-5 

• 49 

- ClO4/Cl -

0.005 

0.00022 

4 x 10-6 

.27 

Thus the TLAHC104 electrode appears to have a poorer'selec

tivity than commerci,al electrodes. For a completecomparison 

however interference coe,fficients of the comme'rcial electrodes 

should be redetermined under the sarne 'interference conditions 

as th~ ones used ~or the electrode in this work. 
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APPENDIX l 

~ 

Parameters and expressions used in the Shedlovsky method 

a '= = .774 

a = 82n- l (e:T)-~ = 44.4 '\_. 

z = (Ct Ao + 13) Ao -3/2 .,IcA 

2 S(z) = (z/2 + .,Il + (z/2) 2) 

y = A S(z)/A o 

2 
log y± = 3.65 x 10 6 (e:T)-3/2 lëY = 

y = liA '5 (z) 

X = A 2 
c y± S(z) 

Ao = 1/1 

Kd = 12/S 

0 0 1/ 1 Ao/Aa = 

cr 2 cr 2 
(1 

4 ...L +--L Kd/Kd = 
12 S2 

(f , .~ 

3.45 .fCy 

1 
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APPENDIX II 

/ 
Conductometry data . 

In the f~llowing pages data points (c, A) are 

tabulated for each system together with tpe corresponding,

X and Y values. For the 1- and ClO~ systems the X and Y 

values listed corr:spond to the ini,tial calculation using 

Ao values listed in Appendix III B. 
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o ;.. o ,.. 
Q 

/ ~ = 
.' 

TPRAHC1 - TBAHC1 

c IL Y X c A Y x" 
-

x10 3 x10 3 

-2 
, 

x 10-3 1.013 x 10 1:636 .5,86 14.56 9.43 1.548 .620 12.91 
1.641 • 5-~5 14.61 1".552 .619 12.94 

6.08 
- -3 

x 10 1.720 .563 9.440 5.66 x 10-3 1.672 .579 8.57 
1.709 -.566 9.38 1.658 .584- 8.51. 

Er:!: 

4.05 x 10-3 2.009 .484 7.44 Q 3.77 x 10-3 1. 879 .517 6.51 
1..992 .488 7.38 1.873 .519 6.A9 

2.026 x 10 -3 2.716 .360 5.11 1.885 x 10-3 2.599 .376 4.57 
2.704 .361 5.09 2.572 .380 4.52 , -

-3 x 10-4 3.53 
/ 

1.0l3 x 10 3.73 .2626 3.56 9.43 .2782 3.14 
3.77 .2604 3.59 3.57 .2750 3.17 ,-

6.08 x 10':'4 4.75 .2070 2.737 - 5.66 x 10-4 4.64 .2117 2.50 
4.71 .2086 1 2.717 4.57 .2153 2.455 

IV ..... 
0 

\-
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TPTAHC1 T!iAHC1 
q 

c A Y X c A Y X 

_x10 3 - x10 3 . 

8.57 x 10-3 1.537 .625 Il.71 9.91 x 1:0 -3 1.459 .656 12.77 
1.537 .625 Il.71 1.463 .655 12.80 , 

5.14 x 10- 3 1.660 .583 7.77 5.95 x 10- 3 
1. 52!t • 6~2 8.24 

.J 
1.648 .588 7.72 1.535 .629 8.28 

3.43 x 10-3 1.922 .506 6.07 3.96 x 10-3 1. 715 .566 6.25 

-. - 1.914 .508 6.05 1. 715 .566 6.25 

/ 
, -3 

·1.715 x 10 • 2.627 .372 4.21 1.982 x 10 -3 2.291 .426 4.24 
2.632 .37]. 4.22 2.336 .418 4.32 

8.57 -4 x 10, 3.67 .2673 2.972 9.91 x 10-4 3.25 .301 3.04 
3.71_ .2626 ,3.03 3.27 .3001 3.05 

x 10-4 x 10-4 '" 5.14 4.65 - • 2114 2.277 5.95 4.06' .2419 2.297 
4.61 .2133 2.257 3.99 .246 2.258 '" '& 
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TOABCI TLAHCl 

c A . ~ y X c A. -y 
" X' • "-

xl03 3 : ' xl0 _ 
s 1 "l. 

t 

-2 -2' • LOIS x 10 1.4.16 .676 12.69 1.043 x 10 1.378 •• 693 12.67 
1. 407, .680_ 12.61 1.369 .698 12.59 

" 
6.09 x 10- 3 1.493 .647 8.24 6.26 x 10-3 

1.442 .,669. 8.17 
1.481 .649 8.21 1.448 _ .• 666 . 8.21> i \.., '( , 

D , , 

4.06 x 10-3 1.633 .594 6.10 4.,17 x 10-3 1.585 .611 
; 

6.07 .., 

t 1.642 .591 6<.13 1.585 .611 6;07 
/ 

2.030 x 10 -3 
2.207 .442 4.18 -3 2.086 x 10 ' 2.116 .461 4.12 t' 

2.224 .439 o 4.21 2.164 .450' ~.21 
. , 

-3 
,; 

1.043 x 10- 3 ,1.015 x 10 3.14 .312 3.01 2.933 .334 2.889 
..". 3.14 -:312 3.004 2.968 ~ 330 2"'.922 1 

1 0 

L 
6.09 x 10-4 3.87 .2539 2.242 6.26 x 10-4 3.68, .2668 2.191 

3.91 .252 2.262 3.77 .2606 2.241 , 

'" ...... 
1\) 
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do 

" /" 

~ _ TPRAHBr TBAHBr 

" 

------ c A Y X Co A 

x10 3 " 1 
-.. 

9.01 -3 x 10 . 2.475 .385 19.17 c- 9'.02 x 10-3 2 .. 324 
2.475 .385 19.17 ... 2.324 

6.01 x 10-3,. 2.719 .353 14.36 5.41 x 10-3 2.120 

" 2.738 .350 14.46 2.745 

4.51 x 10- 3 3.06 .315 12,.25 3.61 x 10-3 3.22 
3.08 .313' 12.31 3.23 

! 
/ 

1.803 x 10 -3 " 4.67 .2079 7.68 1.805 x 10-3 4 10 44 
4.68 .2072 1.. 70 4.47 

-9.01 x 10-4 --6.31 .1546 5.28 9.02 ·-4 x 10 6.06 
6.33 .1542 05.29 6.0" 

-

6.76 x 10-4 7.17 .1363 - 4.52' 5.41 x 10-4 7.58 
7..,,29 .1340 4.60 7.70 

3.61 x 10-4 9.53 .1030 3.24 -4 10.18 2.707 x 10 0 

9.74 .1007 3.31 10.38 

- ~~~~~~ "-.: 4!''''J -, ~. -,.. -.. 

~ 

• 

J 
Y X 

~103 

.410 18.08 
.• 410 18.08 

.353 13.01 --

.349 13.12 
./ 

.299Y 10.42 

.2983 \ 10.45 / 
'" 

.2183 7.32 

.2168 7.37 

.1610 5.07 

.11;06 5.0lJ 

.1290 3 :'85 

.1270 3.91 

.0965 2.614 

.0946 2.664 
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TPTAHBr THAHBr . 

, " 

G 

C A y x c fi. Y x' ~ 

xl03 xl03 i 
~ 0 

1.024 x 10-2 ~ -2 \ 1 
2.168 .437 19.01 1.023 x 10 2.074 .457 18.22 1 2.168 .437 19.01 2.065 .459 18.14 , 

t 
x 10-3 x 10-3 6.14 2.489 .384 13.46 6.14 2.399 .399 12'.98 -1 

2.473 .387 13.3'8 2.399 .399 12.98 " j 
4.10 x 10- 3 2.925 .329 10.70 4.09 x 10-3 2.815 .342 10.31 "-2.866 - .33,6 10.50 2.842 .338 / 10.40 i 
2.048 x 10-3 4.04 • 2397 7.53 -3 3.85 .2511 7.20 ,f. 2.046 x 10 . 

4.01 .2414 7.48 3.87 .2499 - 7.23 

1.024 x 10-3 -3 i 
5.50 .1769 5.22 5.28 .1843 5.01 ! 1.023 x 10 l 
5.45 .1786 5.17 5.28 .1843 5.01 i 

f' 
1 

6.14 x 10-4 6.92 .1411 3.98 6.14 x 10-4 
6.68 .1463 

, 

3.84 
,7.09 .1378 4.07 6.67 -.1465 3.83 

( 
x 10-4 x 10-4 3.07 9.26 .1060 2.694 3.07 8.86 .1108 2.577 

9.12 .1077 2.654 ,9.01 .1088 2:622 N 
...... 
~ 
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c 

9.78 x 10-3 

5.87 x 10-3 

3.91 x 10-3 

1. 957 x 10 ... 3 

9.78 x 10-4 

3.91 x 10-4. 

1.957 x 10 -4 

9.7,8 x 10-5 

. >~ 

. ,' ~.;: ... 
'~~ t >._~.:~\;_7 __ ' _~4:. ~ . ~t." '" .. , 

,~' .. -
~. . 

TPRAHI 

ft. ' y X 

x10 2 xi02 

6.75 13.56 5.04 
6.76 13.54 5.04 

4 
8.38 11.06 3.90 
8.45 10.96 3.93 

9.92 -- 9.42 3.16 
>·9~ 85 9.49 3.14 

12.93 7.32 2.148 
12.96 7.31 2.153 

16.5~ 5.77 1.425 
16.70 5.73 1.434 

21.70 4.47 .773 
21.66 4.47 .772 

25.32 3.86 .462 -25.45 3.8~ .464 

28.21 3.48 .2618 
28.3.1 3.47 .2627 

. ' 

~ - ... 
" 

TBAHI 

c A Y X. 

x102 x10 2 

x 10-3 J 
9.98" 6.40 14.27 4.88 

6.38 14.31 4.86 

5.99 x 10-3 7.89 Il. 72 3.75 
7.89 11. 72 3.75 

~ 

3.99 x 10-3 9.29' 10.04 3.03 
9.27 10.07 ~ 3.02 

----
1. 996 x 10-3 12.30 7.68 2.085 

12.30 7.68 2.085 \ 

9.98 x 10-4 15.83 6.04 1. 387 
15.67 6.10 1.374 

3.99 x 10-4 20.72 4.67 .753 
20.82 4.65 .757 

1.996 x 10 -4 23.90 4.08 . :445 
24.00 4.06 .446 

9.98 x 10-5 26.74 3.67 .2532 
26.83 3.66 .2540 

~"".* , "tr,c'Fiej~ .If.M tri' If' ri[ fi j"'1 ~, e. .... ~ ..... '- ~ ... -... 

i 
i 
{ 
1 
l 
1 
~ 

l 
l 
l 

l 
i , 
l 

fi.,) 

1-' 
0\ 
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TPTABI THAHI 

c A y X c A y X 

xlO2 xl0
2 xl0

2 xl0
2 

9.87 x 10-3 6.09 14.97 4.61 
-2 5.72 1--5 ;96 4.43 1.004 x 10 

" 
6.11 14.92 4.63 5.72 '15.96 4. 4 3 

5.92 x 10-3 7.50 12.32 3.55~ 6.02 x 10-3 7.07 13.08 3.41 

7.52 12.28 3.55 7.06 13.10 3.41 

3.95 'X 10-3 8.86 10.52- 2.867 4.02 x 10-3 8.47 11.01 2.794 
8.85 10.53 2.864 8.40 11.10 2.774 

1.975 x 10-3 11.68 8.09 1.965 
-3 11.11 8.51 1.905 2.008 x 10 

11. 68 8.09 1:965 11. 01 8.59 1. 889 

9.87 x 10-4 15.10 6.325 1. 312 1. 004 x 10-3 14.22 6.72 c. 1. 259 
15.00 6.37 1. 304 14.26 6.70 1. 263 

/ 

3.95 -4 19.77 4.89 .712 4.02 x lÔ- 4 18.82 5."14 .691/ x-10 
19.7'0 4.91 .710 18.76 5'.16 .688 

~ 

1. 975 x 10-4 , 
-4 

22.95 4.25 .423 -2.008 x 10 22.10 4.41 .414 
22.86 4.27 .421 22.02 4.43 .413 

9.87 x' 10-5 - 25.68. 3.82 .2407 1. 004 Je 10-4 25.04 3.92 .2388 

25.63 3.83 .2403 25.14 3.90 .2397 
toJ .... 
-J 

-----; 
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PT 
TOAHI TLAHI 

/ 

.... 
c. A y X c A y X 

x10 2 x102 x10 2 x10 2 

9.87 x 10-3 5.42 16.85 4.16 1. 026 x 10 -2 4.99 18.26 3.99 
5.41 16.88 4.15 5.01 18.18 4.00 , 

5.92 x 10-3 6.74 13.72 3.22 6.16 x 10-3 6.22 14.83 3.09 
6.72 13.76 3.21 6.20 14.88 3.08 

3.95· x 10-3 7.96 Il. 72 2.598 - 4.10 x 1"0-3 7.41 12.56 2.516 
8.01 11.64 2.613 7.35 12.67 2.497 

1.975 x 10 -3 10.55 8.96 1.787 2.052 x 19 -3 9.74 9.69 1. 716 
10.60 - 8.91 1.795 9.69 9.74 1.708_ 

9.87 x 10-4 13.60 7.03 1.188 1.026 x 10 -3 12.56 7.60 1.141 
13.49 7.09 1.179 \ , 12.63 7.56 1.14, 

\ 
x 10-4 x 10-4 3.95 17.99 .1 5 • 38 .650 4.10 16.96 5.70 .637 

17.89 5.41 .647 16.96 5.70 .637 

1.975 x 10 -4 21.62 4.51 .399 2.052 x 10 -4 20.12 4.84 .386 ~ 

21.50 4.53 .397 20.20 4.82 .387 

9.87 x 10-5 24.41' 4.02 .229.0 1. 026 x 10 -4 23.13 4.24 .2255 
24.46 4.01 .2295 23.01 4.26 .2244 

IV 
1-' 
co 
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o ~ -, 
TP RAHC 10 4 TBAHC10 A 

C 11.' . y X c II. Y X 

xl02 \XI0 2 2 x10 , 2 x10 ' 

'-2 
1. 000 x 10 17.64 4.96 11. 28 9.66 x 10-3 16.82 5.19 10.52 

17.57 4.98 11.24 16.71 5.23 10.47 

5.68 x 1-0-3 20.74 4.32 ' 8.22 4.83 x 10..- 3 20.52 4.39 7.11 
20.90 4.29 8.27 20.60 4.37 7.13 -;p 

2.838 x 10-3 24.69 3.72 5.31)' 3.22 x 10-3 22.62 4.04 5.49 
24.76 3.71 - 5.35 <-l 22.4-1 4.07 5.46 

-3 26.57 3.50 4.20 -3 25.38 3.66 3.90 2.000 x 10 - 1.933 x 10 
26.60 3.49 4.2~ 25 .. 74 3.61 3.95 

1. 000 x 10 -3 29.81 3.17 2.504 9.66 x 10-4 28.56 3.31 2.328 
29.84 3.17 2.51 28.14 3.36 2.297 

5.68 x 10-4 
3~.61 3.03 1.569 4.83 x'lO -4 30.86 3.11 1.317 
31.38 -'3.05 1. 558 30;65 3.13 1.309 

2.000 x 10 -4 34.00 2.865 .627 1.933 x 10 -4 32.38 3.01 .578 
34.00 2.865 .627 32.56 2.991 .581 

-4 34.88 2.803 .462 1.136 x 1:0-4 33.41 2.932 '. ~57 Il 1. 419 x 10 
34.67 2.820 .459 33.46 2.928 .357 ~ 

tv .... 
\0 
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.. . TPT1\HC10 4 THAHC10A 

./ 
C A y x c A Y X -

X10 2 x10 2 x10 2 x102 

" 9.92 x 10-3 15.64 5.58 10.10 9.73 x 10-3 15.45 5.64 9.82 
15.74 5.54 10,.15 15.40 '5.66 9.80 

4.96 x 10 -3 19.19 4.68 ~.84 4.87 x 10-3 19.03 4.72 6.67 
19.50 4.60 6.94 - 18.96 4.73 6.65 

-3 
~ 

2.977 x 10 21.81 4.20 4.96 3.24 x 10-3 20.92 4.36 5.14 
21.81 4.20 4.96 21. 04 4.33 5.17 

~ , 
. ~ 

1. 984 x 10-3 24.01 3.86 
y 

3.79 1. 946 x 10 -3 23.16 4.00 3.60 
23.92 3.88 3.78 23.42 3.96 3.64 

9.92 x 10-4 - 26.74 3.53 2.242 9.73 x 10-4 26.52 3.56 2.184 
27.18 3.48 2.28 26.38 3.58 2.173 

4.96 x 10-4 29.13 3.29 1.278 4.87 x 10-4 28.83 3.33 1.242 
2~.41 3.26 1.289 28. 67 ~ 3.34 1.235 

1. 984 x 10 -4 31. 31 3.11 .574 1. 946 x 10-4 31.02 3.14 .558 
31.47 3.09 .576 30.79 3.16 .554 

9.92 -5 x 10 - 32.34 3.03 .303 9.73 x 10-5 31. 60 3.10 .2907 
32.39 3.04 .304 32.02 3.06 .2·945 

l'V 
l'V 
0 
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o o ... 

TOAHC104 TLAliC1QA 

C A Y X c A Y x 
x10 2 x102 x1Q2 x102 

.. 
x 10-3 x 10-3 9.75 14.68 5.93 9.41 9.91 13.94 6.21 9.0~ 

14.68 5.93 9.41 13.91 6.22 9.06 , 
.... " 

4.88 x 10-3 18.22 4.92 6.42 5.95 x 10-3 16.10 5.51 6. 7~ 
18.15' 4.94 6.40 16.17 5.48 6.81 / 

r-

2.925 x 10-3 20.86 4.38 4.68 3.57 x 10-3 18.60 4.86 5.00 
20.78 4.39 - 4. 66 18.69 4.85 5.02 

.. 1. 950 x 10-3 22.35 4.14 3.49 1.982 x 10 -3 21.52 4.29 3.41 
22.51 4.11 3.51 21.65 4.26 3.43 

9.75 x '10- 4 25.43 3.71 2.101 9.91 x 10-4 24.48 3.84 2.054 
25.24 3.74 2.087 24.38 3.'86 2.047 

/ 
4.88 x 10-4 27.79 3.45 1.200 5.95 x 10--4 26.05 3.66 1. 358 

27.96 3.43 1.207 26.00 3.66 1.356 

1.950 x 10 -4 30.04 3.24 .541 1. 982 x 1(;) -4 28.50 3.41 .,522 
30.11 3.23 .543 28.40 3.42 .521 

x 10-5' 
r ' 

X 10-5 9.75 30.81 3.18 .2840 9.91 29.26 3.35 .2742' 
. 30.66 3.20 .2827 29.12 3.36, .2724 

IV 
-r IV , 1-' 
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1 

The iodide and perchlorate series 

The initial Ao values as found by extrapolati~n on 

the phore?grams are listed below: 

Amine Iodide Perchlorate 

TPRA 35.1 37.4 

TBA 33'.7 35.9 

TPTA 32.4 34.8 

"THA 32.2 34.05 

TOA 31.3 33.0 

TLA 30.0 31. 4 
~ 

Two successive calcu1ations of Ao and Kd were performed on 

the more "limited range of concentration. Values did not 

differ by more than .5% between the first calculation and 

the iteration. 
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APPENDIX IV 

Use of the extended form of the Debye-Hückel limiting law 

1.825 x 10 6 (€T)-3/2/,J \ 

- log y± = 
l + 50.3(ET)-1/2 x a/.J 

J is the ionic strength in mol .9" -1 

A Aqueous solutions 

0.51& 
- log y± = 1 + .33 a /J 

B Organic solutions 

- log y± = 1.721J 
l + .5 a fi 

C Values of the a parameter 

The a parameter in the organic and aqueous phases 

was estimated as the average of a values for the anion 'and the 
o 

cation and expressed i'n A. Kielland' stable (reference 4 in , , 

chapter IV) was used ror a values of H+ (9) 1 Cl- (3) 1 Br- (3) 1 
1 

- - + l ( 3), C 10 4 ( 3 • 5) and TPRAH ( 7) • 
, 
For trialkyl~nium , . 

cations the ca~culated values of their van der Waals diameter 
\ 

t 

was used (see Table 4): TPRAH+ (7), T~+ (7.6), TPTAH+ (8.1), 

THAH+' (8.6), TOAH+ (9.4) and TLAH+ (10.7). Aqueous single ion 

activities of halide and perchlorate anions (chapter VI~ were 

estimated using the sarne limiting law. 

• ! 
" l' , , 
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APPENDIX V 

Calculation of partition constants 

The following parameters are known: 

Vorg ' Vaq , o . 
C~q' Kd , , [R3NHX]T' pH, corg ' a. 

1 

The following calculations are performed: 

+ CO Vorg ,_ 1 V 
[X-] = CO [R3NHX]T ~ aq org V Vaq aq 

[H+] = -pH 
10 /YH+ 

YH+ is estimated from the l Debye-Hückel law (see Appendix IV) 

using a~ ionic strength equal to [X-Jo 

.... 
From the total organic salt concentration IR3NHX]T 

the concentration of the ionized part Ix~~ can be calculated 

knowing the thermodynam~ dissociâtion constant. 

, 

First I~]l is calculated neg~ecting activity coefficient 

co.rrect~ 

Il 
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( 1,3) 

This low value of, [X-·] , is then incre?sed by lÎ2% steps until 

right and left sides of equatio:rl\ \(13) become equal within 1% 
" ' 

. i yielding a final value, IX- J 2. 

, The four constants are calculated: 

,°1 = [R3NH+][X-J/[~3NHX]T 

°2 = [R3NH+rnX-] ~'( [R~NHX]T [3c-] ~) 
.. 

rR3NH+] [X-li ([R3NHX]T 
, 

°l = - rX-] 2) 
, ~ 

K 
2 = o03Y± p 

y± is the mean activity coeff~cierit of R3NHX in the aqueous 
~ 

phase ana is estimated from'the Debye~Hückel law. 

, ' 

'\. 

I~ 

0 

. , 

l ' 
1 

f 
\ 
f 
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• 1 
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APPENDIX VI 
\, 

Data on the partition experiments 

\, 
In the following table vol~s are in ml, 

concentrattons, in mol 1~l and the various partition c~ffi~ 
cients in mol 1-1 . 

; . 

/ 

," 

... \~ 

(1 
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,1 
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~ 

'0, 
\" 

o o 

0' 

1 

0 0 j 
Salt Vorg Vag corg caq Corg pH °1 Q2 °3 K 

P 

TP RAHC 1 50 10 0 .496 .00297 3.67 78.0 82.9 83.2 38.9 i , 

60 10 J 0 .496 .00283 3.67 81.0 86.3 86.5 40.5 ~ , 
j 
l 

'1\. 1 

TBAHCl 50 0 .500 .1154 . 3.55 1.97 1. 99 
""", 

1.99 .968 
1 

10 i 
.1148 3.58 1.98 2.00 2.00 .974 

30 30 0 .100 .09512 3.79 1.7:} 1.83 1.84 1.155 
.00512 3.79 1.75 1.83 - i.84 1.156 

60 10 0 .100 .00367 3.50 1.65 1.74 1.74 1.127 
-......... .00372 3.49 1.61 1.70 1. 71 1.103 

~ 

x 10 2 

TPTAHC1 25 25~ .0499 .0499 .0581 3.20 2.93 2';;97 2.98 2.10 1 J 

.058'4 3.20 2.89 2.93 2.93 2.07 l , 
20 20 .0249 .0249 .0236 3.30 2.86 2.92 2.93 2.18 1 

.0235 3.30 2.89 2.96 2.96 2.21 

35 35 .01425 .01425 .01096 3.38 2.73 2.82 2.83 2.20 
.01096 3.38 2.73 2.82 2.83 2.20 

'l 
; 

x 10 4 Î 
i 

THAHCl 25 25 .0387 0 .0339 2.92 4.92 5.01 5.02. 4.~5 
1 .0339 2'.91 4.88 4.96 4.97 4.31 • 

25 25 .• 0967 0 .0892 2.80 4.92 4.97 4.98 4.18 1 
.0893 2.80 4.77 4.82 4.82 4.06 1 

17 '25 .01138 0 .00789 3.13 4.79 4.96 4.98 4.48 "" .00784 3.14 5.05 5.23 5.24 4.72 
..., 
co 

~ 

..... .. ,/ . .' 
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Sa1t Vorg J Vaq 
CO 0, pH Q1 °2 °3 K 

c org c aq Corg p '. 
K 107 

TOAHC1 - 6 200 .1017 ° .0744 -J.13 5.98 6.05 6.06 5.7 
.0736 3.13 8.93 9.04 9:05 8.5 

TPRAHBr 25 10 0 .498 .01872 3.92 10.89 11.35 11.41 5.39 
.,01888 3.92 10.78 11.23 Il.29 '5.33 , 
.01919 3.92 10.57 11.01 11.06 5.23 1-

60 20 0 .0997 .01658 4.28 5.41 6.21 6.27 3.88 
-, 

.01673 4.28 5.36 6.15 6.20 3.84 

.01673 4.28 5.,36 6.15 6.20 3.84 , 
~ , 

" 
TBAHBr 30 30 .0997 .099'l .0752 '3.78 "'- .2Q5 .209 .210 .127 

• 0758 ~ 3.78 .201 .. .205 .206 .124 
, 

\..01757 50 30 .01994 .0499 3.83 .1642 .1712 .1721 .117 
70 ~o 3.83 .1617 .1686 .1694 .116 

50 25 "' .00997 .0399 75 3.85 .1532 .1619 .1628 .116 
.01 22 3.85 .1511 .1597 .1605 .114 --- A 

x 10 3 
, 

/' TPTAHBr 25 25 .099-7 ( 0 .0850 3.41 2.47 2.52 2.52 2.00 
~ 
~ 

.0852 . 3.41 2.41 2.46 -2.46 1.95 

50 50 .02493 0 .01818 3.59 2.40 2.50 2.52 2.13 
.01821 3.59 2.38 2.,48 2.49 2.11 

75 100 .01329 0 .00749 3.76 2.42 2~58 2.60 2.26 
.00755' 3.76 z-:js 2.51 2.52 2.20 N 

N 
\D 

., 

• ... , -..::.oor. .. ", ....... , Wt-..-..~"""- ~ ----

. ,1:,.~. % SfIf~"Il?'7 "R1!~m:~ J .. ;;, ':;"l}/:~'tî1~:~:-J ,&; .ee HIn '.?: IR ssnt: ' n •• • . 
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1 / 

1 Sl12À 1 :a 

0 

" 

Salt V V CO 0 
C org aq o,rg aq 

THAHBr 25 100 .Oj98 0 

25 100 • 02~95 0 

\ 
25 100 • 009~8 0 

;. L , \ 

.......-l' \ 
TPRAHI 30 30 \ 

.0998 \ .1006 

. \ 
30 30 .03326 \ .1006 

28 20 • .1069 \ .0503' 
\ 
\ 

\ 
TBABI' 30 30 .1019 0 

30 30 -.03397 0 

39 }5 .01045 0 
~ 

_.... aM db, QS2tC ,@ .".~q'44M$(J&4! .( ; .;&; .......... ;;0 Pii3~--- .. ~~ ... AJ!2 4JJ_';:."~-=--4t~~~"":'~ 

0 
" 

C org pH QI Q2 

x -1:0 5 

.0913 3.33 3.80 3.87 

.0913 3.37 3.90 3.98 

.02090 3.53 3.43 3.56 

.02079 3.51 3.60 3.74 

.00741 3.62 3.45 3.68 

.00744 3.63 3.35 3.57 

.0576- 4.60 .354 .385 

.0578 4.60 .352 .382 

.03338 4.67 .302 .337 

.03332 4.67 • 303~ .338 

• a1082 "4.80 ~232 .281 
.01082 4.80 • 232 .281 ' . 

x 10 3 

.0795 4.3a 6.30 6.75 

.0795 4.38 6.30 6.75 

.02257 4.41 5.74- 6.54 

.02253 4.42 5.79 6.60 

.00577 4.52 4.70 6.08 

.00578 4.52 4.65 ' 6.-02 

---------- ----- - ----

Q3 

3.89 
3.99 

3.57 
3.76 -

3.70-
3.59 

.394 

.392 

.347 

.348 

.291 

.291 

\' 

6.90 
6.90 

6.73 
6.80 

6.33 
6.26 

~ 

K 
p 

3.52 
3.62 
3.33-
3.50 

3.50 
3.40 

.228 

.227 

.213' 

.213 

.198 

.198 

5.23 
5.23 

5.46 
5.51 

5.45 
5.'39 

'" ,w 
o 

J 

, 

, 
i 
1 
1 - l 

f 
1 , 
1 
1 

! 
1 
! , 

" 
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Salt Voz:g Vaq cO CO Corg org aq 
~ 

.' 

TPTAHI 10 30 .1004 0 .,0902 
.0902 

15 30 .03347 0 .02977 
.02962 

2~ 50 .00913 0 .'00724 
'.00724 

THAHI 5 200 .1010 0 .0838 - .0835 / 

10 200 .505 0 .0440 
.0440 

- TPRAHcio4 20 50 .1015 .0406 .0856 
.0858 

30 50 ,.0338'3 .02031 .02779 
.02779 

28 30 .01087 .0101~ .00957 
.00959 

"1" 

'-

pH °1 

4.19 1.256 
4.19 1.256 

4.22 1.110 
4.22 .1. 210 

·4.31 .898 
4.31 .898 

-' 

4.28 1.931 
4.28 2.011 

4.18 1.903 
4.17 1.891 

4.99 - 2.58 
4.99 2.56 

5.01 2.06 
5.01 2.06 

5.02- 1 .. 35 
5.02 1.34 

;. 

' °2 °3 

x 10 4 

1.341 1. 369 
1.341 1.369 

1.244 1.278 
1.356 1.393 

1.130 1.172 
1.130 1.172 

x 106 

2.064 2.106 
2.150 2.194 

2.086 2.136 
2.073 2.123 

2 
x 10 / 

3.22 3.62 
3.19 3.59 

3.03 ,3.51 
3.03 3.51 

2.58 -3.06 
2.56 3.09 

~ ---
/ 

" K 
p 

~---ç-

1.21 
1. 21 

1.16 
1.27 

1.10 
1.10, 

2.01 
2.09 

2.05 
2.04 

2.51 
2.49 

2.64 
2.64 

2.48 
2.47 

rv 
w 
1-' 
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Salt Vorq V 
0 CO pH °1 °2 °3 K 

/ 
corq C aq -aq org p 

x 10 4 

TBAHC10 4 15 30 .1004 0 .0855 4.50 6.50 8.03 9.00 7.55 
.0851 4.51 6.86 8.48 9.49 7.95 

- 15 30 .03347 0 ;i)2588 4.67 5.53 8.12 9-.36 8.22 
.0259 4.67 5.50 8.07 9.30 8.17 

22 35 .00913 0 .00661 4.82 3.75 7.90 9.35 8.57 
.00661 4.82 3.75 7:90 9.35 8.57 

x 105 . 
. TPTABC10 4 10 100 .1008 0 .0898 4.38 1.295 r 78 1.747 1.62 

.• 0901 4.38 1.219 .486 1. 645~ 1.53 

15 125 .0336 0 .02891 4.55 1.039 1.472 1.674 1.59 
.02884 4.54 1.073 1.520 1.729 1.64 

28 200 .01080 0 .00884 4.70 .7924 1. 477 1. 723 1.66 
.00885 4.70 .7759 1.445 1.685 1.62 

x 107 

~HAHCI04 4 200 .09983 \\'>0 .0875 4.30 5.51 6.72 7.43 7'.17 
.0873 4.31 5.76 7.03 7.77 7.50 

------

~ 

/ 
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APPENDIX VII 

Potential response of the glass-calomel electrode system. 

Ionization product of water. 

In a given constant ionic medium, the potential 

233 

response of the glass electrode - reference calomel electrode 

system described in chapter V and depicted in figure 14 should 

cqnform to the following equ~tionS! in acidic and basic solutions 
. (1 2) respecti vely , 

E
O 59.16 + + JAIH+J ,E = + log IH ] 
A 

(14) 

E :;:: E
O 
B - 59.16 log [OH-] + JBIOH-] (15) 

The terms E~ and E~ are ,constants~ a given medium and include 

p6tentials of reference electrodes,and liquid junction potentials. 
\ \ 

The terms i~JA and J B stem from, the fact that potentials at 

liquid junctions in contact with solutions of varying aeidity ~ 

or basicity vary linearly with H+ or OH- concèntration. (3,4)' 
• 

Different techniques can be used to verify whether 

the e1ectrode system conforms to eqs. (14) and (15). In the 

procedure used here constant ionie strength acidic and basic 

solutions were added to a known volume of constant ionic 
. \ 

strength· solut1on. ~he potential was recorded and plots were 

) 

1 _ 



" 
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1 
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+ prepared of the quantities E - 59.16 logIH ] and E + 59.16 

logIOH-] vs. IH+] and [OH-] respectively. The intercepts 

should give E~ and E~ and the slopes J A ~nd J B respectively. 

The solutions were (HX, 1.000 x 10-2 N; MX, 9.00 x 10-2 M) 

-2 . 10-2 M). and (MOH, 1.000 x 10 Ni MX, 9.00 x They were added 

to '25 ml of MX, 1.000 x 10~1 M. ' , 

In Table (14) values of E in mV are listed for a 

typical experiment in each ionic medium. Corresponding plots 
1 -

can be found in figures (40) to (43). Duplicates of each 

experiment were run~ In the four ionic media studied the plots 

were linear. The high value of JB found in the case of the 

NaC104 medium and the deviation from linearity at high !OH-] 
l' 

values are attributed ta the sodium ion error of the glass 

electrode.* Values of E~ and E~ (inffercepts) could vary from 

day.to day due to temperature condftions and aging of the 
, " 

calomel r1ectrodes. 
o 0 Once EA and EB were obtained consecutively for the~ 

'" 
same ionic medium the ionization product of water K cou1d 

'. w 
be calculated by: 

) 

= (E~"- E~)/59.l6 
./ 

= 

* Values of J A and J B can b~ found on the graphs. The 
value of J B in ~he case of the KI ionic medium was unusually 

small. A possible reason for this might be th~ presence of 
trace impurities in the' solution. 

~ , 
" 
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FIGURES 40 to 43 

Plots of E - 59.16 log[H+] and E + 59.16 log[OH~] vs. [H+l 

and [OH-] in the four constant ionic strength media. 
~ ........ 

" , '. 
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Values of pK~ are listed below with literature values 

medium 

RC1 
.1000 M 

KBr 
.10QO M 

KI 
.1000 M 

NaC104 
.1000 M 

" 

pKw 
obtained 

13.775 

13.77 
r 

. 13.75 

13.72 

. 

K' Pw 
1iterature 

13.79(6) 

13.78 (5) 

Linearity of the plots and fair agreement of pKw 
~ 

wïth 1iteré!-ture values establish thé validity 6f egs. (14) 

and (15) as working equations and the conformity of ~he slope 

of the e1ectrode with the theoretica1 N$rnstian slope. In 

egs. (14) and (15) the J A and J B te~ are seen to be neg1igib1e 

+ -for solutions of H or OH concentrations not exceeding ca. 

" 
REFERENCES 

(1) A. Liberti and T.S. Li:ght'; J. Chem. Educ. ~, 236 (+962). 

(2) E. Hogfe'ldt, Ion Exchange, (Ed! ted by J.A. Mari~sky); ;- . 

Vol. 1, chapter, 4, ~réêÎ Dekker (1966). 
~ 

(3) R.G. Batee, Determination of pH, chapter 9, Wi1ey (1973). 

" 

t 



o 

" 

, 

4 

\ 

t . 
- 'oM' .... ~ .."., '-'l1 .... -"''ft''~ -~I~~\ • .,..cit 7' .•• ,oc;;cen .tfoI~' i,~tJCkS & !t,., .. u~ - p *-~--

. - --.~_._.- -

241 

(4) F.J.C. Rossotti and H. Rossotti; The Determination of 

Stability Co~stants, chapter 7, McGraw-Hi11 (1961). 

(Sr L.G. Si11én and A.~. Martel1, Stabi1it~ Constants of 

Metal-Ion Complexes, Supplement No 1, The Chemica1 ~ 

(6) 

Q 

Society, London (1971). 

H.S. Harnèd and"B.B. Ow~n, The physica1 Chemistry of 
o 

Electro1ytie,Solutions, p. 578, Reinhold (1958). 

, ' 

! 

\. 

! 

\ 
\ 

() IJ 

\ 

" 



-~." 

l , 

1 
~ 
!.O 

l 
1 

0 

\ 

0 -. 

.; 

\ 

___ ~ ... _, "' ... " ..... ·~1 ~_,"''t''(\_,,"=-_'O __ ._ ___ __ .. __ V- ...... _~~ __ -,-~-$- --~ ~-, 

.. 

, 

i 

1 

TABLE' 14 

Potentia1 calibration in each ionie medium 

[H+r E 
IJ",'--' or 

V [OH~l Ke1 KBr KI 

3.00 1. 071x10- 3 211.4 210.45 209.7 
252.0 252.15 252.3 

'" 
5.00 1. 667x10- 3 222.7 221.7 221.0 

263.15 263.6 263.7 

8.00 2.424x10- 3 232.2 231.2 230.5 
272.8 273.1 273.3 

12.00 3.24 xl0- 3 239.75 238.65' 237.95 
280.1 280.4 280.8 

16.00 3.90 x10- 3 244.4 ,243.45 242.7 
284.7 285. o· 28?~S 

1 
1 

x10- 3 247.7 "246.75 246.0 20.00 4:44 288.0 247.4 288.8 
\ 

250:7 ( 25.00 5.00 x10- 3 249.7 248.9 
290.9 "- 291.15 291.8 

37.00 5.97 x~0-3 259'.1 254.0 253.4 
295.4 295.75 296.3 

50.00 6.67 xlO- 3 257.95 256.9 256.1 
298.2 298.35 299.3 

1. 000Xl~-2 268-.1 267.05 266.3 
308.0 308.2 309.7 

:;l, 

V: / volume pf acidic or-basic solution added. :--.. . . 
E: potential in the case of aeid addition (upper , 

242 

NaC104 

.215.3 
243.8 

226.6 
254.1 

236.1 
262.7 

" 
" 243.5 

269.0 

248 1.1 
273 .. 1 

t) 

251.5 
275.9 

254.4 
278.3 

258.9 
282.3 "-

261. 7 
284.3 

271.9 
292.4 

line) or 

. base addition (lower l'ine, aIl negative values)\ 
'" 

A 

"-, 

" 

~~ -
t~ 

_i 
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APPENDIX VIII 

, 

_'Pw~o_-... p.;;,;h;...a_s...;.e--..;e_m_f_t_i_t_r_a_t_i_o_n_s_" • __ V_a_l_u_e_s_f_o;...;r~.::.-[ R3NHX] T and [X-] 

corrected for middle to low molecular weight salts. 

In the case of the titration of the organic amine 
{ -

by the aqueous acid the following results are,found: "i> 

1 
, { 

Vaq ( [H + ] - [OH - ] ) 
~ 

"nH+ - l l 

[R3NHX]T (~6) 
: = X 

V K V-
org l + -! aq 

V c 
y± org 

'y-

I[X- = 

0 
c + nH+/vaq - [R3NHX]T Vorg/Vaq 

-In t.he reverse case of a titration of amine salt 
0 

(.. by aqueous base the following expressions hold: 

0 Vorg 
+ -., \ 

cA - noa- 0 - Vaq ([H ] - [OH ]) 1 
[R3NHX]T"; x = 

V~rg K, Vag 
1"+ ....E 2 V c 

y± org 

" 
. '0 [X- ] = c - ~OH-/V aq + (C?A - [R3NHX]T) 'Vorg/Vaq . (17) 

J , 

, ,,) 
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APPENDIX IX 

Limitations to the calculation of log-log plot data polnts 

for low~r molecular weight salts 

244 

In the preceding Appendix modified equations were 

given to allow the calculation of log-log plot data points 
o 

for 'the case Qf salts that partition significantly into the 

aqueous phase. In ~eriving these equations the assumption 
, . 

was made that the salti was not dissociated +n the organic. 
if 

phase (see section F, part 3). If nQ such assumption was 

made these equations could be modified to include Rp (1 - a) 
\ 

instead of Rp. However a, the degree of dissociation, depends 

on Rd and pn the salt concentration in the organic phase. The 

value of Rd ~y be considered unknown since ~t is, 'obta1nable 

from the log-log plot. "" The value of the salt concent'l:ation 

, in the org~nic phase is also unknown at the time of the 
\ "." 

computation. For this reason the equations developed in the 

preceding Appendix are expected te be valid only for the less 

dlssociated salta and those for which the correction through 

K la smaller. p 

The range of error introduced by the approximation 
" 

can be calculated a posteriori uslng theoretiqal a values 

calculated over ~e whole concentration range (10-1 M to 2 x 

lO~4 M) from the dissociation constants obtained by conducto-

\ 
" 

o J 
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metry (see chapter III). Use is made of Table 4 for Kp values. 

The results ~re collated·in the following list giving the range 
o 

of relative error for each salt system: THAliel, 0 to < 1%; 

TPTAHBr,'O to 4%1 TBAHCl04 , 1 to 6\. Other salts of lower 

mdlecular we,ight" in each se~ies would be associated with more 

important errora: TPTAHCl~ 0 to 12%; TBAH~r, 2 to 40%; TPRAHI, 

20 to 300'"; TPRAHCl0 4 , 20 to 400%.' For the latter salta log-

'. " 

log plots were not calculated. .) 

\ . \ 

" 

, . 

..,. 
" 
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APPENDIX X 

Two-phase emf titration data 

In the folrowing tabulation of two-phase emf titration 

data the various headings designate the following quantities: 

CO is the initial amine or ammonium salt concentration in the 

organic phase: 

Ctit is the H+ or OH-\concentration of the titrant: 

E~ is a constant applicable in ~he ~otential - [H+l ~e1ation 
(see eq. (14) in Appendix VII). It is obtâlnèd as: = 
E'o + 177.6. E'o is xhe,potentia1 of'the glass e1ectrode system 

in a reference solution 10-3 M in HX and 9.90 x 10-2 M in MX. 

This potentia1 is measured before and after each titration and 

averaged; 

El' E2 , E4 , E6 and ES are the values of the potentia1 of the 

glass e1ectrode system after addition of l, 2, 4, 6 and 8 ml 

of titrant respective1y. In the few.cases when the value of 

the volume of titrant is different, it is indicated be10w the 

corresponding value of the potentia1. 

For each salt six titrations were performed; these' 

are designated by numbers: (1), (2) and (3) represent the 

titration of organic amine of initial concentration .1 M, .01 M 

and .001 M respective1y with aquequs acid; (4), (5) and (6) are 
1 



o 

( 

" 

" 
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the ~orresponding titrations starting from ammonium salt in 

th! organic phase and' titrating with aqueous base. A sample 

calcUlation of a log-log plot data point is given after the 

tables. 

1 • 

() 

• 
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CD o '" .. ' 

,.... 

System Vorg 
0 

C tit 
EO El E2 E4 E6 ES C A 

TBAHC1 (1) 9.92 .0965 .1000 385.6 10.5 30.8 55.1 75.4 103.2 
(8.04) 

(2) 10-;00 .00965 .01000 386.0 7.9 29.2 5,5.2 76.9 104.4 
(8.02) 

(3) 10.00 .000965 .001000 3S6.0 28.0 52.9 72.9 93.2 

(4) 10.00 .0991 .1000 398.1 128.0 108.1 83.7 63.1 36.9 
-" 

~ 
(5) 10~00 .00885 .00995 .3"98.1 124.9 104.9 79.0 54.6 39.8 

(7-.0) 0 

(6) 10.00 .000991 .00995 398.5 114.0 102.9 82.8 62.9 37.0 
(0.1) (0.2) (0.4) (0.6) (0.8) 

TOABCI (1) 9.87 .0969 .1000 412.4 56.0 80.1 100.8 128.2 
o : 

: 
(2) 9.94 .00969 .01000 412.6 55.0 80.0 101.1' 128.2 , 

( 3) 9.91 .000969 .001000 412.9 54.2 79.2 99.3 12}).6 

(4) 10.00 .Ü>03 .1000 386.4 115.2 95.7 71. 8 51.9 27.8 

( 5) 10.~00- .01003 .01000 386.2 ~ 114.4 96.7 72.5 52.3 27.9 

(6) 20.00 .001003 .01000 386.2 106.0 92.1 70.2 49.9 23.1 
(0.2) (0.4) (0.8) (1. 2) (1. 6) 

N 
~ 

00 

~' 
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Q , ---------- o Ct 

• 
System Vorg 

0 
C tit EO 

El E2 E4 E6 E8" C A, 

THAHBr (1) 9.96 .0965 .1000 387.4 -48.4 -28.2' -2.6 19.1 47.2 

(2) 10.00 .00965 - .01000 386.7 ~53.6 -32.7 -5.8 17.8 46.0 

( 3) 10.00 .000965 .001000 386.9 -40.1 -12.2 12.1 39.3 

(4) 9.97 .0998 .1000 386.6 61.0 39.7 13.8 -7.8 -:3-2.5 

( 5) 10.00 ."'00998 .01000- 386.6 58.2 37.8 12.3 -10.9 " -37.7 
! 

( 6) 
, 

20.00 .000998 .01000 ,386.6' 53.8 34-.0 7.9 -16.0 -44.2 ! 
~(O. 2) (0.4) (0.8) (1. 2) (1. 6) ~ 

TOAHBr (1) 9.82 .0968 .1000 387.2 -47.8 -27.6 -2.2 19.9 50.0 j 
, 

( 2) 10.00 .00968 .01000 387.1 -34.1 -6.9 16.9 45.8 , i -
('3) 10.00 .OQ0968 ~001000 387.2 Q. -41.2 -13.4 11.0 38.0 

1 
(2.03) 

( 4) _ 10.00 .1014 .1000 390.5 66.2 45.6 20.5 -0.8 -26.7 
1 

(5) 10.00 .01014 .00997 391.5 64.8 44.5 18.5 -2.8 -30.6 ! 

( 6) 10.00 .001014 .00997 390.5 57.3 37.3 10.3 -11.0 -38.3 D 

(0.1) (0.2) (0.4) (0.6) (0.8) 

" 

l\) 

U1 
0 

~- .... , 
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o o et 

~ ,,/ 
-' 

System vorg 
0 EO 

El E2 E4 E6 E8 C ~ C
tit A - ---

TLAHBr (1) 9.94 .0983 .1000 387.1 -4~.0 -28.2 -2.4 18.3 44.8 
1 
1 

(2) 10.00 .00983 .01000 387.3 -54.9 -35.0 -8.2 14.9 41.7 l , 

( 3) 10.00 .000983 .001000 387.2 -42.3 -14.2 9.3 35.0 i 
1-

(4Y 10.00 .0982 .1000 392.2 67.0 45.8 19.9 -2.6 -29.0 ! 

(5) 10.00 .00982 .00997 391.f 63.5 42.1 15.8 -- -6.4 -34.5 
.e 

(6) 10.00 .000982 .00997 391.8 54.0 36.8 11.9 -10.1 -35.9 
(0.1) (0.2) (0.4) (0.6) (0.8) 

l!. 

TPTAHI (1) 10.06. .0994 .1052 388.8 -123.8 -102.9 -77.9 -56.7 -29.0 
-

~ 
(2) 10.00 .01000 .1055 390.1 -132.1 -110.5 _ -83.3 d d 

(0.1) (0.2) (0.4) (0.6) (0.8) 

-
( 3) 1'0.00 .001000 .01028, 389.8 -118.0 -96.5 d d 

, 

( 4) 10.00 .1038 .0997 388.3 d -36.8 -59.0 -78.0 -100.8 

(5) 10.00 .01038 .0997 389.7 d d -59.5 -82.4 -105.8 
(0.1) (0.2) JO_.A+-- (0.6) (0.8) 

r 

r---- (6) 10.00 .001038 .00980 390.0 d d d -90.0 -111.5 
(0.1) (0.2) (0.4) (0.6) (O.S} 

t\.J 
VI 
1-' 

'\ 
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~ :!::;) 

System 

TRAHI 

TOAHI 

(1) 

(2) 

(3) 

- (4) 

(5) 

(6) 

( 1) 

~2) 

(3) 

(4) 

(5) 

(6) 

Vorg 
O' c 

9:98 .0990 

10.00 .00994 

10.00 .000994 

10.00 ... 0990 

10.00 .00990 

10.00 .000990 

10.02 .0996 

10.00 .01003 

10~00 .001063 

10.00 .1015 

10.00 .01015 

10.00 .0010,15 

o 

Ctit EO 

A El 

.1052 388.8 -124.7 

:1055 389.9- -133.8 
(0.1) " 

.01028 389.8 

.0997 388.3 d 

~.0997 389.7 d 
(0.1) 

.00980 390.0 d 
(0.1) 

.1052 389.6 -125.6 

.1055 389.9 -135.1 
(0.1) 

.01028 389.8 

.0997 388.3 d 

.0997 389.7 d 
(0.1) 

.00980 390.0 d 
(0.1) 

'''''-', ~ :ot\ltiiJftW!W,N) ,a"" @._,,; 4J .• M;~~f7: .. 
E2 E4 E6 E8 

-103.9 -78.8 -57.0 -26.7 

-113.2 -85.7 d d 
(0.2) (0.4) (0.6) (0.8) 

-116.0 -92.0 d d 
(0.2) (0.4) (Q.6) (0.8) 

-38.6 -63.1 -83.0 -109.0 

d d -88.2 --115.4 
(0.2) (0.4) (0.6) (0.8) .. 

d d -96.0 '-119.2 
(0.2) (0.4) . (0.6) (0.8) 

-104.1 -78.8 -57.4 -27.4 

-113.3 -86.6 d d 
(0.2) (0.4) (0.6) (0.8) 

-119.7 -96.0 d d 
(0 .~) (0.4) (0.6) (O. 8~, 

-37.1 -6~.7 -82.0 -107.2 

d, d '-89.0 -115.3 
(0.2) (0.4) (0.6) (0.8) 

d d -94.5 -115.0 ~ 
(0.2) (0.4) (0.6) (0.8)b. N 

_il_l~":lW~~.13I1ilIlrnrz r nE 7 as rers = m 'f tr n 1mme N :: tf"·tr#ç§W'!57 5 .' ....... '.,.i .. '.- .----........ -~-.. , "-



~ . 

TBAHC104 
(1) . 10.0,0 .0991 .1000 389.8 -182.0 -159.0 \,131.5 -110.0 -~4.8 

(2) 1-0.00 .01032 .01000 390.6 -191.5 -176.0 -:149.2 -126.4 -100.8 

(3) 10.00 .001032 .001000 390.6 -175.0 . -169.2 -156.1 -139.0 -114.9 
.r-

(4) 10.00 .1002' .1105 391.7 -67.3 -88.8 -115.4 -139.1 -175.0 

(5) 10.00 .01002 .00980 391.7 -72.9 -94.9 -121.8 '-144.7 -169.2\-:::: 
1 .( 

~ -:~ j ... 

.00.980 -112 
1 

J. ' (6) 1p.~0 .001002 391.7 -13~ -154 -167 

~- (0.2) (0.4) (0.6) (0.8) 
I\J 

~, -- U1 . -
; w . 

~-
• T ' ~r;.llIlUilnl.n AUW.I r F'~:C:t 'atrpn r , """~;l' rA':"", . i • _ .;11 1 F P Pf sn;::r n i' X l11M 'i~r H 'i""' __ t r' - ....., 

-'" <Y 



"'" 

o 

System Vor~ 

TPTAH€104 (1) 9.91 

. " 

(2)~ 10.00 

(3) 10.00 
c 

(4)' 10.00 

(5) 

(6) 

'-

10.00 

10.00 

THABC104 (1) 
...... 

9.89 

/ (2) 

( 3) 

. (4) 

10.00 

10.00 

10.00 

10.00 

cO 

.0989 

.00989 

.00989 

.1002 
.. 

.01002 

.001002 

.0990 

Ctit 

.1000 

.01000 

,0 

EO 
A 

) 
- El E'2 E4 .f E6 

389.8 -182.9 -160.5 -133.0 -112.1 

369.8 ~192.3 -176.8 -150.0 -126.3 

Cl 

E8 

-85':8 

-98.9 

.001000 389.8 -175.2 -~69.3 -156.0 -138.3 -110.8 , 

.1105 391.6 -67.7 -89.0 rl15.9 -139.0 -174.6 

.0098 391. 7 -72.3 -94.5 -121.0 -144.3 -169.0 
. 

.0098 391. 7 -111 -135 -153 -167 
(0.2) (0.4) ,(0.'6) ~ (0.8) 

;> 

.1000~' '391.5 -182.0 -160.0 -133.1. -111.4 -85.0 

.00990 '.niOOO 391.5 -191.3 -176.1 -149.5 -125.7 ~98.5 

.000990 .001000 391.5 -174.3 -168.6' -155.0 -137.6 -110.3 

.1033 .1105 391.5 -65.9 -88.3 -115.3 -138.1 -159.9 

.01033 .00980 391.5' -74.0 -96.9 -123.6 -146.1 -169.8 (5) 

(6) 10.00. .001033 .00980 391.5 -109.0 -136.1 -152.7 -164.4 
(0.2) ~0.4) (0.6) (0.8) , . 

, . 
--..;;t. 

'" • 
.., 
VI 

"" 
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~ . 
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'1 

~ ,.. 
fl 

0 ~ 

EO 
/ -. 

System V El E2 E4 -E E8 
" .' C C tit 

-, 
org- A 6 

• r '" . 
- r 

/ - <. 0 

~TOAHCI04' (1) 9.96 ... 0961 , .1000 390.8 -181.6 -159.«(, -13'1,.'8 -109.6 - -79.8-
; 

(2) 10.00 .00958 .01000 388.5 -19~1 -176.8 -149.6 ~ -124.9 -93.7 ' . • l 

(1. 1) \ 

<".~ " 
"ô 

, . .. • 0 , 
(3) 10.00 .000958 .001000 390.5 -174.0 -168.1 -154.2 :-'135.6 -102.9 i . ' - î· 

0 - -, 1 

'4) c 10.00 0 .0981 • 1105 392.7 -66.0 -87.1 . ~11-s.2 
a 

-140.3 -165.1 : t}/~ .... 

(7.5) 
.. 

" 
. 

" 
(S) 10.00 .00981 < • bl05 392.7- -76.8 -99.3 -129.7, -155.0 -177.8 . .- \ (7.5) 

(6) . 10.00 '" -108.6' -1~.0 .000981 .00980 392.7 -152.5 -168.0 
~ 
~ (0.2) (0.4j. (0.6) (0.8) l' 

'" • 

,T~C104 - (1) -; 9.98 .0983 .1000 / 389.8 . ~180~7 -158.2 -131.,1 -109.6 -82.9 
, 

• (1.01) " " 

1 
(2) 10.00 .0.0983 .0100 '0 389.& -191.7 -176.3 -150. O·~· _ - -126.1 -97.l 

-4 

q) 1{).00 .000983 .001000 389.8 ":175.8 -170.0 -15,~. 8 -139.0 -110.4 

(4) 10.00 .10~:,: ' .1105 391.2 -63.8 -86.2 -113.1 -136.9 -1,72.1 

\- (5) 10.00 .01000." .01000 391.2 -75.1 -98.2 -126.0 -148.8 -173.0 

(6) 1.0.00 .00100 .01000 391.2 -82.7 -10"9.0 -135.0 -150.9 -163.2 
(0.1) (0.2) (0.4) (0.6) (0.8) 

" N ~ 

" V1 
V1 

,,1 • 
. 

, ~" '111 . · •• ·.1 .• 11"' ,&"iiinrn" IV F ',",.. >"...., • r9 'T zr. ~ .' _~~ ~- - "" .. " .. ' '~.· •. _ . .!"~Ifir:;,~·., c- , • -, • ' '''', ~. _ ~ 
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Samp1e ca1cu1ation 
1 

256 

In the titration THAHC1J1), after add,it+on, of 1 ml 

~of titrant to the organic phase tqe potentia1 read was 10.S mV. 
The fo11owing computations are performed: 

""-l 

[OH-] = ul. 68x10-14/4. S,7X10- 7 = 

, l 

nH+ = Vadd Çtit = .1006 

3.68x10- 8 

. ' '7 = .0965- .1000/9.92 + (4. 57x10-

= .0864 

3.68x10-8) 50/9.98 

Kp/y±2 = 4.35x~0-4 x~10·323/(1+.104x6) = 6.88x10-4 

" 

3.68x10-8) ) 1 
x ---"";;;"'---'4"'--

9.92 
u 
.' 

. . 

1+6.88x10 xSO: 
9'.92x.1 

1 • 
\ 

~ [X- = .1000 + .1000(5,0 9.74xlO-3 x 9.~2/50 = .10007 

\ 
tR3~] ,lH~~ [X-] ,= 3. '9? x 10"'9 

~' , 

Q' = 3.95x10-9/9.74x1q-3 = 4~06x10-7 
u 

., 

Il J 

-
, . 
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APPENDIX XI 

~ >, 

Calculation of Q and'Kd from log-log' plots 

\ 

A test. value of Kd' is selected. From the" known 
" 

is calculated by 

257 

value of o [R3NHX]T the v~lue of [R3NHX] 

iteration (see Appendix V). Thep Q is 
. - - + 

com~u-eed as, [R3N] [H.]: 

[X-l![R3NHX]. 'Values o~ Q obtaiped ~9r all data point.s in 

one log-log plot are averaged and 'the standard deviation 

caiculated. The test Kd value is incremented and 'the cal

culations repeated until Kd reacli~~.~ value where 0Q/Q is 
. . 

minimized. The corresponding points tit best a straight 
, 

line of slope one on the log-log plot. To the values Q - 0Q 

and Q + 0Q correspond l<d values considere1d as the limits of 1 

q 
the dispersion range of Kd and tabulated as Kd ± 0K~ in 

Tables ,10. and 11. 

j 

Sample calculation 

In the following table are lfsted values of Q and 
. . '-5 

~O\Forresp~qding to various test values of Kd from 10 to 
l 'il 

8 x 10-5 for the system TPTAHBr. 

1 

j • 

1 e 

. , 

,'-, 

"-.. 
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Kd x 105 Q (±a Q ) x 10 8 
0Q/ Q in % 

1 3.79 (±. 34) 9 
2 . 0 

3.92 (±.25) '6.5 

3 4.02 (± .,22) 5.5 

4 4.10 (± .19) 4.6 

'5 4.18 (±.18) 4.3 

6 " 0 4.26 (±.19>- 4.5 

7 4',32 (±.22) 5.0 

8 4.39 (±.25) 5.6 

(j 
The valu~ ,Kd ~' 5 x 10-5 minimizes a QI. Q. The corresponding 
/, -8 . • 

value of Q is 4.18 (±,.18) x 10 " To the values Q = 4.0 x 
8 1-8 

10- and Q = 4.36 x 10 correspond Kd values of 'ù 3 and 

8 x 10-
5 

and the value of Kd is given as Kd = 5 (±3) x 10-5 • 

,., 

( , 

, ' 

.. 

. / 

,. , , 

, , 
1 
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APPENDIX XII 

Electrode response and selectivity constants 
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, !, 

II Ha1iëe e1ectrodes response (E in mV) 

ha1ide concentration 
,7 l 

f ion exchanger 
l, 

10-2 10-3 10-4 

t TPRAHI 20 40.5 52 t 

TBAHI 41. 8 70.5 86 

TPTAHI 54.'0 90 99 

TRAHI 53.8 96.3 112.5 

TOAHI 54.8 10.6. 7 120 

TLAHI 54.2' 106.1 119.5 . " 

" 

TBAHBr 32 58 63.5 >: 

TPTAHBr 39.5, , 67 74.5, 

G' 
"-

THAHBr 53.6 \ 90 91.5 • 
1 

1 
TOAHBr 53.6 94.7 97.5 

TLAHBr 54}O 95.1 98 

TPTAHC1 33 56.5 65 

THAHC1 48.5 68 70 

TOAHCl 52.6 7'3 74.5 

TLAHCl 53.0 78 80.5 
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III Se1ectivity constants KS12 ca1culated at various C104 ion activity 1eve1s 

activity of C104 
2x10-2 10-2 4x10-3 2xl0-3 10-3 -4 4x10 o 2x10- 4 

CI0~/Cl - .005 .0063 .0087 .0094 

C10~/Br-. !028 ~031 .033 / .028 ~026 

C10~/I .,125 .114 .092 .081 
. 

.072 .066 .069 

/ 

~ 

/ 

,. '.: JIi .... : ,>~'-~'," :.':. ..~ 

~ 

10-4 

.0095 

.023 

.058 

t-) 

0"1 
1-' 

t 
;/ 
1 

, 
; 
1 

-1 
1 

1 

i 
I-
l . 
1 
1 

i 
,1 
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( 
Claims To Original Research 

(1) Dissociation constants of 24 tertiaryo ammonium 

,salts in water-saturated nitrobenzene are reported. 

,. 
(2) Partition constants between nitrobenzene and water 

were evaluated for a series of tertiary ammonium salts. 

(3) A method 18 described to calcUl~ation 
constants in the organic phase fram twa-phase emf titra tian 

data. 

(. (4)' ') Two-phase hydrolysis c~nstants were metsured for 

a va.riety of trialkylammonium salts in nitrobenzene and' 

were shown ta be essentially ind~pendent of alkyl Chai;[ 

'. length. 

(5) Tertiary ammonium salts dissolved in nitrobenzene 

were evaluated as liquid ion exchangeis ~:; ion-selective 

electrodes. 

\ 

• i' 
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SUGGESTIONS FOR FURTHER WORK 

This study has focused on various equilibria prevalent 

in a two-phase system involving tertiary ammoni~ salts, nitro-

benzene and water. The importance of hydrogen bonding between 
1 , 
cation and anion in the organic phase has been pointed out. No 

steric effects coul.d be found when the chain length was varied. 
.. 

A valuable contribut'ion would be to study: 

(1) s~milar equilibria involving secondary and primary' 

(2) 

( 3) 

(4) 

--
ammonium salts, branched tertiary ammonium salts 

and quaternary ammonium salts; 

the influence of the diluent dielectric constant 

and solvati'ng power on the dissociation and aggre-

gation of the salts by changing diluent or-using 

mixed diluents; 

the magnitude of the various .constants for other 

anions of widely differing size and basicity (e.g., 

fluoride and tetraphenyl boron); 
,'if 

the hydration equilibria prevalent i~ the organic 
, ~ 

phase and their çependence on alkyl chain length 
,"" 

and nature of the anion; 
, 

(5) the influence of liquid ion exçhanger concen~ration 

on the response curves of the electrodes. 
T 

'M.' ~ • 
'"J{ 

, , 


