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Ultrason ic Aboor otion in Aqueous ~1k21~ ~eta1 ~~~ ~~

Sulfat e Solut ions
• 1

Thomas J. Gilligan III and ~~~~~~ ~~~~

Gordon Atkinson

Department of Chem istry
University of 0klahc~ a
Norman , Oklahoma 73019

Abstract

The ultrasonic absorption of the five alkali metal sulfates was

measured in water in the frequency range from 25-520 !~iz. Only one relaxa-

tion was found for all the salts and in all systems it was in the region of

lOO~i~.00 ~~ z. The amplitude of the absorption increased with increasing con-

centration while the relaxation frequency decreased or remained constant .

The amplitude and relaxation frequency behaved in a similar manner when the

temperature was decreased. These results were analysed in terms of a three

state mechanism of ass ociat ion where the two react ion step s are coupled .

The experimental results included a B’ ~arameter wh ich was the residual

absorption due to a higher frequency relaxation and solute-solvent inter-

actions. The three-state mechanism yielded forward rate constants at 0.5 M

and 25° C for the formation of the inner-s~ohere comolex of 1.0 x 1O
9 sec 1

for all salts except potassium sulfate which w~ s 2.0 x 100 sec 1 This

mechanism successfully explained the decrease in the relaxation frequency of

sodiwn sulfate with increasing concentration . The volume change for the

react ions can be calculated and they exhibit a temoerature and concentration

dependence similar to the absorption amolitude. At the higher concentrations

it was possible to treat the two steps as ~ecou~ led to a go,d a~prox!:nation .

1
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Introduction

The alkali metal ions are extremely important constituents of the sea1

and of b iofluids. 2 In the past the characterist ic kinet ics  of reaction of

these ions in aqueous solution were considered immeasurably fast . With the

advent of relaxation methods Eigen and Maassa~
4 were able to investigate the

kinetics of association of these simple metal ions with the complex multi-

dentate ligands NTA 3 , EDTA4 and DGLTA4 . In add ition other kinet ic

studies4’5 have been carried out on the interaction of the alkali metal ions

with other large molecules, particularly in methanol where association is

very extensive. However, no systematic studies have been carried out on the

kinetics of association of alkali metal ions with simple anions. We were

particularly interested in the association with sulfat e because of the

importance of sulfate association in seawater and the extensive studies made

of sulfate association with +2 and ÷3 cations. 6’~~’8’9

The problems with the study of alkali metal ion - sulfate kinetics in

water are two-told . First , the association constants are very small 1
~ as

are the important thermodynamIc parameters ~H and ~ V. Secondly, the rates

are expected to be very fast .’° For these reasons we decided to use ultra-

sonic absorpt ion . Preliminary results showed measurable effect s although

it was clear very early that we could expect an unpleasant combination of

very short relaxatIon times and very low absorption amplitudes.

Eigen and Maass~ used the following mechanism to treat the results

of their alkali metal work :
I II IIIIc1 , •, Ic2

M~(aq) + x~~(aq) = ~~~~~~~~~~~~~~ _

~ M ’ X~~ (aa ) (1)
k k
-1

k

________________________________  IL
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State I Is the separated aqueous ion s ;  state II an outer-sphere

complex; arti state Ill an inner-sphere complex. The fact that  naly one

relaxation was observed for these ‘:~tcnz nakc~ the above the most appropriate

scheme . The character ist ic water subst itution rates 0 for the alkal i metal

ions are all on the order of i~° sec 1 so slow relaxations are not to be

expected in these systems. The four state model of Elgen, Die bler and Tamu~~’~
2

seems overly complex for the alkali metal ion reactions. In this model step

I is a diffusion-controlled approach of the aquo ions while steps II and III

represent the step-wise loss of waters from anion and cation to give the

contact ion pair. For metal ions ~hose character istic water exchange rates

axe fa irly slow the three steps can be observed . For alkal i metal ions with

their high water exchange rates , the steps are too close in rate to be

distinguishable. Thus, the three-state model seems to be most appropriate

to our case. The first step is the diffusion controlled approach of the

aquo ions and the second is the slower formation of’ the inner-sphere complex ,

Inner-sphere complexes of LiSO4 arid NaSO4 have been observed by lB

spectroph otometry in fairly c-ncentrated solutions.~~~’ 
14 Other Raman

studies’5 have indicated that sodium sulfate forms only an outer-sphere

complex. However, the Raznan studies were done at lower concentrations than

either the lB or our ultrasonic studies. Therefore , the concentrat ion of

inner -sphere complexes was probably too small to detect.

Exner ixaentol

Materials: Lithium sulfate rnonohydrate , anhydrous sodium sulfate and

anhydrous potassium sulfate were Fisher Certified ACS reagents and were

used as received . Cesium sulfate was Fisher reagent grade and was used as

~~••~• ~~~~~~~~~~~ ==~~
_._~~~~~ __j  - - . --- ‘~ ——~~- — - . L~ - ~

__
~__J ~~~~~~~~~~~
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received. Rubidium sulfate ~:a~ ~‘rt rare I from c lvt r ~ulfat ’ ~tai rubidi r”

chlor ide and purified . Stock solutions of all the suits were prc~ar~~

volumet r ically us ing deior~i~~•i ~-~ tcr.

Apparatus: The send-receive pulse technique was used for all ultra-

sonic measurements. In this technique neasureme:~t of pulse atten~iation as a

function of path length e1~1~ the tltrasonic ahzorr’tion coefficIent . A

Matec 6600 pulse modulator and receiver with different plug-in units furnished

the basic electronics- The plug-in units used were Model 760 (10-90 ~ iz),

Model 765 (90-300 i~I:) and ?~odcl 770 (~ o0-7O0 MH.). The output signal from

the appropriate plug-in is gated into a Matec l25~ A pulse amplitude monitor.

This device, basically a peak-reading-voltmeter, provides a direct reading

of the amp l itude of the selected pulse in decibels. The frequency Is

measured by beating the pulse with a Hewlett-Packard 608D or 6l~ \ signal

generator , then measuring the signal generator frequency at zero bent

frequency by means of a Hewlett-Packard 5327C frequency counter.

Two cells were employed . The medium frequency cell uses a matched

pair of 5 ~ !z X-cut quartz transducers a’~d has an effective range of 15-

205 MHz in water. The high frequency eel]. employs 30 ?.~1z X-cut crystals

permanently bonded to quartz delay rods and has a effective range of 90-520

MHz in water. For the high frequency cell a new path-length measuring device

was developed . We used a Hewlett-Packard displacement transducer that

develops a voltage directly proportional to distance. This device enables

us to semi-automate the high frequency measurements since we car. automaticnlly

process signals related to oulse amplitude, path length and f’re ency ~zin;

LI ~~~~~~~~~~~~~~~~~~~ 
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a com~ut~~~ cn1cu~t.t r. The ~. -i i um fr€~-~~~ ~y tech ni que has been de~ crU ~ed

in the Ut crature~~ and the hi~ h frequency tec~~~i que will be submitted for

publ icat ion.

The temperature of’ the jacketed cells ~as cont rolled to + 0.05” C

with a Lauda TN 30-P temperature bath and monitored with a Yellow Springs

Instrum ent ~i5 C Teleth ennometer.

Treatment of’ Data

The data obta ined are based on the equat ion

= 1
0 
e
_
~~~~

C (2)

where I
~ 

= intensity of sound wave at x 1

= intensity of’ sound wave at X p

X = X2 -

= absorpt ion coeff icient -.

By measur .ng ~ as a func t ion  of frequency . f .  ‘.‘e generate our basic

(s’. ,  f~ ) data set . For a single chemical relaxation the theoretical

funct ion Is

A (3)
1 +

where f’r 
= relaxat ion frequency

A = relaxation a~-nol tude

B = high frequency backgrou-d

In dilut e solut i ons exh ibi t ing only one relaxat ion B is very close to the

pure solvent absorption value. In the case of the concentrated alkali metal

- - _
~
c,• _

— .... __... _
~~~~~

___ -
~ -_ _

~ 

____
~
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sulfat e rol~~t. e ~~:i:~~ j r • i  h~’ r t~ , uc sh~~i~t ~. r.’’ that the r’~a red

(~1’ c2) should really be c ~~idcre~I nu

= 
A 

+ ( A ’  
-, B (1~)

to ~ + 
~~“~

‘r~ \ 1 + (f/ c ;)2 J
measured observed high frequency

relaxat ion relaxat ion

and B = pure solvent absorp t ion

— change in pure solvent absorption caused by presence of’ solute.

Then we shall treat our dr.ta by

(-.
~

--) = (—
~

— - B) 
A 

— + B’ (5)
to 1 +

So B’ simply includes any small amplitude relaxation above o~ r high f r~~~ en~ y

limit plus changes in the solvent background. It should be a constant ~or -

a particular salt at a given concentration and t~ sper ature .

The amplitude of th e relaxation , A , and the relaxation fre~uer.cy.

are related to the relaxation tL’nc and thermodyn amic properties of the orocess

occurr ing
T ”l  2T t t

r 
(6)

2n 2
~’ E ~ (ci, - c)~A = _______ — (~ii° - — ——-— ) ‘-

~ (i’)
c~ c~ 

ye

where
(S)x - 

~ ~~ Ci
i

= stoichiometric coefficient of’ reactant i

C. — molar concentration of reactant i
I

0 = expansibility of sol ut ion

v = velocity of sound in the solution

- ~~~~~~~~~~~~~ - ~~~~~~~ - ... L.~... ...... . ~~~~~ .~~~~~~ ~~~~~~~~~~~~~~~ ~~~ . .  
~~~~~~~~ A — -—— .---- -~-
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= compress-i i tv .~~~~ s. ’ l u t  ~~~~~~

V VO 1~ .T~’ 0!’ ~~ . ‘ ut.

and ~~~ c’t~ ~~~~~~~~~~~~~~~~~~~~~ 
‘
~~~

-
~ ~~~~~~~ i r: ’r~~~’ “

~~~
- - - ‘ 

~
‘o~’ c~ l ~~~~~~~~

The exp re s ~n f ’~ r the rol a xat ~~ in t n~ t~ i :~d i vi

constants  cnn t~c ~~~~‘ r i vod :‘rcrn a ~‘oas ~~it ’:~~. ~n c~” t he  th!’ —~ t~tt ~
. ~~~~~~~~~~~

given ab~ ’V ~~’. ~ ~~ shall n~ t ass~n~’ t~i ~ ~ e t ..~~ ~t~~’s art’ ~~~~~ I ‘J hut

shall ~~~;~o~e that th~ ~tct iv ity ~-‘oet’t’i ci s ar~ not chaaL~ n~ app :‘ec I ut’ly

with concentration ‘.r. tht ’ ran~ o of m t  e - ~~t .  -~~. ‘~d to 1 .0 m~I nr. Si~ ct’

the ac t iv i ty c~ ot ’ f i c i e nt s  show a t~ron.~ i:~~~~~ with c o : e t r ~ticn in the

range, this latter a~;~~~n ’ct . ion  shoul d b~ ~.~ite ~~~~ 
‘
~~
‘

Using sodiur~ sulfate as an e i n ~~e

II

Na~(aq~ + ~04 ( n ~j )  i~:a ’ so.~J
k k

Then K. K ( 1 K ) = ~~~~~~~~~~~~~ ( i o)
L I 11 

[~~ — i [o~~’-~.1

= overall an soc ia t i cn  ~~~~~~~ (available frcn equ iIibrit ~ d~ t a~

= outer-sphere asso~ñatic’n cx’st-nnt

K11 inner—sphere .‘iat i~ n constant

[~I activity cc s~ectes A

We sha ll enleu lat e from the Eij ’~en-Yuo ~~ e~ - t i  ~~~~~~~~~~~~~ K~~ can t.hon

be evnluatnd . Using the rate e4u:~t to~. s ~~r t~~’ ~ ‘.at on o~ (~~a . ~ 

— 
and

(NaS34 ) — and the ma~ bzt l  n n~’’ condi , c c~ obt a n ex ’c’~~ for ‘no

relaxation t m e n  using st nn~ia !‘d t ech~

_ - -
___________ __________ —.~-‘ .-~-.
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~ / ~~~~ ~) (11)

\ n..~ u~!o / \,,. ~(~n ’~ ’n1) -

~ -k

=

a2j -k ’ = - k ~~( + - ‘) ( c N . + C, —~
)

1 V .. a

a22 = -Ic’ -Ic -k ,
1

The elgenvalues of the natrlx give the relaxat ion t imes

- -B~~ (B 2 - hA CY

2A

A = l

B = -(a11 + a22)

C - 8 j~~52l + a 11a-~ .

We will  put this  equation in more usable fono by u s ing  the exocr imenta l

the theoretically calculated K 1 and the theoret ical  value for  k ’ ~°’ ’°

In add ition we shall use Pit ~ er ’ s theoretical eqtiation ’
~ for ac tiv i t y

coeff icients.

The e~.pression for K1 
is~~

K (_~J~_) - ~ 1~!~a e 
~~~~~~ 

(i~~
’
~I Ic - 

3O~
) ‘

~~~~ aDk’r

________ ‘— —- - - -— - -— ——-. ..~~~~ rrz -r- -—
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(Ii.)
1 a~Dki’ 1 - e :.:I - .~,.~ e ) ~-::’

I f  the ~ c~ nion s~.:’ ~:‘i c e~~to ~ ~~~ ~~~~. a r~- :c t  ~‘.~-a tho’.’ can. e c-~-t i~~at ~~~~

from the c:•~~ren: ion.

v s .  + V . ~
D = D~1 

D
x 

a.~~. ~ ~~~~ ~‘ 1~ 
X )(  ~ 

~
‘ )

~~ (15 )

Robinson and ~toIces7’
~ give \ as a funct ion  of te~ rer :~t u.rc. P i tzer ’ s

equntic a for a ct i v i t y  c ’c e f f i  c i en t s  fits the experL’aental data uu to ionic

strengths of’ 5 M . rt is ~ Lven in t h e f orm

2v V 2(v ‘~ )~~4/2

ln ’y = I Z MZX I fY 
+ m~ 

M X~~a \ 
+ r2 ~~

‘
~~~‘n c,,v

.Y (16)

%!here f~
’ 

, ~~~ and C~1~~ 
ar e e~oiicit fv.r.ctic~s of the ion ic ~tren~t’n aud

three adJ uctn.i~le pnrane torr that vary frora salt to salt. - The original

paper~~ shoul d l~e sultcd for furtho:’ i~t ails.

The ccmb inat i cn .  of these c a l cu l a t io ns  gives the following exoren sion.

for the relaxation ti:aes

Ic Ic K’ I c K ’  K’
= .j .~(l + K~) + .-

~~~~~~ + 

~~
. 

~~~~~~~~~ 
~~ ~~~~ 

[k .C.~ ~ .~~~ 
+ 2)

(17)
— 2k _ 1 (K~ + i)] k 1[k..1(K~ 

-
~ l~~ -+ 2k2(l - Kj) ] + 

~~~~
° I ~

where K~ (~~~
) = K1 ~~[C~~÷ + c~3 -~] (13)

I

— - - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~ — — A ~~~~~~~~~~~~~~ 
_ - -
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The ct~ v~ L:,- ~-c : f i c i c n . t  .t ~~~~ ‘.
- rc.ult : f~~’n. t rn.-ati r . ~~ ~ a: a

of’ ( . : ~ . 
‘

~~~
) :tn..1 (:~ , 

~~~~~~~~~~~ 
. h t , r e

•y~ (~i
4 ) V (

~~~~
‘) ‘

~~~~

+ — -~arid 
~~~+ ~ 

) v_ (~-~i’ ‘.~ 
) = ~~~~ (~~~~: - .

~~4

One can then colve for Y V m i  y in term s of ‘~‘ ;:hi c’n in then. a’.niln.hi o
+ = -

f ’r~~. Pitzcr ’ s e;uation . When K~ is hno ’~.-a all the r ate  coant an t :  for  the

three s ta t e  nc’-Iel can be determined once an ‘ a ’ value for the outer -schere

comp lex is ~no~ n .  At the le er t o m n er at ar e n  where h~- values are not-

available 1 estimated values :au~t be used to obtain (k L’ , k_2) values.

Results an d D i o c n n n i o n *

- The excess ultrasonic a t - sor ot ion  fo r  d i f fer t .it concent ra t ions  of

Na 2504 is io~-n in Fig 1. The prec is ion  of the individual  data p oint- s j~

very good for all solut ions  mea sured with the 1ar ~ est deviation of any

individual  p oint  frcc~ a d e r i v~- l  single relaxation line hei n~ i~ . ~ ith the

low amplitu--Ic relaxations in these systems, ruch precision is necessary for

meaningful dat a treatment . As can be seen from Fig 1 the excess absorption

does inc rease  with inc rea sing ,  salt  concentration . ~elow O.l~ ~
‘t Na0S~~%

it is d i f f i cul t to dct c~ t a relaxation in this  frequency range. in c r ea s i ng

the c~~icentration increases  the absorption amplitulo ar.~ result s in eithe r

a decre :toecl or unc~~ r~~eci rd a~ at ion fecqucacy . This lo~ erin~ of the

Tabulated (oP . f)  valueo are av a il ab le  from 0. Atkinson on. request .

1- .
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relaxation frequency with increacinc ica conc-:~ntrotiou makes it clear that

we are not dealing with a simple bimulecular rror~ ns. The individual data

point s represent the average of at least thr e e  separate  determinat ions of

~ at a given frequency in a given experi~aental run , and , in most cases

the average of different experimental run s.

Fig 2 shows the temperature dependence of a 0.50 N Na 2SO 4 solution .

For all of the solutions measured, lowering the tersperature increased the

absorption amplitude and decreased the relaxation frequency. The shaded

symbols are data taken with the high fr eau en cy cell and show excellent

agreement in their overlap with the median frequency cell data. The

relaxation parameters are illustrated for the  25 ° data. The data are

fitted to ~~ 
~r’ 

and B ’ using a non-linear least squares analysis programmed

for an HP 9800 calculator. In rio ease did (~~‘/f 2) reach a constant value

at high frequencies. Itowever , with the exception of the 5.5 ° results, (~~~/ç2)

did reach a constant low frequency value.

Table I lists the relaxation parameters for the Na2SO4 solutions

studied . The result s can be qualitat ive?:.- understood if we assume the

existence of a rapid pre-equilibrium for the formation of the outer-sphere

complex. Then the relaxation time is sirspl:,

Ic K ‘y÷ (c + + C o 2)

= 
2 I Na S ~ + k ..2 (19)

1 +K
1
y 

~~~~ 
+ CSO _2) -

As the Na2604 concentration is increased the term [K1 V 
(CN +  + c

50 2)J
becomes >~~ 1 and 

~

-- 
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o at high salt cone eat r~ t i on ¶ hoco :nen I n~ ~~~~~~ t of con.c~ n.t rat ion .

is son t~or ~~~~ at :“~° at. co e it r:~tiu~i~. ‘~~ t or than. 0. ~~.
‘

at 15° for conct~utratio’is greater than 0.50. Although it is usefu]. in

explaining the above ob rvat ion , eq ( 1’)) shou.ld not be used in ~nanti —

tatively interp reting our data since it is base l on the ass’aa~tioa that

k1, k_ 1 >> Ic2, k ..2 . This is unlikely in our case.

The changes in B’ with concentration nad t-~euporature can be related

to the solvent structuring associated with “ structure- makin~;” and

“ s t ruc tu re-b reakIng ” ionnç ’7 ’
~ and to changes in the excess absorpt ion

due to the higher frequency relaxation . Na2SO4, classified as a “structure

maker,”~~ would cause increased solvent s t ruc tur ing  with increased

concentration increasing the AB value . The increased associat.Ion at the

higher concentrations would cause the A’ value to inoreas~ . As a result

we would expect the increased B ’ shown in Table 1. A tetramethylasrnionium

b romide (TMt~-Br) gave a (c~’/ f ~ ) value that was independent of’ fre~uency

Indicating no measurable association . Howevi r , a 1.5 M solut i on of TNA ’- }~r ,

the same ionic strength as 0.50 14 NarS0.~
, gave a B’ of -~ ,5. All of’ th is

Is attributable to the solute-solvent interaction of the “structure

breaking” WA-Br. ° The measurement of a (0.60 M TMA -~~r/0. ~C\\~ l~a0S~~~)

mixture gave values of’ (c~’/f’2) that are ) .0 to 1.:” units lower at each

frequency than the pure 0. ~0 N Na2SO4 solution . Thi .. dives A ~i~~~d

values that arc the same as the pure solut i on but a B’ that is 1.1 unit- s

lower. For the same mixture at 15’ , (
~ ‘/ 1’°) values are ~y er  by :~. —

‘1

~~~~~~~~~ L - — - -  - _____ 
-
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2.5 un itn at , ~~~~~~ ~~ ~~~~~~ f l t~~’ . in noe th n IJt~d ~‘~‘J\ -- ~ j . 
~~~~ ~ t i  - t- I

cff’cct en ~~ but lit,t,1 c ~t t ~ee t. en A’ and t1’.~ s In rrorod 1’ the ~ au’ .~ ’s

in }~~
‘ .

In orde ’ r to ~~~~ p t r e  our r en a l  t a i th the other no suit s alk ali

metal ions’ ‘~~~ we extended the ul t r anon - i  ~~~~ n u r t .n”nt . s to all the al i~ il I

metal sul Cates. ~ F ig ~ shows our rcsul~ at .~~ an- i 0. ~~ ~ •
.
~~ r a l l  th

salts. As in Eigen ’ work , the nmpl i tude of the sod inn  salt i subst~tnt  I a l l ’ .

greater than the others under the snn’.e ec lit ~~. The relative ampl~tude

for the other four ions depends on the anion ’1

EDTA 4 Na >
~~ K > Li Cs

NTA 3 Na >> Cs~~~K
>Li

~~~Rh

SO4 2 Na >> K Rh Cs Li (Th~ r work)

Table II gives the fitted rehixation parameters for  the  five salts.

The results show one important difrcrm~e Crom those ronort .od by Fi~ on for

the large ~‘iultidentate ligands. Figen and 1i: n s found r e laxa tion  ti:r,en that.

increases monatonicaily f’ron Li
4 to Cs~ for each an i on . At 5.5” we find

this same order of increas ing  relaxat  ion t ime w i t h  increasing ionic m n . d i u r .

however , at 25°, the relaxation time for the Ii~ salt has gone frors the

slowest to the fastest. In this part .ioular cane , the threL~ parameten

f it yields a relaxat ion frequency o f’ 5&.~ ~~~ This is at the far  edge of

our measurement range and , therefore,  the fitted results arc subject to

larger errors th an in the other cases . For t.h i.~ reason we also t r ied  a

two~paramct er f it for LI~~~)4 fixing B’ . For a B ’ of 1.0 , A ha s d c c r e i n e d

to ~4 .5 and f  to 505 ~~1n . When P ‘ is m c ’ rca nod to 2.0. A bt ’ce’~es . and
r

decrea ses to ‘~7 M11~ . Since the measur ed  (o ;
‘ ‘‘) is ~) at S .‘l fltn .

- -

- L - . ~~-.-- ~~~~~~~~~ ~~~~~~~~~ _ .-~i - - -
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the expeoto~1 P niionl.i be ni ’~~~ w h t ~ l e w r .  owov L r , the B’ of 0 .11 obtahlo l

with the thrac —parar .e t ,er  f i t  I too low . The lent . value for the rd axat ion

frequency of Ii 
~~

0I sh oal  ci lie bot ’no , the 60 ~nl ue an d the ~0

value found for 1.00 M Li2SO4. In all the other car.es , i ncreasing the

concentrat ion either 1 “wored the 
~r 

or left it unchanged .

In conclus ion we feel th at th e ben t  v a lue s for the 0 .’~0 N LI~~ O 4 are

those from the two par ameter  f i t :  B’ 2.0, A = 5.6 and 1’
r ~~~ MHZ. Thir

still makes the relaxation time for Li:~~04 substan t ia l ly  faster  than would

be expected from Rigen ’s re sult s. Thu s at 25 ° the orde r of’ the relaxation

times would be

Na < K < Rb < Cs ~ Li

One can speculate that this is due to the very strong hydra t ion  of the Li~

ion . This diminishes the extent of inner-sphere complexatlon so that  the

bulk of’ the absorption results froa’ the much f a s t e r  outer-sphere process.

The mult identate  l igands used in the Eigen and N:iass work could have

reversed th is eff ect. At 5.5 ° the differences caused by difference in

hydration of’ the cations is dimini shed since the entire  solvent is much

more st ructured . Th is permit s the Li4 to behave in a more “normal”

fashion.

The B’ values for the K~ , Rb+ , and Cs
4 salt s  arc close to :‘e ro .

This Is consistent with our qualitative correlation of’ f~’ wi th  the s tr u c t u r a l

effects of’ these ions and the contr ibut i on of’ the fast ;  step amplitude to

the measured amplitude. Al l  three of ’ these cat i ans  are classed as “ s t ructu re

breakers ” while SO.~~~ i s  cias.’eLl as a “ st ruc ture-maker ” . The o~ p os tn~

cation-an i on effects  on the sai.’.’cnt tend to cancel each other leaving only

~ 

.~
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a small amp litude due to the fast step . L~
’
~ is a ‘ st ructure-tacker ”

so we would expect a larger B’ val ue in i ts  case.

To calculate the rate constants , we wil l use the equat ion s  gi’:-~a ~n

the theory section . First  an ‘a ’ value must be chosen. This i s  the

“dis tance  of closest approach ” in the outer-s~’there co np lex.  This is

then used to calculate K’ an ’~ k . We have assumed k is indecende~t ofI ~~ 1 -‘

ionic strength so increases in K~ are reflected by increases in k~~. The

value s were obtained from the ~~~~~~~~~~~~~~~~~~~

Table III contains the most important results. The concentrat ion

dependence of’ the rate constants for Na2SO4 reveals the same unusual

behavior seen in the relaxation f requencies .  In Table II we saw the rela>:at~ on

frequency decrease with increasing concentration . Normally no deDer.dence

on concentration would be expected since this is a unimolecular process.

However , in th is system the coupl ing between k~ and k2 i s closest at the

lowest concentration . This results in a higher k~ than would be ex’oected

If no coupling existed . As the concentration increases k~ increafe:. This

tends to decouple the two steps. At 1.00 M k~ and k2 differ by a factor

of 16 so the two steps are essentially decoupled . Calculation of k.-

for 1.00 M Na 2SO4 using the rapid pre-equilibriun metho~1 and a of 5.2(ref’ll)

gIves 5.1 x 1O~~ sec 1 instead of’ the 5.2 x 108 sec~~ given by the extended

calculation . Only at 0.30 ?-: do the two method s give anprec iably  d if f e r e n t

results. When a F.~ of 6.6 is used ( ref  35) th~ result s are slightly altered

( see Table I I I) .

Since the value for k2 depends on the value of ‘ a ’ assua~ed . ‘.:e

varied ‘a ’ for the 0.5 M Na .-.S04 calculations at 25 ° . With Kf at a r~inimum

near ‘ a ’ 5 A ari d k increasing with in c r e a s in g  ‘ a ’ . k~, is  saai ler  at 

~~~~~~~~~~~~~~ -~~~—~~— .~~~
‘ ~~~~~ ——- , ~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~ ~‘
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both 14 and 6 A that’. it is at 5 A . I f  one were to suonose that  ‘ a ’ d i d

vary with concentration , the sine would be inversely re ’~a ted to the c~ a-

centr ation . The effect of this on the ~~~~~~~ results would te to ~iv-~ a

smaller kp at lower concentra t ions  while leaving the high conc~ nt ra t io r1

values largely unchanged . This woul d h r i rg  the result s raore in l ine ~;it h the

more aesthetically pleasing concentrat ion inder eadent rate constant .

To examine the e ffect of temperature on k2 we evaluated the results

for 0.50 N ~a~S04 at 15.0° and 5 ,5
0 using ‘a ’ = 5 A . The values for

at these temperatures were obtained by using the ~B value of ÷1.1 Kcal/mole

reported by Austin and ?.~a ir .°° The calculat ed k2 at 15 .0° is very

slightly larger than the value at 25° while the 5.5 ° value is apprec iably

less. We would expect the decrease of k2 from 25° to 5.5° to hold true for —

all the alkali metal sulfates since the relaxation frequencies decrease

H for all and all should have positive L~H values. As the temperature decreases

k..1 also decreases due primarily to the decrease in the diffusion coefficients.

The two parameter fit results were used to evaluate the rate constants

for 0.50 M LI2SQ4. The used was 11.5 (ref 33). The use of the other

value in the literature (5 .9 in ref 35) altered the results somewhat. The

results are given in Table III. The Initial K~ value s used for Rb2SO 4 ~nd

— 
-

- 

Cs2SO4 are from Reardon (ref 35). However it was necessary to use a

somewhat larger than Roardon ’s value since Reardon ’s value of K~ was the

same as our K
1
.

For K2S04 two different K~ values were used . The value of 9.1 (ref ii)

gives k2 2.02 x i09 sec t while the 7.1 ‘ralue ( ref 3b) yields k~’ = 1.’(~ x

JO~ sec 1 . Reardon ’ s work indicates that the smaller value of’ is a

better choice. The results for Rb2SO4 and CapS~~ ar e very simi lar to those

--
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for 1.1 ; ~~ since  on~ y the k _ 1 v i l  u~ s cii :‘f~’r ~~~~re~ int l y. Tli i s ‘:‘~ ct~ is

d ue to the larger d i f f us i o n  coeff i c i en t s  ‘f and Cs
4

Treatment of’ these ~y~tems using the sinu l t~ t .hnt’e— stat ~sci~’l hns

greatly faci lit ated the un derstan ding  and ana Lysi s  of’ the da ta .  :-‘i~ ~

gives a mo re detailed p ic tu re  of the r~a~~ O 4 system as an exam p le. h oweve r ,

pursuing this more detailed mechanism in our calculat ions does not 
~~ r

frui tful . In essence we have one measured relaxat ion t ime and one ut ’nsu .red

equilibrium constant for each salt at each concentration and te:r.~ ers ture .  In

addit ion , thenaod~~amic data is lacking for the secondary equili~’rin shown

in Fig ~~~. In ~11 of’ these systems we are de~tling with electrolyt es that

are very largely dissociated . In addition most of the k ine t i c  processes

are close to diffusion control . Therefore, we do not believe ~r.or~o elaborate

kinetic analysis is fruitful at this time. Given the experimenta~ concentra-

tions , the assumptions made and the small size of’ the associat i on constants,

the value of k2 at 0.~ O M for Li, Na , Rb , and Cs is the same, 1 x iC~ sec 1 .

9 . +Potassium is h~ gher at 2 x 10 sec . Since all but the K systc c have

similar X~ values, this is not a surprising result.  However ,  it is ~~r i s i n g

that K2S04 with a larger K~ than Nn~SC~4 should give a smaller absor tion

amplitude . The only explan at ion , if one accepts the K~ values, is that the

~ V for the K+ association is much ~na11er than for the ~ia~ assoc at hu .

The excess absorption values. A , can be used to calculate ~

of ~ V , the change in volume on ion association . Exper imenta l ly  ..:e oi~t n i r

the volume change for  the slower relaxation. is not av~i1a~- ’.~

except for a max imum possI ble value . Th~ fo nantion of the t c n - r~d’.~~re

_______

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~ ~~~~~~~~~~~
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complex hou~ d h ave a s~ir all  ~~~~~ since , ~~~ s~~ at~~v s:ater Is di s~’ I nc t d in

the proc~ - ~~~. Therefore , the coat. r i t~~t ca of th coaol.-~d step to ..V... t ~
volume chan~ c ~

‘or the ~ccc: ’d st e~ w i l l  1’e ~-nnl  I . If ’ .~ V
1 

we re :~cro or

<< T then ~~~~~~~ would equal :-v~~~. r a these calc’u la tious  we thai  1 aL :~ys

as st~ae that  the contr i~~ut ica -o f’ .‘.H to  the  litudes is negligible.

The aii~plitude e~oressicn given in e~ T can then h~ zinoli fici .

Assuming ~~i = 0 ar id u sing  the t!~erm J yn~ — ic identities ~

C
P B

C~, k

TVO~and ~~~~~

Where $ is the adiabatic comoressibilit’, ,  eq t~ecomes

21t2v OAV 2A x i .
RTVX

t.
~
ark s

~~ 
gives values for the velocity and density of the alkali sulfate

solutions stu died. X can be evaluated f ’rc~oi the know n con cent r at~o~ s and

equilibrium constant plus the calculated activity coefficIents. ~e alto

nss~~ e that the activity coefficients are not chaag~ng appreciably wi th

concentration in this range . We obtain values of’ -~~.h cm 4
1 mole

for 0.50 ~ Na2SO 4 at 25 ° and -6.6 cm~ -o~ole at 5.5°. The for 1.Cc~ ~:

Na~S04 at 25° is -5.~ ~n~/rao1e. Since changes little with co ent- r~tic” .

the large i r .ore ases  in A with  increasing eonce~ t rati n nust  be due t o

increased association together with the c ar.~~s ifl solution ve1~ citv ,

density ar.~1 relaxat ion t ime . Us ing the t -no par ameter fit for C’.~~
Li2S0.~ at ~5° we obta in ~~~~ = - ‘- .

~~~ cm%r:ole. For ~~~~~~~~ 
~ ~~~~ at ‘~~~~

‘

the of 9.1 gives a AV11 ~~~~ ~~a , mole The ~~~~. ot’ 7.1 g~vc~ oa~y a
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slightly lower value .

To obta in the best ~V2 we should do a normal mode analysis of L’I~~ to

find the contribution from the coupled first zteo~
0 To do this ue need both

elgenvalues for the system. The~’~ can be obtained by using the rate constants

to evaluate the coefficients of the original matrix then solving for the

eigenvalues. The smaller value should correspond to the slower steo and the

larger one to the rapid first step. The elgenvalues are then used to find

the eigenvectors. For 0.50 M I1a2S04 at 25° this method yields

AV1 = 6.79~~v1 + l.00~~V2

= 0.73 LW1 ÷ 1.00 LW2 -

The experimental LW11 is ~~~~ cm9mole. If we first assume LW1 
= 0 tb-en

LW1 = 0.7 cm3/mole and LW2 = -5.0 cm3/mole. Even if LW1 is allo ’ed to

equal all the residual amplitude (-7.2 csi’~/mo1e) then to.~11 = -0.5 cm~/mole

and LW2 = _ 1i. .2 cm3/mole. So even a large change in LW1 has a relatively

~~all effect on our LW2 value. We could confidently expect it to lie between

~~14• 2 and -5.0 om3/mole . Thus it is a good approximation that ~ V2 LW11,

the exoerimental value, and that the two steps are largely decoupled.

Furthermore ~ V2 >~ LW1 which seems eminently sensible when we think

about the formation of inner-sphere complexes versus outer-sphere complexes.

Table IV gives the LW values calculated with and without coupling as well as -

showing the effect of’ different LW
1 
values on the LW1 and LW2 values. It is

interesting to note that for 0.50 N Na9SO4 at 5.5°, LW2 = -9.6 ~~a/mole

if LW1 is 0 and -8.~ cm~/mo1e is AV1 is -7 cma/mole . At the lower temperature

the coupling is more pronounced. These results w~u1d give a LW° for the overall

reaction of (LW1 + LW2) = - 8.5 cms/mole . This can be compared with the much

L 
- -  

_  _ _ _  _ _ _ _

- - - -
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1arf’~er \‘:t~~~Ut? .‘f’ — I’~. i’ Cs’. ’. no ’.t ’ obt ai~~ :~ cr ~~~ ~~~ I.e ~.
- :~ ~er

0.50 ~~ t~ a. ~~~~~~~ at . Thel r va ~ ut ’ ~ as obt nj.- !‘s ’:a the ~‘ re sure ~Ie cadence

of the e~~ ilibr ~ ~~ const ant ~Ie t era~d ~th a ~:-cciuic ics cl~ ct ~-odc .

should note that the Kester and I~ytkosic:: ~~~ ~T hr  ~n :S~~ is  even l a rger  than

that dete~~~ined b y other ~:cr ~ ers~~’ ‘~~~~
“ for ~~~~~~ This seem s ix~probable.

Fisher has m used the pre~~urc dc’~eadenc~ c’i’ the coud~ ctunee of ac-~eous

Na2SO4 solutions. ~1is recent re-eal~.~ulations
4 save hi m a AV~ of -S.25

cma/ntole for Na~ -S34
2 ion pair fo~ aat ior ~. This is in very good

agreement with our results. ~-~.illero~~ has predicted that .\V ° wil l

increase with decrea~ in~ t emperature . This is observed in our work .

Thus a substantial amoun t of the Increased soun d absorption at lower

temperatures is due to an !ncrt ,ace in f~V’ ~ot changes in density, ve .ocity

and degree of association . These last three effects would only iri res.s~’

amplitud e by about i~~ as one goes from 23° to ~.5°.

In conclusion we have shown that ai~ ali  metal ion associat~ oa

with sulfate proceeds at nearly a diffusion controlled rate. The

association process is best described as the fast  fonuat ion of an outer-

sphere c o~plex followed by rapId c~~version to inner-rpl’.ere complexes.

As the concentration of the solut ion decreases the rates of’ the two

steps approach each other. The low decree of association gives low

amplitude sound absorption with most of the ~~plituie being attri tablo

to the outer-sphere to inner- sphere ccnver~~ oa . The combination of low

am~ilitudes and coupled fast ste~ s will rw~ce it ve ry a~t ’r~e~at to gain

additional information about these syst~~~s u s ing  t h is  techni que . At

higher concentrations it does appear possi~’le to treat the two steps as

1ar ~e1y decoupled and thereby derive v ery  useful. ~ inc ’ t - io  ir r fo rT ,a t - ion .

I ~~~~~~~~~~~~~~~~~ - . _______ 

-
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Table I

Relaxation Parameters for Na2 SO4 In Water

Concentration Temperature A f (?~~z) B’
(Molarity) (° c) r

0.3CM • 25.0 Z1.~3 1.8

0.5CM 25.0 8.11 221

0.7CM 25.0 13.3 221 7.li.

1.0CM 25.0 22.7 217 9.8

0.3cM 15.0 8.7 293 
• 

0.7

0.5CM 15.0 15.9 221 Ii..)

0.7CM 15.0 21.9 153 12.3

1.0CM 15.0 311.7 155 18.1

0.3CM 5.5 17.3 233 - -0.7 •

0.5CM 5.5 29.6 169 6.8 

~~~~~~~~~ ~ -•.-~~~ • ——- . —  
~~~~~~~~~~~~~~~~~~ :t - _

~~~~~~~~~ ~~ 
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Table II

RelaxRtion Parameters for Alkali Metal Sulfates in Water

Salt Concentration Temperature 
A ~ (

~~~
) B’

(Molar ity) (°c)

L12504 0.5CM 25.0 5.1 560 0.14

Li2S04 1.0CM 25.0 T.5 334) 14 . 3

K~S04 0.5CM 25.0 5.0 299 1.6

Rb2SO4 0.5CM 25.0 7.2 356 -1.5

Cs2SO4 0.5CM 25.0 b .7 320

L12SO4 0.5CM 5.5 9.1 1142 5.3

L12S04 1.0CM 5.5 15A 128 10.5

X2S04 0.5CM 5.5 111.8 178 2.0

Rb2504 0.5CM 5.5 12.6 161 1.0

Cs2SO4 0.5GM 5.5 10.1. 219 -1.1

• .~~ . - 
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Table IV

Reaction Voltmies for Selected Alkali Sulfates

Salt Concen- Temper- A’!1 
AV2

tration ature
(Molarity) (° c) (cm7mole) (cm ’/mole) (cm 7mole ) ( crn 7moie)

Na2SO4 0.5M 25.0 _ 14~ Z1 0 +0.7 -5.0

-14.14 -7.2 -0.5 -14.2

Na2SO4 0.5M 5., -6.6 0 +1.7 -9.6

-6.6 -7.0 -0.1 -8.5

Na2SO4 l.OM 25.0 -5.3 0 +0.5 -10.6

-5.3 -10.0 -1.5 -9.6

L12804 0.5M 25.0 -~~.8 0 +0.6 -3.6

-3.8 -5.2 -0.2

K2S04 0.514 25.0 ~14~l4. 0 +0.5 -2.5

- 11. 14 -6.0 -0.2 -2.1

_____________________________________ - - - - 
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Figure Capt ions

Fig 1: The excess absorpt i on , cis/ ç~2 x 10~ nepers sec2 em~~ , as a

function of the log of the frequency for sodium sulfate  at

2 5 C  and varying concentration .

Fig 2: The excess absorption , (i l/ f 2 x 101~ nepers sec2 cm 2 , as a

function of the log of the frequency for 0 .5CM sodium sulfate

at varying temperatures.  The values from a three parameter f It

at 25°C are A , the amplitude , 
~~~ 

the relaxation frequency and

B’ , the residual absorption due to higher frequency relaxation

and solute—colvent interactions.

Fig 3: Experimental data for all the alkali sulfates at 25°C and 0.5CM

are plotted in term s of (i ’ / f 2 x l01~’ aepers see2 em~~ .

Fig 14: Possible additional steps for the ionic  association of sodium

sulfate are shown . The “ .“ indicates an outer sphere complex.

while the inner sphere complex is  represented as a contact pair .

The charges on the Ions have been omitted for simplicity.

____________ - _ _ _ _ _ _ _ _ _ _ _  -



- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—----- - -~~~~ - -— -

~~~~~~~
-—--

~~~~~~~~~~~~~~ --~~------—~~~~~~~~~~~
- 

~~
-

~~~
- - - -

~~
-- --

~~~
- - - - -

0
~ 

7’ r o
IL)

0
/  J •1 I -~~~~~~~0

/ FL 0

7 [ 1
H U U is 

1~o~~1~~~~~ X

O NI x/ - 
x

/0

A
/ - O - :

I IL’)

I
—

4
I - OI

of .

- 

0
N

(0 0 - N  (0
CO (%J % — 0

thc.
— ~~~~~~~~~~~~~~~~ ~~~~~~~ - - L- - - -——~. -- -~~ 

____ 
____________________



- 

_

/ I
o 0 0 I1 ( 0 0  

~~~ I 0
IL) 1() IL) 7 ,0

N

7 
_ _ _ _

1*~~
/ I I
/ I I

2 N
/ I =/ II, IJ 1

0

/

7
/ I ’

0

I -  .o r~N)- I

0.
C~J

I I I ______

(0 0 1*4 ~) N ii ”
CO N) N t~~~~C.... — — 

— ‘ £- - ~~~~~~~ —~~~~ --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ , — - ..,. .. -— - - ~~~~~~~~~~~~~~~~ 
—



-“ -—---- - -‘—-- - - -- ---- ---- -,---- ----—
~
-- -- -- --—-.--- ——. - - ‘- - ----—- -- —----- -- --- - - -—- —----  — -

0
(C)
C.- 

7

~~~~~~~~~~~~~~~~~~~~

/

_

/  /
fr
II N

a

1 1 ~~ N
/ Id -

~~~~~~~~~~~~~~~~~~~~~~~~~

-

1 1
/~ 

- /o l< 
-

I~~ i c ~I L .0
IC)

I

-

~~~~~~ 
‘
~

. 0

I—
Il_l._ ~~~ ~~~~~~~~~~~~~~~~~~~~ ... ~~~~~~~~~~~~~~ 

—---  ,__ ~ _ .‘. --— ‘- — —



~-w-- - -- -- -~~~~~~~~~ — - -

C,)

0

= 
. _

~~~~~~~~~~
j

X +1 — 0
-9 -’ — z  - -

-z

‘I.

-

4 -~~~ -~~~ 
-.

0
1/)
-~~~ I I

(I)

+ •1-

0 0z



~~~~~~~ 

. 

p

T : - ~-~~
y :AMIc2 OF IONIC ASSOCIATION I~ AQUEOUS COPPER SULFATE. 1.

ION SPECIFIC ELECTRODE ~-~ ASUR~ -~ NTS

[ by

Nazik A. Farid , Mostafa M . Ernara*
Chemistry Dep artment
Faculty of Science

A1-Azhar University

Cairo, Egypt

and

Gordon Atkinson

Dep artment of Chemi stry

University of Oklahoma
Nonnan, Oklahoma U.S.A .

— --~~~~~ - .  - - -——~~- —‘—



Abst ract

The stoichiometric constants , K~ , for CuSO4 ion association
have been measured at 15 ° , 25° , and 35° in ~-:ater , aqueous NaC 1
and aqueous NaC 1O4 using a divalent ~on electrode . The values
were converted to the infinite dilution values using standard
activity coefficient methods. The K

A values found by this method
are significantly higher than those measured spectrophotoinetrically.

This difference is attributed to the fact that the electrode

technique can be used to measure both inner and outer sphere ion

pairs ‘while the spectral method only measures the inner sphere pairs.

Combining the results from the two methods allows us to calculate
the thermodynamic parameters for the individual steps. At 25°

we find K.~ = 99.2 (free ions to outer sphere) and K~~ = 1.62
(outer to inner sphere).

_ _ _ _ _ _ _ _  - — -



Recent ye~ r:~ have ~
- - .~

: -  r. ~r~-at l v  re~~ - t i - :~
~
‘ cIt -c t  r~~1cc . Th~- ~t ilitv ~~~~

‘ t~:- - :-~~~‘: - :

elect rode se1~~ct -v e  for  h~’~~~~~~~ -. ic:~z ;-a~- ~~~~~~~~~~~~~~~ t~~c
- - 1 - -, - - - -late 1~ ‘— s The ~~~~ I-~~”e 01 ~J ’-i~~

-
~~~ 

• ~ c

univalent cations occ~ rre  Ia the late 0’ s. - ~-zt the

development ia the 1’~e ’ s of li~ u !J ~~ -~ . :- : ‘- .: ‘.e ~~~~~

elect ro~ er for a ~i~ie variety of cat!on~ a::~ a:.ieac ~~~ the
~. c

beginning of the new era .  - - The r,ew electro~ cc t - t- th~-r .~I th
high precision solid state , digi tal  DH-:~v ~ete rc ~ akt -~- rea le r

applica t ica of ~otea t ic~ etry ia h y~’-i c a l  ~~~ i r~or~ a:~ic c t -~-~i~- tr ’,’
a certalat y.

We have been concerned with the neas~ re~aeat of io:-, a s ~ ocI~i-
t±on for years. A lthough a~~erous technique s have I - c e a  ‘~ re~ to
measure asroc ia t ion  ir. cThss ical  systems s~:ch as ~~~~ an~
the situation is still r.ot very satisfactory. One of the r rob l e r~r

is the tendency of investigators to choose a sir .~ le e~~ erir~e:~ta1

technique . This makes it very difficult at ti~~ez t~ cc~ oare

results on the same system done by c~i f f ~ reat i:~ve~ ti~ atc - r r .  The

di f ferences  in Ion associat ion cc: :staat - s for C~~ 2 4 in  water at .?~~
seem large cc~npared to the precision o~ the Ji~’f er e r . t  n~ethe~~r .

Therefore , we decided to apply a v ar i e ty  of methods to the ~-a~’-~
system . In the f irst  paper we repeatel na~ cx-t er~ ei the ~se

of UV-visible spectroscop y to nen~~ ::-e ion a ocin t ica in ‘~eo~~
CuSO4 . In th i s  paper we will examine t - -~e sam e system udag the
poter.t lometrl c technique ~ith a ion rt ’ecifi c electrode.

- _ _ _ _ _ _  _ _ _ _ _ _  ____ ___  ____



F xre r iment a 1

A. MaterIals

I. Cn30 4 : Th is  ~~~ ~‘i.-her ~ea~ -~-nt ~ raJ~ rt-cr”:ta lined

twice from J i rt i l l ed  and deIonIzed ~:~ter.

0. CaP L~S (Copper ( I :)  n— ten :e : 1i~ ’~1fonn:e ’~
Crude -~D0. ns obt :Iiae~ frc m 1: tn ~nr r o ~ ak , c c n t n~ :.c

excess ~~~~~~ The crud e H~ FDS aqueous ~ol-~t ion

treated with ~n( OH ~~- until no more I-’a.~ .4 is form ed .  The

resulting Pa~D~ colut ion is passed through a cation exchange 
- -

resin in the hydrogen form to obtain a pure H—~P~ solution
wh ich can be s tan dardized .

To prepare CuBDS equivalent amounts of the pure acid

solution and dried CuCD3 are reacted. The resultIng

solution is evaporated unti l  crystals fo~~ . The product
is recrystallized twice from deionized water.  Purity Is *

checked by EI~ A analysis for the Cu and ion exchange for
the BDS . -

NaC1: This was Fisher Reagent grade dried at 1O~ ° C.

L~. NaC 1O4 : Fisher Reagent grade.

B. Measurements

The potentiometric measurements were made using an

Orion Model 801 pH-mv meter equipped wIth an Orion Model
92- 32 divalent cation electrode and a 90-01 single junction

÷ 0
reference electrode. The 92-32 was modified for Cu

selectivity using the internal and filling solutions suggested
and supplied by Orion .

Measurements were carried out in a large vol~~e jacket ed

glass cell whose working solution temperature could be

controlled to +0.05°.

_ _  

.L.~~



All workim~ and  r e f e r i~n ce noi ’j t~ a n n  yore  prena re~ y
weight l- t~ o:. te~hni :‘~ec .  T~ e ccnc~ :t ~- - :t~ o:: of
each roi~ t~ c:. y an -c~ eI  ~~~

‘-  E~~A t i t r n t ic : -. .
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The orlinary ~rob1em in ion soecific electrode measurement s

is establishIng a standard curve of potential versus activity. We

elected to use CUBDS as our ~tar1dard reference because of the

strong evidence7’
~ that it Is essent ially completely unassociated

in aqueous solution. It is therefore advar1tageous to use it as an

act ivity reference for Cu204 since it is also a 2-2 salt. The use

of 2-1 salts such as Cu(N0 3)2 as reference presents additional

problems in activity-concentration conversions.

A standard ref erence curve was run before and after each
set of ‘‘ unknown ’’ measurements. Unless the curves agreed the
data were discarded. It is our experience that the liquid mem-

brane electrode cannot be trusted to be stable for more than 1-2

hours. -

Three different media were used in the CuSO4 measurements :
pure water , aqueous NaC1, and aqueous NaC1O4. Standard reference

curves were run with CuBDS in the same three media. All systems

were examined at 15°, 25°, 35°.
The activity of Cu+2 in the ‘‘ unknown ’ ’  solutions was cal-

culated from the standard reference curve and converted -to [cu+ 2]

using the known activity coefficients of Cu204
9 at the given ionic

strength. The ( t C u+ 2], I ) values must , of course , be obtained
by an iterative procedure.

All measurements were made at a pH of 1~ to remove the necessity

of correct ing for Cu+2 hydrolysis.
Table I is an example of a data set showing the calculation

of the stoichiometric association constant s, iCe, for CuSO4 in H20
at 25°C. Table II st~nmarizes the K results in the three media.

C

Evaluation of Association Constants

It is now useful to convert the stoichiometric constants, K
~
,

to the infinite dilution state values, KA .

— ~ - - -~~—- —~~ - - —~~--~~- -- --— --~~~~~ -.- —- -~~~-- ~~~-
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Table II

Stoichiometric Association Constants of CuSC4 .

Temperature Medii.un I

25 NaC1O4 0.05011 0.2239 0.14616 51.61

0.07172 0.2678 0.14188 ~0.53

0.1011 0.3180 0.37914 514.90

0.1251 0.5537 0.3569 30.89

O.lii-83 0.3851 0.31417 25 .80

0.1962 0.141429 0.3176 20.59

25 NaCl 0.1256 0.351414 0.3566 29.57

0.1998 0.141470 0.5177 19.95

25 H20 0.05272 0.2296 O. li-381 55.65

0.071491 0.2737 0.14122 142.12

0.1112 0.3335 0.3682 35 .81

0.1263 0.355 14 0.3562 ~1.52

0.1505 0.3879 0.3381 28.01

0.1811 0. 1i~256 0.32 143 26.30

L . ~~~ . ~~~~~~~~~~~ 
- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~ - - — ~~~~~~~



K — I~~ 1 s - ~~.4 
— 

[CuS~’s4 ] v~ ( i )
A _ _ _ _ _ _  

- 
_ _ _ _ _ _ _ _ _

aC~~÷ 
RSO~~ [Cu2~] [s~’s~~J .y ’

= K
~

/v
~
’s ass~~ing ‘y = 1

We have used the sam e method s dencribed in paper I. In the f i rs t
10method the Davies equation is used to calculate ‘s~- for each K

+ c 11
at a given I and an average KA is obtained. In the second method

eq (1) is rearranged to

log K - log ‘~~~

‘s = log KA (2)

Then the extended Deh ye-H~iekel equation i2 is used to calculate

at di f ferent  I values with a series of a° . mean distance of 
—

closest approach values. Then a plot of the L.H.S. of eq(2’
~ versus

I gives log KA as the intercept. Both techniques can be made to

agree to wi th in  5~ . The KA values and the other thermodynamic

parameters are given In Table III (pur e H20).
It is interesting to compare the KA value s in the three d i f fe rent

media at :~Y

Mediim~ KA 
(c ’)

H20 259.8 
~ 

11.5

Na a ClO4 (aq ) 232.5 
~ 

12.8

NaC l (aq ) 2114. 14 + 13.O

Although the values are close to being the same within  experimental
error , they are somewhat different . These nppr~rent di f ferences
could arise in two general ways . First , the KA ’s have been Cfli-

cu.lated using a pure electrolyte activIty coefficient approach .

that is asstmiing v÷ depends only on ionic strength . This is known

to be generally not true . However, appropriate corrections would

- .5. ~~~~~~~~~~~ ~~~~~~~~~~~~~~ - --~~~ - ~~~~~~~ ~~~~~~~~~~~~
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Table III

Association Constant s and Thermodyn amic Parameters for CuSO4 in H~O.

T KA t~H° ~G°

C KCal/Mole KCa 1/Mr’sle Cal/Mole -

15 235.14 
~ 
12.1 1.14~ - 3.1142 + 15.8

25 259.8 
~ 
11.5 1.14~ - 3.310 + 15.8

4 35 2714.2 
~ 
3.8 1.1i.~ - 3.14514 + 15.8

_ _ ~~ ~~~~~-— -



____________

he d i f f i cu l t  to make considering the overall r sreci sicn of thIs

data. The second possible ca’ise for the ~i f fe x’ence~ is c~ r neglect
1~’of other weak ion association ea~ ilibria , in part1c’~1nr .

Na~~ (aq) + so42~ (aq) ~~ [Nan ] ( aq) r
and Cu~~ (aq) + C1 (aq) —~~ -- “ [cuC~~] (aq)

In the NaC 1O4 media, the first equi1ibri~mi would decrease the

SOr available for Cu~ association. In the NaCl media , both
equilibria would effectively remove reaction partners in the

Cu~~- S0~~ associat ion process. Semi-quantitative corrections

made at various K
~ 
values in the two media are of the right order.

Discussion

It is now appropriat e to compare the KA ~~1i~~s for t cuso4j
ion pair formation obtained by the I.S.E. technique with these

previously obtained spectrophotometrically. At 25° we find

= 160.6 C 1 ( spectrophotometric)

KA = 259.8 C _ i  ( I .s .E.)

In paper ~
114 

it was suggested that this could be explained qual-

itatively by the fact that [Cu~ - S04 2 ]  association takes placs~
15in a step-wise fashion . In the simplest form this means

Step I II
Cu~~ (aq) + Sor (aq) ~~~~~ [Cu~~----S0rJ 

‘
~~ rcu~~so~~)

STATE 0
where stateQ free ions

state~~~ = outer-sphere ion pair

stat e = inner-sphere ion pair



- .,._-‘_--- ‘-— —.5- -5-- -‘-‘-‘-_- __ - - -__ — -~~ — 5- - -.5--. -

The comparison of the various association concepts i~- conceptually
simplified by considering a pure CuSO4 solution . If we let

a
1 = Activity of species I

then K1 = a2 
-

s

— 
a3

I I —a2

Now the ‘‘ real~~ thermodynamic must ‘be for the formation of an
equilibrium mixture of 0 and (3 from (_,~) -

-5K - 
a2 + a 3

A

K
1
+ K

1 K11
This should be equivalent to the KA determined ‘by I.S.E. since in
this method we measure a1 and obtain the sum of ( a2 + &

3 ) from
stoichiometry.

However , in the Spectrophotemetrj c method we measure C3
( Corresponding to a3 ) directly and assume everything else Is
‘‘fre e ’’  ion . Therefore, this method lumps Q and 

Q 
together.

So K5 K~ (spectrophotonietric)

= 
_ _ _

(a j + a 2)2 
-

We can now show that

K3 K 1 K 11

b-.-

_ _  _ __ _ _  

_
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Therefor e ,kx-iowlng both KA and K5 . we car. calculate K
1 
and K11. The

result s are given in Table IV.

Table IV

T (°c) K
5 

(c~~-) KA 
(c~~ ) K

1 
(c~~-) K11

15 111.5.0 235.11- 90.14 1.6014

25 160.6 259.8 99.2 1.619

35 169.6 27 14.2 1014.6 1.621

145 201.11. - -

With real trepidation ‘because of the large errors involved, we
can use these values to estimate the ~H parameters and other para-

meters of the two steps.

Note that

= Ax~ +

K
while = + 

~~~~~

3.

for any parameter X

The derived 25° values are given in Table V.

TableV. 
-

Stepwise - Thermodynamics

Step I Step II
99.2 1.619

~G° (Keal) -2.72 -0.28~

~H° (Keal) 1.29 0.09~
~~~~ (Gibbs) 13.li

-—--——- 5--. -- 5— .— - - _ .A .~~~~~ ~~~~~~~~~ 
,,~~~~~ L ____ - _ 

• -~~~~ - — ,~~~~_ _,_~~ ~~~~
—— —



The ~X parameters are reasonably consistent with those calculable

from the KA and K5 data , but clearly cannot be trusted very far.

Neither experimental technique is very high precision . However ,
the results do encourage our belief that the different experimental

techniques do , indeed , measure different aspects of ion association .

Another interesting comparison can be made if we compare the

results from this -work “4th results from previous ultrasonic

investigations of step-wise association in 2-2 sulfatesl6. If

we use M~~04 as a contrast , we can lump the first two steps of
this three-step system together to obtain a valid comparison with

Cu504 where only two steps have ever been observed.

CuSO4 MgSO4
Free Ion to Outer Sphere Conversion K 99.2 1514.2

Outer to Inner Sphere Conversion K 1.62 0.172

So we find a much greater conversion of outer sphere to inner sphere

ion pairs in the case of CuSO4 . This can ‘be related to the very
high rate of H20 exchange on Cu~

’ as compared to Mg~~.

In conclusion , we have shown that ion specific electrodes

can ‘be used for reasonable precise determinations for the thermo-

dynamics of ion association of divv.lent metals. The method has

an inherent advantage in that it determines free ion activity

ignoring all association processes. A comparison of I.S.E. values

with these obtained by a method sensitive only to inner-sphere

complexation can be used to obtain useful step-wise association

parameters.
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I nt r o du ct i o n

The ~ robi t ’:n ~-~f i ~‘n as~ c’c ~:-tti ~n a e c t o ’ytes has been an Nr.’,’c’ r t aat

subject of in v ~~ t i~~at i on  for phys i ca l  ohoni s t s  fc’r i~ore th an  i60 ytars.~~~
’
~

Thc3r ~ es of i on i~’ associa t ion bc~ an wh en Volta  d iscovered  a way of

produc h .~ e~~~: tr ~ c i t y  i :’ :r~’nns of cNe~ ical r e a c t i o n s .  A~~ er that , F’:t r aday.

Clausius , Ar rh en ius  nr .d C’~ twald  made substant ia l  exper imental  s tudies in the

last century . H:wever, the first mathemat ical a~ . roaches to the problem

were begun in th is  century b y Pje r !’na , 4 
~1uTL~ er ,5 Gr on well ,° Fuoss~ and D eni s on

and ~~~~~~~~~~~~~~~~~~~ De t ai l ed exp lanat ions  of ’ the full mathemat ica l  der ivat ion s of

the var ious  models can he found elsewhere .~

If we turn to the ex~ erirnenta1 methods by which one can study ion

ass o c i a t i o n , several :: -- h ave bee n in cc~r~non use. The most important have
- 

been cor.d~ ctance , pot e n ti c me t r ic , soectroohotonetric , pola r ograoh ic .  ion-

ex cha nge , so lah i li t y,  solvent  ext rac tion , Sar~a n spectra and reac t ion  k in e t i c s .

It is desirahae to study the same system
~ 

b y as nany techai~ ues as poss ib1e~

so that  the inves tigator  can make m e a n i n g fu l  ccva~’nr isons .

Copper sub ohate  has b een studied by many authors~ usi ng several techni- ;~ es

including c o n d uc t an c e .  E . M . F .  and spcctroscooic. However, most of the diffe :’ent

measur ements have been car r ied  out unde r d i ff e r en t  con di t ions  so that c c . ~ar i ~ c-n

hecones d i f f i cu l t  and amb iguous.  We shall only  review the results o b t a i ne d

using the two major methods, conductance and ~~ectroohotometnic.

The the !  od yn:?-ic a s soc i a t i o n  c o a rt a nt  (N A ) of  CuSJ ~ in  wate r at ~‘~-~ C

obtained from conductance ’° ’ measurements ranged fr om 2O~ to 2~ 2 M ~~~. The

_ _ _ _ _ _  

- ,
spectrophotometric method ~~~~~~~~~~~ values for KA rang in g  frcm 125 to f~~’ N -

.

1

______ 

~lII&sI~lL1IIi ~~~
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~‘c r e’ ~~ l~
. , N :nk a:; d co — ‘-;o rher  ol ta r ed Va i no s of 21 2. 7 n n  U 222. N ,

w h i l e  i C f l~~~~~
’ o~ t a  m e d  a va1ue of 125 ~~~~~~~~ . The 1L~t t or  author  could r ot- f~ n:i

an t~
’ç ’ l  cr ~ for  th e  b a r  ‘c di ffL - r- - - rc e  i-ot ’.-:een the rer - :1  t o .

Prue  “~ ob t a in e d  a va 1 ne of 2~ 5 . 7. - ~hi le N ;I,tbe ron ~ could :.c- t ob a a a

unique value for i’~. without ar~-itrary ro:u~.t~ ons. ile c’:-tained valnes- in tnc ra:ue

of l 7O- ,~-O N 1~~ -a ter , F et ru c ’oi  and i~er r e s  ‘~~‘ rraie UV spectros conic s t u d i e s

on Cui 24 at 25°C ani c i t a i n e d  a value of f22-2~ O for ~iA~~~

It is obvious that the values obtained , even using the same exner~c:e:;tal

method , d i f f e r ~ re~ t l y f:’cn a;. thor  to : i - ,: th lor .  I t -  is  also not iceable  th a t  the

values of K~ obtained by the ectr’o ct~ ne t n i c  method are  smaller th an  those

obta ined  from the c on du c t an ce  method ,

This r a re r  and the one which follows are the result  of thorough i n ves t i -  ‘

gat ion s  in our laborator ies  on C :SC’.~ in various aaueous media and under a wide

range of cx erimental conditions. :~ this communicat ion the soectrophotometric

measurements are repot~ ed at four t emnera t -u res  an d for  three ionic  s t reng ths

at each t e n r er a tu r e .  The fol lowing  pap er includes  the ion- se lec t ive  electro de

measurem ents  and a comparison of’ the re~ u1ts found u s i n g  both t e c hn i q u e s .
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1~xn er ir. -nta l

A. h :tteni :tls :

C~ r r e r ‘, ‘- ‘r chlora t e  w as’ r-r c ;-ar eci f ’ :’ -m ar.a l ar  c er(~~~oxide usi :r a

ex cers of :-~na1a :’ nerchloric acid . then i ’i l t t -r i n ~; a n d  c~’v :t a l 1 i r i n ~~. The

wa s then recryst alli:cd from 0.31 N h:CiC.1 . 2. d i c ~ su lp h a te was bal-co r ara ,m i c :.i

reagent . Scdi~~a ch loride  was F’ . r h e r !‘oa~~cnt .

B. Gereral_ Fluninment :

Neasurements were m~td e u s i n U  a ‘e iss  GN~- spect rophotometer eo , : iure-d w i t h

a 1 cm cell. The tenu-cr~ t use of the soluti  on wa s  m a i n t a i n e d  con s tant  by

c;rcul nting water thr-u~ h the cell comrart-mcnt . The t emp era ture  was  cart :‘o1~~-d

to 3.01°C.

C. N a a s u r ~~-meatc and Col lec t  i:- 5~

Op t ical  den s i t y (D )  was ~ie t o r m i n e d  at e ach t- emr-c:-ature as 1 cm c d l

fo r the sd :t iori  (2 ’ )  and t h e  :‘e2c ’ren ce ( n ) .  Corner  I-er ch b o ra t e  ~as :s’~d as

the r e f e r e n c e  and the :aa -~n i e  c o n t a i n e d  2C,~ Cu (Cl - .Nj~ aa~I NaCi-2 ,~ .

was read direc t ly  and the me a sure men t s w ere r c :—oated  severa l , t i m e s .  Tup l i c a t ’a

so lu t i o n s  of s - m a l e  ‘— c rc me~~u ;red and the va -oes rerorted are t h e  av era ~ e c-i’ t b- : . —

two rendir.Cs for each co-noeat :’sticn. -

To check any po ssible  er r or  in  t ’a-.~ me :ts;.rtr~ent s • a series c-f C ’: (C’ iC

solutions were carried out at 2~ O :na w a v c l o : i c t h  u s i n g  a:; a s s o r t m e n t  of c e l l s  of

d i f fe rent path lengths .  The r esu l t s  show ed t h a t  t h e  op t i ca l  don ~~ t y ~‘.u r t h e

r arce  of th i s  work is Cood to w i t h i n  l- . Ihe  s o ur c e  used fo r  the UV ‘-- o r b

~
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~
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the h VI  ‘Ia or:  I :io:r •

The C e l l  ~~ - r ’ i  W~~~~S I (ifl 1 r ’ r : ~ t h  a 1 ’t .‘ r in ~1 ~‘a : -  : 1 : i k r ’d j f l  H ~bh~ 1 Ivo r

a ~-,ht , ci ‘ : t n t - i • :nrd a n  in ’ - w :  th Il l  5 1 - I L l a :  b r  , n - - I  o n -  • I l a -n  I I :’  • ‘d w t ~r a I ~

be for e  r r : : t ’. ~- t - 1 a a ~ rob n t .  n~n o f ’  Ct~( i ’~~’,~ was  ~n - l 1 : l : ’ r ’ I : r’e::r r - ’ :i ~y ’n t .  ,~, r ’ a b ’ . I t

cotn t :1 i no.1 t h e  r e i n :  r ’’d :cu _ nn: t -  o f  i IC  l~~4 t o  p r eve n t I In ’ h yd m l  y r  of ’ ~‘ a .

2 , -me ‘~
,p I o r :L t . ~~rV - ‘ : - .‘r’ i ra nt S ‘ 0 ( 0  1~~~ I !~~~~~1 t ’ I or: t . ( s t - n : - :  : - ~~~ an -  i b l e

hy dr o l y s i s of (‘u i I on and d o t - e r m in e  the : l l I s o r ; I t .  i on  ia ’ak. T ine r ’su lt ,n : t in-

giv en i n  T abl e  I a: ; t h e  :nl :; rdanf l1 ’c~ or n1( ln ~4 )  ‘ i n  Oi’ r ’ : t ’ l , , O r - of v a r y  i : l ~~~ : c : r o r u : j :; n t ’

hI C l~~ at 2’ ” C . I I -  1:: :; c~’’,n b lun t. I - l ie  :ndo ;o: - l -anoc 110 ’ :: n -I - ( ‘ l l : ( ( l ~~-
’, ( ’ a f t e r  t h e

c~~i icc ’ rit , r :nI -  on of’ }h’ I ~~ ron tdn ’  a val rio above I . ,~ n x 10 ‘ M . •~h I s r,rean:; that  al l

our ‘:1 en: ’ a ra ” ac ’’ n t mu st  l-e ( ‘ a m y ’ I ed out in the p ro n ’: n-c of’ i t - 1 n - a st , t in :; :u:~,~unt .  ot~

IR I t o : l m ’ \ ’  -a I. }r ,’ I  ro I ~~:; of ’ ( ‘:r ‘ at 2 -  
-- C. I y r  ‘ n i l  the ~

- \ nn ’r i  an’:: I IIC 1~~4

w a n  ‘~ Idc ’ - d t o  ‘ n a  i n  I so th  I : ; i r vd  r’o I vs I a

__________ - - - ~~~ 1~~ —— — - .~~~~~~~~~~ ,.__I — 5-—- -~- — - - -
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T~e : r n l t s :r:r1i  i~i : on : si on

l I re r - i- i u.n my  a ‘a a 2 Lii I :  :c- . ’ rk I a t c : t nov t he  n ~ l ’e c t of ’ t • - : p ’  :‘~~ t - :rc

o;: t In ’  as: 00 i t t  I 0~~1 cc:-n - t  nub  dot ( - r : -r l : n - I  : n ~- 1’t -o ;- la- t  rra- ’t r - i c a l l v .  ( ‘la ’C 4

ha s  a p r  y ’t loud am I ;:~~- ‘rn ’’,:t - bet I i  t ’ n ’on l l i n ’  it- I a d o : : ’  i — a I 0: rae  of  ‘-— 2 n - i  oct ‘o V t

r : :’oc m t- i c-:: - t ad l -e ~’i r : i 5 n ’ t he  n ; : o~’ .iaf ion car:  l-e un - a :  u r’ n-d  d i  r o ot  V l v  t P r -  : -~- eC ’ so —

piiot om~ t- r i ~ t ech:: i - ~ue .  2 - ‘; ‘ey io l y * 
it I rn co a an ry to oPt in a ::n .~ r’e n’ m e ’  1: o tI 1t a

under Va my ii~ - ‘oa(i i t  ic-n: : so that  t i n ’  apn:r re:~t u i  t ’ fo r O l l O r , - S In 
~A 

dot r - 1 ‘;.‘i t-y

the di f ’f e r e r : t -  ran ’ t I : . ui:: ~‘‘ur be 0 \ : L” : i 1 1 0 11 in  d e t a i l .  P1 nal  l v ,  t h e  P I C :  n - n t  work i s

in tended  to l ay  a fou: ; - Ia t -  Ia:: 2c-r the  av e r t  iCn t  ion  of’ t 1 i  ‘ a-’a- :- \ - :;( e:a at.

high 
~
‘

As rrn ’:;t - I oaed ‘ ‘a r~ t o m  • t h e  :::n:t hod o ‘ii I :~t of r n - a  sum I :;~ the di f ’’ - ’a :;1 ’c

opt i on 1 lI e:; ty 1 -~~ t- ’,cn- r ’:r t w o  ro b  ut I orra , a r  ‘2~ rernce cc -rn t on in  i :~ C\l ~ C lC’~ -- —

N aCi. (’4 :nn~l a sn_- ’n 1 e rel n i t  eu of ’ C u( Cl C.~ - ‘  — N a t’-C ~ 
;uid ~-u —:1 .P N :rC I C 

~ 
- ‘ ‘an : t  :ii :1

L.-,~’n-. 
~ ‘ • l

( ‘n n s t a r ; t  i -:;ic at - r~ ~~h .  k~~ a i s  t i r e  ~C i i ( C I  ,n I 1  
- - 1-  t~’ ~

‘N;i -2241 . , - a- - tor ch - —  
: e

L~~~ .
0 $4 [Nu n C lO 4 ~~~~~~~~ :~~~~-*-~ ‘: c r22 4]  ( t o n  m l r 1 . The r c : r ct .  on r r : : o o r  io:’,n-s t ~i - — j t I

Is ro r n ’:-e n t n ” _ h by the • ‘, 1;::r t - i~ -

4 - ’  -~~~Cu n.~ CuSC 4

C~ : :cern t -  rat- ion (a — x~ ~ — ( x

j t  I i ’  we 1 1 ~ mown that  l o t  In 1’mn ’c Cnn
4 

2 and Lb ~ i en —n - er  I r nb sorb in  I-he ‘V

r:r:p.’e . The roc:nr ’n r r ” r o : r t-s were  c:u-r led out itt - a w i n 1  ‘l en ~~t h r  on ’ - ‘ -C ::r,r . I f  the

~‘u~~
’ (a , :) and f C r 2 0 ,~] are  the only two spool ‘a ;nbsort’ r , :nt ,~ ,C ra n . t h o n  : r r ’ i n rt

seer ’ s law we have P ~la but ~ = 1 ; then t~ € a ; wh en  P i i :  I - la ’ o t t  i c ; r l

density of’ Cu4” , c I s the mel ar  ext fact- j a m  ceef ’ t ’i C~~ eat of Ca ( a ~ - ‘n i s  I be
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eaneentratto. of Cu 0 ( ; ram ) arid D’ £ ‘x + c (a — x) w - re D ’ = a - t  ica l  den s i ty

of [CuS O4] :ual th Cu~°(n q)  ions.  C * e x t i r-  to:: c o e f f i c i e n t  of’ Ccu~o4],

a - x = ~Cu ] in the .-amnle solut ion - D ’ • x . ~ut the stoich i mn-. t- t r i c

association constant of C u~~ 4 give n by K
0 

= x/( a - x) (ii - x).

Combin ing  the above • - rna 4 oa , w~ obtai n

= a -fb -x +
‘~~~~

where ~~~~~~~~~~~~~~ -

—~~~~

Our task now is to calculate both and 2€ , s ince the other parameters

in the last equation are known (except x). Two methods were used to calculate

K
c 

and AC . The first is the graphical method, in which x is neglected first 
*

and ab/D-D ’ is plotted against (a + b). From the slope and intercept both

Ac and K
c 

are obtained. A value of x is the obtained by

H x = (a+b) +

then a new graph is pl otted between ab/D-D’ against (a + b - x), New values

of K~ and Ac are obtained. This process is repeate~l several times until

const ant val ues of x , K
c 

and AC are obtained. Three iterations were necessary

to obtain such constant values.

The secon d method in calculating 
~~ 

and 2c is simply using a least

squares analysis with an iterative procedure similar to that used in the

gr aph ical  method . A computer program was written ari d used In this  case. The

results obtained fran both methods are essentially iden tica l .  Tables I I  and I I I

give examples of the data analysis at ~-2°C and 
l~~ C, rcsnectively, while F i g .

1 shows the plots of ab/D-D’ against (a ~ b - x) at 2~°C for three ionic

strengths. Table IV represent s  the s to leh i ometr i c  aE - soe i at i o n  constant s

at various Ionic strengths and temceratures. To correct for the ionic

~ 

~~~~~~~~~~~~~~~~~ -
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strength et’feots the stoiehicm -~tric association conrta:,ts at the various

ionic st r en ~lths must be extrabol-ated to zero ionic strength . This s i m p ly - ‘

r’.enns cal cul ai~io n of t i n - .- t h e  ;~no1i y::;c~ic : i a s m c i  at i on  ccr: :tant s (K ) fr om K,.A

values. To carry out such a calculation activit y coefficient (~~~ v a l u es must

be known or e:-timated . KA 
is related to K

~ 
by the fol lowing re lat ion shin

K = K Cu304 ~~~~~~~ -w-.~~-.A C ’ ~ 0
Q~u’4’ 2 .

which can be rewritten as

. 1 _ _ _= x
c

where ’~~~~0 = activity coefficient of [CuSO4] ion pai r  is considered to he un i ty

‘
~cu 4’ 2 

~~~~~~~~~~~~~~~~~~~~~~ 
= is the mean ionic activity coefficient of the free ions .

In our calculations for obtaining KA from Xc the mean ionic activit
y coefficients

for ti’e ionic species were obtained using the Davies equation

- Log~~~ = 0.5 Z~ - O.~~I
1 + 1

where Z . charge of ion and I is the ionic strength. The t emperature  e f fec ts

on the activity coefficients are not considered. The values in Harried and

Cwen ’s tables indicate that 
‘
~~
‘
+ for similar salts varies less than 1.~~ in a

~O°C range . The mean activity coefficients of the Cu~°(aq) ions as a func t ion

of temperature are not”~avai1ab1e.

is calculated at the same temperature , u s i ng  all the ionic strengths -

at this temperature and an average value is obtained along with the standard

error.

Another way of obtaining the then~odynamic associat ion cons t an t -  was

developed by Petrucci. Here a plot of (Log K - log ‘

~~~~~~~~ ) versus the ionic

strergth is made according to the equatIon

I—
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Log K
c 

- log = Log K
A

In this method several different values of~~ ’ are calculated by the extended

Debyc-Huckel activity coefficient equation using different values for closest

distance of appr oach ~ a ° . When three values for a ° were used (O , 2.5 and 5 A)

they gave a thermodynamic association constant KA within 5~ f-~~~ the value

obtained by the other method . Table V shows the KA values at 15, 25, ~2 and

1~5°C. Also included in the same table are the thermodynamic parameters All 0 ,

~~~ and AS° at the corresponding temperatures.

Then comparing these result s with other workers us ing  the same method we

find that the agreement is very good with Petrucci’s results at 25°C fo r the

same ionic strengths (0.06 and 0. 1). Table VI summari zes this  comparison .

However , the KA values obtained spectrophotometrically are d i s t ino tly

lower than the values obtained by the other methods. Qualitatively this can be

rationalized by considering that CuSO4 ion ~ssociation is a multi-step

process whose most simple adequate representation is
K1 

X II
cu4 2(aq) + S04 2 (aq) f C u~~ . . .so4 2] ~ r Cu+ 2so4 2]

State 1 2 3

L 

Here State 1 - free ions

State 2 = outer-sphere ion pair

State 3 = inr:er-sphere ion pair

Such behavior has been amply demonstrated’7 for many such systems using  the

methods of relaxation kinetics. Therefore, in such systems there is an

~1

~~~~~~~~ ~~~~~n~~ 1
1 .  - - , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~- -~ - - -- - 
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equi l ib r ium mixture of free ions , outer-sphere ion pa irs  and inner-sphere

ion pai rs .  Then in comparing the results of different exper im ental methods

for KA it is important that we recognize what species the technique measures.

Ba sically,methods such as conductance and E . M . F .  measure the free ion( concen-

tration or activity. The ion pair concentrations are then obtained by difference

(and by theory:). However, the spectrophotometric method~rarticular1y in the

UV)can distinguish between inner- and outer-sphere ion pairs. Smithson and

Williams18 pointed out in 1958 that outer-sphere ion pairs would probably have

little effect on the UV spectrum of the absorbing species.

In the case of [CUSO4], then , the spectrophotom etr ic method will

“ see ” the outer-sphere ion pairs as free ions. This will lead to a lower

value. In principle the combination of this KA value and a KA f rom a

conductance or E .M .F. method would allow the calculation of K1 
and K11 step-

wise association constants and the relative populations of inner- and outer-

sphere species. This technique will be elaborated on in the following paper .
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Table I

Effect of A dded HC1O4 on the Absorbance of Cu(C104)2

at 25°C a t X = 2 5 O nm

[Cu(C104)2] [HC104) Absorbance

103 M 104 M (A)

5 0.000 0.193

5 14.i614 0.1614

5 8.320 0.139

5 12.1492 0.138

5 16.656 0.138

5 20.820 0.138

— ~ - - -~~~~~~ 
-_-_-___.____~# —s -——--
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Tab le I I

Stoi ch ~x::ct r As soc i at ion C .~n st ant  :nn~I ~~ cct- rop~n ot omc t r i o  Pat a

of (‘uSC4 at ~‘-°C [Cu(Cl.~4~~] = a ~i~.u’ x 1C~~
3 M

[HC1O 4] = 1.01 x i 0 °  ~1

[N a ~so4] [~~ci~~] D - D ’  
~~~~~~~~~~~~~~~ ( a +  b -

M x l O 3  Mx 1 03  x 10 4 ?1 x 103

(b) (c)

14 67.8 0.092 1.76 ~ .i

8 56.5 0.167 1.914 12.97

12 145. 2 0.237 2.05 15 .914

16 33.9 0.298 2.17 19.19

20 22.6 0.2 37 2 .~~~

214 11.3 O. z.914 2. 146 - 27 .0~
23 0.0 O.~~38 2.59 ~O.514

= O.Z93; ‘~c = 270.3; K = 25.~~ M~~~; I = 0.091 C.OO l

L..~~~ ~ 
~~~~~~~~~~~~~~~~
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Table III

Stoic hic~ etr ic  A s s o c i a t i o n  Con st an t s  anj  ~pectrorhoto~ etr ic  Data

of CufC~ at ~~°C [cu(c~o4)~ ] = a = ~.Q14 x 1O~~ M

[Hc1o 4J = 7. c -37 x i 0 4  ~1

-

- 

[Na2504] {NaC1O4] D - D’ 
D- . D’ (a + b -x )

M x iO~ M x 10~ x ).0~ M x iO~
(b) (c)

3 23.6 0.119 7~66 6.1412

14 21.0 0.163 7.146 5.722

6 15.7 0.216 8. 1414 9.101

8 10.5 0.277 8.79 10.308

10 5.2 0.318 9.56 -.  12.963

12 0.0 0.3614 10.02 l~ .55O

= 0.1485 ; ~c = 9.g; K ~~~~ M ’; I = 0.01418 C.002

~~~ ~~~~~~~~~~~~~~~ -

- ,— -5- —-- - - - - - - - -~-~~~~~~~~~~~~~~~~~~ -~~~~~~~ ~~~~~~~~~~~~
_
~
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—5 - -  ~~~~
- --- 

~~~~~~~
— - — .- - -

~~~~
-.-—

~~~~

Table ~ \ T

St oi chi om et r i c ~~~~~~ at . o a Con~t ant - .~ ~ : ~~~~~~~~~ 
at Var~ aas on~ c ~t ~~~~~~~

and Temperatures from ectvcphotcmt t n c  ~e thods

T”-rrp . Ion ic  Strength 
~-c Kc

I IM ’

15 0.0 1435 + 0. 00141 215., 31.63
0.o6 3~ + 0. 0013 200.0 27 .39
0.0922 + 0.0023 200.0 - 22.93

25 0.01421 + 0.0027 250.0 35 .10

0.0635 0.0030 2O9 .~ 31.97

0.0910 + O. 0O~ 5 214.T’ .l 214.143

32 0.01429 ÷ 0.002 14 266.60 38.26

0.0627 + 0.0023 2314 .15

0.0912 ÷ 0.0010 270.27 - 25.3 14

— 145 0.01418 ÷ 0. 0020 338.98 50.86
0.0620 ÷ 0.0019 2148. 143 36.79

0.0995 .‘- 0.0017 3814.61 28.57

The errors in L~~C and K., are -
~

Additional digits are carried in the results to eliminate rounding

off errors in othe r calculations . 

- - .. - - . - =-,-~~
--~~~~~~~~~~~~~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- 
- -

Table V

Therrno dyn a.rr.ic Far~cacters of I a.n Pa i r  Fox-nation of  CuSO4

T KA A~H° ~~ °

°C ~ 4 ’ K cal W’ Kcal W’ cal M ’ K 0 1

15 1145.0 2.140 -2.86 18.0

25 i6o.6 2. 140 -3.02 18.0

32 169.6 2.140 -3.12 18.0

145 201. 14 2. 140 -3.39 18.0

-- ~~~~~~~~~~~~~~~~~ ~~~~~~~ , ~~~~~~~~~~ .~~ ~~~ ~~~~~~~~~
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Table VI 
-

Summary of the Spectrothotometrically Dete rmined  Stoichiometric

Associa t ion Constant s of Cu2 04 at 25 °C

in A queous 1~aCl04 ~edia

I Reference K

- 
_ _  _ _ _ _ _ _

0.042 This work 35.1

0.06 14 This work 32.0

0.06L Petrucci 31.5

0.070 Petrucci 28.14

0.091 This work 214.14

0.103 Petrucci 18.9

0.095 Matheson 23.9

_ _  
_ _ _ _ _  

LA
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A~1ALYTI CA L LEr rE g s . A 1l(lO) , 7 97 — 811  ~~‘4~’$)

AN ION St l I C T I V E  F L  C T R O D F  ~-T ’ P\ e< c-u CI~~M
AND MA(~~ESnM SL’~J.\ r I l  IN - \ Q~~

- !  
~~ scLr-r~cN

KEY WORDS Calctum , ma~ nesi um ~ cn -~~~ e~ t i ’ -e p o tc n twrnc t r y
~on associaUon

Mo stafa M. En,ara
5
, Naz~k A . Fat-id

Chemi s try Department . Facul t y ~~t S i e n~A l - A ~ har Univer s i t y . C.ii,- - . I ~ v p~

and

Gord on A t k i n s o n

Chemis try Depa rtm ent
University of Oklahoma . Norma n . Oklahoma . U - ~~. A

A B S T R A C T

A d ivale nt cat io n - se lect t ve  electrode <v an used to study t he ion

ass ociat ion the rmod ynamic s of M
~ SO 4 and CaSO 4 at t e m pe ratures bet w een

15 and 35 ~ C and at various ionic s t rcr .gth a , The ionic s trengt h wa s

adju s ted with sodi um chlorid e because it is the major s alt in most natural

water ,.  The t hermod ynamtc aes o ctat to n co nstant s for MgS0 4 and C aSO 4
com pare well wit h t hes e determined f rom c onductance ttud ic ~ .

IwLRoaucT~oN

The Study of ton assoctattoy, in Solut ion h~ s been an active area of

chemic.1 research fjr decades. Almost every knovn phystco — che~ tca1 method

has been appl ied to this problem. Poten tiometric methods have not been

To whom a ll correspondence Should be add ressed

791

Copyn ~lit cte7~ t-~ Ma,<, i fls hke, In< a.II Rvt ii, Na,c,,.j \.uh,r IPu, ..,, ~ no, an’ rsvp map P., v ’ rvo d~~,dOf {ianimuiI,4 Ifl an) tet ~ of b~ asp mean ,. IIecI,oni < <iv me a n < a ~ n<I.< 4~n. rhoto ~-op -s=5 nn<svoltn ,ng,slid r,covdin 5. ov by ant In(o ,mapion aiava $s and tei r icia l i)~t t m li<i,, p.e m is <,n 5 svit n5 It*. n, the rubimliol
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particularly popular in the past due to the lim ited nunber of ions for

which highly specific good quality electrodes were available. The present

availability of the new genera tion of membrane and solid state ion se lect ive

electrodes should change that.

In this laboratory we are interested in the cheoi~ try of natural waters

such as seawater 1 .2 and geothermal brines. Both in the laboratory and the

(Laid , new ways of ~cosur ing L p ~rt an t components of such i.aters are badly

needed. The availability ci the new divalent cation electrodes encouraCed

us to examine their applicability to such r<easuremen~s on Mg
+2 and Ca P.2 ions.

A. a test of such utility we decided to measure MgSO4 and CaSO~ ion assocIation

ther modyna mics over a range of ionic stre ngth and tem perature.

Several inves ti gator s 3 4 ’ 5 have carried out limited range measure ments

on these systems using various techniques. After the measurements reported

here were comp leted , Ains w ort h6 published so me CaSO4 results obtained with

an Orion Model 92—20 calciu m electrode. His results at 25 0 agree in general L_.
with those reported here. However , his work was restricted to one ionic

strength fixed with CaC12.

EXPERI~~~~NTAL

All measurements were made with an Orion Model 801 Digital pH Meter

equipped with an Orion Model 92—32 Divalent Cation electrode and an Orion

90—01 Single Junction reference electrode. Measurements were made in a -

large volume jacketed glass all whose contents could be controlled to + 0. 050 C.

Reagen t grade MgC 1~ , MgSO4, Cad 2, CsSO4 and Sad were used to prepare

stock solutions. All solutions were analyzed using standard ion exchange

and EDTA titration techniques. . - 
- -

In each ace of measurements the first step is the calibration of the

•l.ctrode pair using standard solutions of known activity. The standards

for MgSO4 sod CaSO4 were NgCll and CaCl2 respectively. The activities of

then . solutiona are well known? ,8 These standard calibration curves gave —

i I ~~ 
- .

L~
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the Ner ns t s lo pe .- t  .‘‘ . 5 at .‘ - <
~~ ~h-  <~ il1t ’ra t t< -n .~ic ch.c Is.d with sta ndard

so l Ut <-u ~ .ii t cc ,~.icll -.n t - - rn < - ‘~~ii< to t c~ t c c c .-~~.- <Ii < f t .  ~easuroment s

where such di  i t t  ~~.i.. foun~-t -.<-i- e .t<<cai< ~o,~.

A l te r th e m i t  <a l <.ilth r at ton cur~c ,.as run , ~w,known solutions were

p ri — pa red t-< weight <ri d t - l a c u d  i n  t h e  ce l l. A con stan t p o tent i al re adi ng

was nurnall v obtained ±n 10—IS nin ut es wi th the approx im at e ly  3(t O cm 1

The pH of each ‘u:%.nc.-n was c h c c . < . a d e tec t  any hy d ro l y s is  proble m s .

RE$TJI.TS .U) ~“cc cc~ .~-;

M$S04

Two of the au thors have prevl ous l :~ workcj on the ~~~~ -~< steri~

using a spec tr - t cr o t r i c  tec~nt~ ue .-,nd no t en t < O t t -v. 11< ’ - r . t hese

measurements were carried out at high ioiu c stre ngths. In is -~.-rk we

have used lower ionic srr ençt hs ~nd have used NaC1 as a nedium. Alth ough

nor commonly used to control ionic strength , ~.IC1 is the coe~ on salt In

most natural waters and , so , has been used here.

Mea surements were made at four ionic strength s and three temperatures

(15°. 250, 350) in the SaCl media. In addition , MgSO4 measurements were made

at 250 at seven con centrations in pure water. Tablas 1 , I I  present sample

data at ionic strength 0.108 (25°) and 0.027 (35°). Table III su~~ari?es

the pur. water data. Table ~V su~~nri zea the MaC i media data at all three

temperatures.

The po tent iom etri c readings are converted to Mg~
2 activity using

the cal ibrat ion curve . The activities convert.d to concentrat ion using the

known activity coe ff icient

~‘Mg~
2 / ‘

~~

It is then possible to calculate the stoichiome tric association constant

K ~Mg~~~~
C 

—
Th. infinite dilution associat ion constant 1. related to the stoichiometric

V

- - - -
. ~~~~~~~ 
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CALCIUM AND MAGNESIUM SULFATE IN AQUEOUS SOLUTION 803

TA8LE IV

SUI*’AKY OF ST0ICHIC~~ThIC ASS OCIATIO N

CONSTANTS OF ~fgSO4 IN AQUEOUS MaCi

T

N

13 0.07470 0.1.432 0.2732 32.17

0.1075 0.4100 0.3278 27.76

0.1402 0.3840 0.3744 24. 42

0.2462 0.3285 0.4962 16.06

25 0.07430 0.4455 0.2725 36.68

0.1084 0.43.00 0.3292 28.92 L

0.2404 0.3860 0.3746 26.18

0.2478 0.3275 0.4978 16.10

35 0.02720 0.5540 0.1648 68.04

0,07460 0.4435 0.2730 .. 37.74

0.1085 0.4080 0.3293 28.33

0.1412 0.3830 0.3757 24.72

0.2480 0.3270 0.4979 16.97

constan t by the equation

—

where we have assumed th. activity coefficient of the ion pair to b. one.

For th, calculation of K5 we have used the Davies equation .1’

— 1os 8’, • O.5~~~ 
~, 

- . 33  —

table V si~~ arises the resul ts of the investigation. The K
~ 

in MaCi ia

distinctly lower than the K~ in pure water. This is probably due to minor

I

- _ _  

.

.

,

. ‘
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TAELE V

ASSOCIATIO N C0~ STANT S AND THERNODYNANIC

PAR~O-0TERS OF N~SO4.

7 K7 A.H0 Ac ’ A S0

Medium

DC I.1C~ KCa1/Mole KCal/Moj e KCa1/Mole- °K

3.5 MaCi 160.83 + 6.00 1.15 - 2.92 0.0141

25 NaC1 170.46 ± 10,16 1.15 — 3.09 0.0142

1120 204 .40 ± 20.00

35 MaCI 182.99 + 19.67 1.15 — 3.20 0.0141

amounts of MaSOZ Formation as well as the inadequacy of the Davies equation

in the more complex NaC1/Mg~O4 mixture.

The K5 (1120~ resul ta agree reasonably well with the results obtained

by conductance (K5.187)12 and other methods.13 -.

3. C5SO4

Measurements of the CaSO4 — MaCi system were carried out at four

ionic strengths and three temperatures. Tables V I , V II and V III give

represen tative data. Each reported K~ is an average of five separate

measuremen ts.

Calculation s were carried out exactly the same as in MgSO4. Table

IX suaaxarizes the K~ resul ts while Table X summari zes the 
~a 

and other . - 
-

infini te dilution results. Ftg. 1 gives the v&Z$ ThOff plot for K~ . .‘

ThC ta value a t 23° is 196.5 L.M~~ in good agreement with the

conductance va lue 13 (200 LM 1) and the solubility val’ue 13(204.2 Li-r1) .  The

AR° and 4S0 are in good agreement with those of Ai nsw orth .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE IX

Summary of Association Constants of Ca~O , iij. Aqueous NaCI.

T I ‘

~~

‘
±

-

-

15 0.0402 0.2006 0.5125 50.950

0.0599 0.2447 0.4705 41.380

0.0800 0.2826 0.4375 30.580

0.0998 0. 3159 0.4156 25 .956

25 0.02060 0.1435 0.5860 69.630

0.04075 0.2018 0.5110 54.600

0.06080 0.2465 0.4690 42 .380 L
0.08010 0.2830 0.4360 37.300

0.10010 0.3164 0.4150 31.260

35 0.02007 0.1416 0.5950 87.000
I”0.04000 0.2001 0.5140 64.610

0.06000 0.2 450 0.4680 49 . 370

0.08000 8.2827 0.4375 38.680

0.09990 0.3160 0.4155 32.490

a ~~~~~~~~~~~~~ L~~~~~~ ~~~~~~~~~“ - - ~~- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---.—~~~
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TABLE N

Associat ion Con9 tan ts and Thet~ o4vn -am1c Pa ratacte rs of CaSO. .

‘F K.1 ~~ 11° <A c° <A ~o

L’rl KCOI/fl. )le } ICal/ ”ol c KC01 JM0Ic °X

15 172. 7 4 ± 14. 18 2.20 — 2 . 96 4  + 0.0 179

25 196. 51 ± 7 . 5 3  2.20 — 3 .144 + 0.0179

35 221.21 ± 18.91 2.20 — 3.322  + 0.0179

Our results show that the spe cific ion elect rode is very capable

of giving good th ermodyna mi c data If prop er care is taken. The main

limitation is the need to make st~~teCen tS about actL v ity coefficients in

rather complex svatems . This same problem will also intrude in natural

water w o tk. -
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