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INTRODUCTION 

This research was undertaken as a corollary to 

the work done by E . S. McKee (1) at Johns Hopkins Uni­

versity in 1950 with the purpose of "determining the 

entropy of a single a ueous ion . In doing so , we 

wished to elucidate the theory of aqueous solutions , 

i . e . hydration and other proc esses taking place , par­

ticularly in concentrated solutions . n 

Others who have done similar work on a queo~s 

ions , usin the thermocell (or thermo alvanic cell) , 

and whose values are used in this thesis , are Good-

~ 
rich , Goyan , Norse , Preston and Youn~; Bernhardt and 

Crockford (3); and Crockford and Hall (4) . Still 

others have done work whi ch is less accurate , or less 

important to this thesis , and are not listed here . 

Almost no results have been reported for very 

concentrated solutions , i . e . lm to saturation , and 

that was the specific aim of this research , Processes 

occurring in concentrated aqueous solutions of ionic 

compounds are of great importance , particularly sol -

vation of ions, d , with regard to a theore tical 

or empirical modification of the Debye and Ru ckel 

theory, hydration and ion- pair formation . The study 

of the function of one tbermodyn ic uantity of a 

single a1ueous on rith respect to concentration and 

type of cation shoul prove useful . 
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II DISCUSSION 

A. Determination of the Entropy 

Other thermodynamic quant ities, i'. • e . heat and 

free ener _y , a e always g iven in reference to some 

arbitrary standard state . Entropy , however , can or­

dinarily be determined as an absolute value from the 

third law of thermodynamics . The thi~d law st at e 

that the entropy of a pure crystalline compound is 

zero at t . e absolute zero of temperature . From the 

definition of entropy , dS• dq/l T , it is thus possible 

to determine the absolute entropy of any substance 

at a given temperature . The entropy of an ionic com­

pound is found , howefer , only as the total entropy 

of its ionic specie , whether in solution or not . 

The entropy of a sin le ion cannot be found by third 

law measurements alone , so that aqueous ionic entro­

pies are also usually based on an arbitrary standard 

st ate . 

The u e of the t ermocell enables us to deter­

mine the absolute entropy of a single aqueous ion . 

Briefly , the thermocell is a galvanic cell , consisting 

oft o identical half cells , and d erivin its E . ~ . F . 

from the fact that t h e two half cells are at different 

temperatures . tr one half cell is ·at temperature T 

nd the other at T L\T , t h en LlE , and , t hus , .i:1.E/ClT , 

can be determined for any particular half e quation . 
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From a variation of the Gibbs-Rel halt enu tion 

re ave , t constant .,res sure: 

- .1S=d (AF) /dT . 

From L\F• -...~ we et 

-AS=d ( .. n~ ) / d T 

or S=n'id j T. 

If ea sume that E/dT=~E/4:lT (this was proven 

exner me tall by NcKee and other for differences 

in temperature u to 10°c), 1e then have a method 

for findin the entro y ch e for a 1 i en half e qua­

tion . 

I oder to fi th e trap of a sin le ion 

b thi ethod, a alf cell mu b sed i vbi ch 

o 1 one ion i involved . The p r icul r one used 

i this e e rcb w s the calomel cell: 

H ( 1) e. 

(1) 

The entropies of mercury and mercurous chloride 

re kno n ro t ird 1 w measurements . The entropy 

of t h e electron h s been calcul ted and found to be 

n tial olal e tropy of the 

chloride ion in a p rtic 1 r solution c 

mi ed . 

be deter-

Ho ever , there is~ other term added to e auation 

(1 ) . ~ue to the entrap~ of transfer of ions cross 

the tempe 1"ature rBdie t . vr cKee treats this as a 

liqui junction otential and proves it to be ne li -
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gible , at least within the limits of this work. 

B. Change of the Entropy 

Now that we have a method for determining the 

absolute entropy of the chloride ion in any aqueous 

solution at constant temperature , it is important to 

discuss the factors which may influence the entropy 

These factors may be classified as: 

(1) the concentration, 

(2) the Debye - Huckel contribution (this is the 

mathematical theory orked out for the entropy ·term 

r ising from the energy of interaction of an ion with 

its ion- atmosphere) , 

(3) tthe extent of hydration , and 

(4) ion-pair formation . 

If ions behaved as ideal particles with no inter ­

action among themselves or between them and water 

molecules , the change in entropy with concentration 

would simply be: / 

~s = RlnC1/C2 . 

In very dilute solutions this relation hould hold 

true since there should be no change in the other 

three facto s upon further dilution . In the ran. e 

0 . 001 m to 0 . 1 m the Debye et.feet becomes appreciable , 

while for the alkali halides at least , the last two 

factors would be negligible to 6 . 1 m (except for li ­

thium) . Therefore , this equation would be expected 
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to hold true in concentrations of O. lmor less: 

.6S : Rl C1/ C2 ASD, 

where.6Sn is the chan e in entropy due to ion--ion 

at os here interaction, and C8n be calculated from 

the theo etical e uation . 

In , oin . from concentrated to dilute solutjons, 

RlnC1/C2 i positive andASD is ne ative (but small 

at lo' concentrations) , and , thus , the theoretical 

plot of entropy a ainst log of molality is not ~uite 

s n raight but curves up slightly as the solution gets 

more concentrated . 

At concentratio s reater that e.1 m, the situ­

ation is not so simple . No quantitative formula for 

the chan e of entropy of an ion it concentration 

exits , but ome qualitative remark may be made . 

Hydration an ion-pair for tion become import nt . 

In dilute solutions by ration i complete , ad the 

ion a e ~o far part that the chance of ion~pair 

formatio s ne li~ible , so that neither h a y ef-

feet on entropy . 

In me.re con cent ated solu ions, the ionq ·i th 

their aters of hydration begin to cro d each other . 

It is then possible for one ion to strongly affect 

the hydration of another ion , distorting the water 

layer by it own electrical field or by its on wa­

ter mol cules crowding the waters of hydr a tion around 

another ion, destro,ring in p rt the simple hydration 

of more dilute solution . Since entropy is , in a 
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sense , a measure of the randomness, or disorderliness , 

of a system, I . e . the geeater the disorder, the higher 

the entropy , this effect might be expected to cause 

an increase in ent opy in more concentrated solutions . 

Howe Yer , t~is interaction of ions on the water mole­

cules of other ions might bring about a sort of quasi ­

crystalline structure , due to hydro g en bonding, which 

would then be more orderly and a decrease in entropy 

might be expected . 

In more concentrated solutions an ion mifht pe ­

n e trate the water layer of an oppositely charged ion, 

and we would have the formation of an ion- oair . This 

Moul led to a decrease in entropy , since this would 

be the first step in the formation of the orderly 

crystalline structure of the solid salt . · The experi ­

mental evidence should indicate ~~ich of these factors 

is most important in a particul ar solution • 

• 
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EXPERIMENTAL PROCEDURE 

A. ppara.tu 

The tool used to measureA E was a Leeds and Nor­

t rop type K- 2 potentiometer 'hich can be read to 
6" the low fA"' t 

6. 1 microvoltk This precision was necessary since 

the potential difference to be measured ranged from 

1 to 5 millivolts . Th e alvanometer used was a Leeds­

and Northrop 2420 with enclosed lamp and scale and 

a sensitivity of 0 . 04 microamp eres/mm. The high re ­

sistance of dilute solutions made them difficult to 

measure with this galvanometer sensitivity , but for 

the concentrated solutions used it was perfectly sat ­

isfactory . An unsaturated Weston standard cell , just 

recently standardized by the National Bure~u of stan­

dards , was used . The source of constant E . t,~. P was 

one cell of an automobile battery . 

The cells (see Fig . 1) were each constructed 

of two 20mm by 150mm test tubes connected about 2 

inches f r om the top by a piece of 8 or 10 mm glass 
contact 

tubing . The electrodes(see Fig . 1) by which ltl.KrRMXJ: 

was made with the mercury of the cells were made by 

sealing a small piece of platinum wire i n the end 

of a piece of glass tubing , which w~s then par tially 

filled with mercury and the copper lead from the po ­

tentiometer inserted into the mercury . Thi s intro ­

duced a thermocoup le effect hich is due to the two 

mercury - copper contacts a t different temperatures . 
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However, McKee . nd others have proved this to be ne~­

ligible , also . The cells were closed , and the elec ­

trodes held in place , by means of corks . 

The to constant temp erature baths were construs ­

ted from an insulted rectangular metal box , divided 

into two compartments by a wooden partition, which 

had slots cut in it to hold the cells . Watef running 

through copner coils ras used for cooling . Mechani­

cal propeller stirrers were used . The heaters were 

bare coils of ichrome wire wound on ordinary porce ­

lain heater bases . Keroserie was used as the liquid 

of the baths , in order tat the heaters would not have 

to b e insulated , thereby eliminating heat lag . 

The tenperature of each bath was controlled by 

means of a Sargent mer cury thermoregulator ~hich was 

conne c ted to the heater through an electronic relay 

circuit . These circuits (see Fig . 2) were construc­

ted especially for this research , using mer cury vapor 

thyratron tubes . 

The temperatures of the bath were measured by · 

differential t ermometers , one Beckmann and one Phil­

adelphia . These thermo~eters were c al_br ted with 

each other , and vith O Bureau of Standards thermometer . 

B. Chemicals 

Instrument rrercury ~ s used for the cells and 

the ele ctrodes . Baker's C. P . KCl , Me r ck ' s reagent 

grade NaCl , and Kallinkcrodt's analytic 1 reagent 
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grade calomel were used in the cells . 

able Li Cl, ho vever, was an ordinar, 

The only avail -
o7 /Ah knOWh /'rA.r,t-y 
rade 

The solutions rvere made up b. diluting~ a ~:eighed 

amount of the dried salt in a volu1!1etric fl&sk wit 

distilled v ater "hich had been s turated "J 1i th calo-

mel . 

A cell was p repared (see Fig . 1) by first adding 

enough mercury to completely cover the platinum elec­

trode lead; adding on top of this a paste m de of 

mercurous chlcrjde , the electrolyte to be used , and 

a little mercury; nd, fin2.lly , carefully filling it 

with the solution . It was not necessary to use oxy­

gen- free cells. 
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EXPERI iENTAL RESULTS 

In order to get reproducible results, it was 

necessary to reverse the cells in the two baths and 

average the values obt a ined . There was ometirr1es 

great deviation between the t wo values , but the ave r ­

age remsined fairly constant , a8 i a shown by the taeles 

on the follo~ing pa~es . The difference was probabla 

due primarily to some peculiarity in the contacts of 

the p lat1.num- mercury electrodes , the effect of which 

is c ancelled when the cell is reversed and the results 

averaged . At one point , one cell was fai l ing to give 

a constant value , but when its electrodes were replaced 

by a pa.ir or electrodes from a cell which had been 

giving very good readings , a constant value was ob­

tained immediately . 

Vhen first made u , the cells ould not generally 

give good readings , but if allowed to "aR;e '' for sev­

eral days to t No weeks , a s a tisfactory cverage could 

usually be obtained . 

The actual procedure of measuring was tot ke 

a series of readin~s on each cell , reverse the cells , 

i,rait about an hour for e quilibrium to be reestablished , 

a.nd then take another series of readings . The temper ­

ature of ea.ch bath was determined each time tbe E . M. F . 

as being measured . Since there was a slight temp e­

ature gradient within the baths, the thermometers 

were placed next to the cells being read . Approximately 
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sixt., me a s rements v, ich gave a constant value ·ere 

made for each cell . 

~ T ran ed from about 5. 50C to soc, while the 

average terrperature ranged betv een 2 fi°C and 26°0 

Thi vari~tion had a negligible effect on entropy , 

stnce the chan ~e of entropy with temperature is less 

than 0 . 1 e . u . per degree , a shown by cKee and others . 

The cells actually mes red were 4f , 3f , 2f , lf , 

O. lf , O. Olf KCl; ._ .f , 4f , ?if , 2f , aCl; and 6f LiCl. 

The v alues for the dilute O. lf and O. Olf KCl solutions 

check surprisin 1. :ell i th those of other orker , 

con iderin~ the fact tat the resistance of the elec­

trol. te made the readin~ almost ~n e tima be . ~or 

exam le , the value obtained by other iorkers for 0 . 01666 

ol 1 YCl is ~7 25 e . u . The result from th · s rese rch 

i ?7 . 2 e . u . The accuracy of the other re ults can 

be een from the graph (see Fig . 3) . 

All the measurementR made on one cell are inclu­

ded in the follo ing tables in order to i l lustrate 

the type of d ta collected . The value for Sci- onl 

are reoorted for the other cell . • 
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TABLE I 

Cell #1 

~.ooor = 3 . 314m KCl 

Ii ,l1E (mv) T T '1 T ,QT 

1 3 . 45 20 . 86 28 . 38 7 . 52 

2 ~ . 45 . 61 . 34 . 73 

3 3 . 47 . 64 . 40 • 76 

4 3 . 51 . 89 . 31 . 42 

5 3 . 54 . Bl . 38 . 57 

6 3 . 55 . 73 . 33 . 60 

7 3 . 5 . 73 . ~o . 57 

8 3 . 55 . 67 . 38 • 71 

9 3 . 55 . 65 . ~4 . 69 

10 3 . f1f> • f19 . 38 • 79 

11 3 . 56 . 60 . 35 • 75 

1 2 3 . 66 . 74 . ~6 . 62 

13 ~ . 6~ . 95 38 . 43 

14 3 . 64 . 80 . 46 . 66 

15 3 . 60 • 79 . 38 . 59 ---
Av . 3 . 55 20 . 74 28 . 36 7 . 62 

~s = 11 . 0 sci- - 15 . 9 -
Electrodes reversed 

16 3 . 49 21 . 36 28 . 90 7 . 54 

17 3 . 46 . 36 . 85 . 49 

18 3 . 47 . 36 . 82 . 46 

19 3 . 48 . 37 . 90 . 53 

20 3 . 48 . 38 92 • Fi4 

21 3 . 46 . 37 . 88 . 51 
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TABLE I 

(cont'd) 

# ,6E(mv) T T+.LlT 4T 
22 3 . 47 21.38 28 . 98 7 . 60 

23 3 . 48 . 38 . 95 . 57 

24 3 . 47 . 38 . 91 . 53 

25 3 . 45 . 37 . 85 . 48 

26 3 . 48 ~9 29 . 03 . 64 

27 3 . 48 . 39 28 . 98 . 59 

28 3 . 47 . 40 . 89 . 49 

29 3 . 47 . ~8 . 83 . 45 

30 3 . 47 . 38 . 72 . 34 

Av . 3 . 47 21 . 39 28 . 81 7 . 42 

1-l = 10 . 8 sci- = 15 . 7 

Electrodes reversed 

r. l ~. 44 21 . 60 28 . 87 7 . 27 

32 3 . 48 . 62 . 99 . 37 

33 3 . 49 . 61 . 96 . 35 

34- 3 . BO . 60 . 90 . 30 

35 3 . 4-8 . 60 . 78 . l P 

36 3 . 45 • f)8 . 75 . 17 

37 3 . 47 . 60 . 90 . 30 

38 7- . 47 . 1 . 84 . 23 

r~9 3 . 47 . 58 . 77 . 19 

40 3 . 44 . 56 . 73 . 17 

41 3 . 45 61 . 93 . 32 

42 3 . 48 . 62 . 90 . 28 



If_ 

43 

44 

45 

Av . 

46 

47 

48 

4 9 

50 

52 

54 

55 

56 

57 

58 

59 

60 

Av . 

A E(mv) 

3 . 47 

3 . 45 

3 . 42 

3 . 46 

A = 11 . 0 

-14 -

TABLE I 

(cont'd) 

T 

2 1 ~9 

. 58 

. 58 

T LlT 

28 . 85 

. 75 

21. 60 28 . 85 

sci-= 15 . 9 

Electrodes reversed 

3 . 28 

3 . 28 

3 . 29 

. ?9 

. 30 

3 . 29 

3 . 30 

21 . 65 

. 62 

. 62 

. 62 

. 64 

. 64 

. 63 

. 64 

. 63 

. 64 

. 64 

. 64 

. 62 

. 62 

. 63 

2 1. 63 

6. = 10 . 8 

28 . 66 

. 71 

. 63 

. 70 

• 0 

. 64 

• '70 

• '71 

. 68 

. 66 

. 70 

. 66 

• '70 

• 7 2 

28 . 68 

~Cl- = l!J . ? 

AT 

7 . 26 

. 17 

7 . 25 

. 09 

. 01 

. 08 

. 06 

.o 

. 07 

. 07 

. 05 

. 02 

. 06 

. 02 

. OE 

. 01 

. 09 

7 . 05 

Av . AS = 10 . 9 v . 'S'c1- : 1 . B 
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TABLE II 

8 c1- Reversed verage 

Cell #2 -- 4 . 000f = 4 . 582m KCl 

14 . 7 14 . 9 14 . 8 

14 . 5 14 . 9 14 . 7 

14 . 6 14 . 8 14 . 7 

Av . 14 . 7 

Cell #3 -- l . OOOf = 1 . 033m KCl 

19 . 2 17 . 8 18 . 5 

18 . 9 18 . 3 18 . 6 

Av . 18 . 55 

Cell #4 -- o . elOOOf = o . 01oeom KCl 

26 . 1 28 . 2 27 . 15 

Cell #5 -- O. lOOOf = O. le07m KCl 

22 . 6 23 . 9 23 . 25 

21 . 7 24 . 7 23 . 2 

Av . 23 . 2 

Cell #6 -- 2 . 666f = 2 . 133m KCl 

18 . 1 ln . 5 16 . 8 

Cell #7 -- 3 . 66ef = rz . 202m NaCl 

15 . 1 16 4 15 . 75 

14 . 9 16 . 4 L . 65 

14 . 2 16 . 7 15 . 45 

14 . 9 16 . 1 15 . 5 

Av . 15 . 6 

Cell :/,8 -- 4 . 000f = 4 . 374m NaCl 

14 . 5 16 . 0 15 . 25 
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TABLE II 

(cont'd) 

Cell #9 -- 5 000.f = 5 . 610m NaCl 

15 1 14 . 8 14 . 95 

lB . 7 14 2 14 . 95 

Av . 14 . 95 

Cell #10 -- 2 . 000.f = 2 . 087m NaCl 

Y!'1 16 . ~ 16 . l 16 . 2 

lf. , 9 lE . f 16 . ? 

Av . 16 . 2 

Cell #11 6 . 000f = 6 . 866m LiCl 

12 0 2?. . 4 17 . 2 

14 . 3 19 . 8 17 . 0E 

A . 17 . 1 
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CONCLUSIONS 

An analy sis of the experimental results, a shown 

in the graph (see Fig . 3), in terms of the entropy 

factors discussed earlier proves interestin . The 

tendency of LiCl to rise sli~h tly above the theoret­

ical lone (as calculated from = RlnC1/C2 - Sn) 

probabl. exclu es the formation of any "riua i-crys­

talline" hydrogen bon structure , ith a correspon-

in decrease in entropy , since the lithium ion is 

strongly hydrated and woul be expected to form tbis 

t pe bon _ more readily than any other alkali metal 

on . It is easy to see ~h 7 ion-pair formation is 

not imuortant in LiCl , si ce the chloride ion mi ht 

not be able to penetrate the strongly held vater layer 

around the lithium ion . It i predi c ted t h at the 

entropy of the chloride ion ill rise above the the ­

oretical in concentrated solutions of t ~ e alkaline 

earth ch lorides since the cations are 11 strongly 

hydrated . 

If 1e exclude t e pos ibili ty of .. drop:en- b o d 

formation , the do inward trend of KCl i ob iously 

due to ion- p air for ation . Hyd r a tion effect s seem 

to be unimp ortant in this solution . It is predicted 

t _at the entropy in cesiur and rubidium chlorides 

ill rop belo v t h e t eoretical in concentrated so ­

lutions , but not as harp ly as in KCl 

The case of NaCl 5s puzzling , and p roves d iffi-
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cult to interpret. It is obvious t h at Ht least two 

factors , opposin~ each other, h ave an effect. Since 

we have eliminated hydrogen bonding, the early down­

ward trend , stronger than in KCl, must be due to ion­

pair formation . Th is is reasonable , since the sodium 

ion does not form a stable aqua-comp lex (although 

more strong ly hydrated than the potassium ion) and 

therefore 1ould be expected to form bonds with chlor­

ide ions more easily than a potassium ion . The u p ­

ward trend at almost the saturation point is possibly 

due to the oth er hydration effect, but it is diffi­

cult to see why this hould become important aft e r 

ion- p air form ation haR oc urred . 

The main conclusion hich can validl v be drav·'n 

is that more ork needs being done . The entropy of 

the chloride ion needs to be comprehensively stud ied 

in solutions of all its alkttli and alkaline earth 

ch lorides , hydrochloric acid , and other metallic chlor­

ides , b e fore a clear cut qualitative pattern could 

possibly be discerned . It is regretted that more 

work could not be done this ye a r , hut the app ar tus 

wes bought and constructed ith an eye to future senior 

research students . 
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smr .ARY 

1 . The theory of the thermocell and the method for 

determinin~ the entrony of a single aqueous ion are 

discussed . Absolute and tandard entropy are contras­

ted . The factors which affect the entropy in solution 

are li ted and discussed . 

2 . The construction and use of the puaratu and 

c . emicals for measuring the entropy of the chloride 

ion is explained in detai l . 

3 . The experimental results obtained are reported 

in tabular and graphi c form and compared with the 

values of other worke rs . Limitations and pe culi ar­

ities of measuring are explained . 

4 . The exuerimental re~ts are analyzed qualjtatively 

in the light of the factors hi ch affect the entropy 

of an aaueous ion , and the need for further research 

is empha ized . 
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