
Monatshefte fiir Chemie ll0, 517--524 (1979) hmh lir t i l t  

�9 by Springer-Verlag 1979 

Thermodynamic Parameters for the Transfer of Ions From 
Water to Propylene Carbonate 

Michael H. Abraham 

Department of Chemistry, University of Surrey, Guildford, Surrey, U.K. 

(Received 26 June 1978. Accepted 9 August 1978) 

There are large discrepancies between various recorded values for the free 
energy of transfer of the alkali metal cations from water to propylene carbonate. 
Using the known enthalpies of transfer given by Krishnan and Friedman, and 
the entropy correlation introduced by Abraham, these discrepancies are resolved 
in favour of the values obtained by Courtot-Coupez et al. and those due 
(indirectly) to Gritzner. This enables, for the first time, a reasonably reliable set 
of free energies, entropies, and enthalpies of transfer to be constructed. 

( Keywords : Free energies, enthalpies, and entropies of transfer; Ions, thermo- 
dynamic of transfer; Propylene carbonate; Transfer of ions) 

Thermodynamische Parameter fiir die •bertragung von Ionen von Wasser in 
Propylencarbonat 

Die verschiedenen verSffentlichten Werte ffir die freie Enthalpie der 
Ubertragung yon Alkalimetallkationen yon Wasser in Propylencarbonat zeigen 
gro•e Unstimmigkeiten. Diese Unstimraigkeiten kSnnen zugunsten der Werte 
yon Courtot-Coupez et al. und der (indirekten) von Gritzner behoben werden, 
wenn man die bekannten Werte ffir die Ubertragungsenthalpie von Krishnan und 
Friedman, und die von Abraham eingeffihrte Entropiekorrelation benfitzt. Es ist 
nun zum ersten Mal m6glich, relativ zuverl/~ssige Werte for die freieEnergie, 
Entropie und Enthalpie auszuarbeiten. 

Introduction 

Although  propylene  ca rbona te  (PC) is a well-known dipolar  aprot ic  
solvent  1, there  is as ye t  no accepted set of  free energy  d a t a  for ions in this 
solvent.  Gritzner 2 has recent ly  de termined  single-ion free energies of  
t ransfer  f rom acetonitr i le  (AN) to  a n u m b e r  of  solvents,  including PC, 
and has pointed  out  t h a t  there  are considerable discrepancies between 
his results and previous  work  for t ransfer  of  the ions R b  + and Cs+. These 
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d iscrepancies  m u s t  be due  to  errors  in the  d e t e r m i n a t i o n s  in PC, because  
i t  has  been k n o w n  for m a n y  yea r s  t h a t  s imi la r  anomal i e s  occur  in the  
t rans fe r  of  R b  + and  Cs+ f rom w a t e r  to  P C  8, Gritzner's values  for the  A N  
to PC t r ans fe r  m a y  be  c o m b i n e d  wi th  the  we l l -es tab l i shed  4-7 va lues  for 
t r ans fe r  f rom w a t e r  to  A N ,  to  y ie ld  a n o t h e r  set  of  va lues  for  t he  w a t e r  to  
P C  t r ans fe r  (Table  1). This  set  m a y  be c o m p a r e d  wi th  t h e  more  
i m p o r t a n t  sets  p r ev ious ly  r e p o r t e d  3, 8,s-la, all r e ca l cu l a t ed  to  t he  mol  
f rac t ion  scale and  wi th  A G t (Br - )  set  equa l  to  7 .4kca l  mo1-1. .  Values  

Table 1. Free energies of transfer of Ions relative to Na+, in kcal tool -1 at 298 K 

Ion Water  -* A N  A N  ~ PC Water  -~ PC a 
[ref. 4-7 ] [ref. zJ 

Li + 3.8 - -  1.8 2.0 
Na + 0.0 0.0 0.0 
K + - -  1.4 - -  0.5 - -  1.9 
Rb + - -  1.8 - - 0 . 9  - -2 .7  
Cs + - -2 .1  - - 0 . 9  - - 3 . 0  
Tl + - -  1.1 0.2 - -  0.9 

a Calculated form the previous two columns. 

r e p o r t e d  b y  Matsuura a n d  Umemoto 1~ are  n o t  in accord  wi th  those  of  any  
o ther  workers .  The  r ema in ing  sets fal l  in to  two g r o u p s - - t h o s e  of  
Salomon 9 and Parl~er 6 in which A G~(Rb +) = - - 3 . 0  and A Gt(Cs+ ) = 
= - - 5 . 0 k c a l m o l - 1 ,  and  those  of  Courtot-Coupezetal.  3,11,1a where  
A G~ (Rb +) = - - 1 . 6  and  A G t (Cs +) = - - 2 . 0  kea l  tool -1. The  ind i rec t  
va lues  of  Gritzner2 agree  well  w i th  those  of  Courtot-Coupez for the  a lka l i  
m e t a l  cat ions .  A l t h o u g h  va lues  of  A G t (BPhg) in Tab le  2 are  n o t  ve ry  
consistent,  a r ecen t  s t u d y  b y  K i m  15 yie lds  for  A G~ (PhaAs + + Ph4 B - )  a 
va lue  o f - - 1 8 . 9  kca l  tool -1, a f te r  convers ion  to  the  tool f r ac t ion  scale, in 
exce l len t  a g r e e m e n t  wi th  Parker's va lue  s o f - - 1 8 . 8  kca l  mo1-1. 

Results and Discussion 

There  seems no obv ious  w a y  of  choosing be tween  the  va r ious  sets  of  
va lues  in Tab le  2 f rom the  free energy  d a t a  alone.  There  is, however ,  
ava i l ab l e  a se l f -cons is ten t  set  of ionic en tha lp i e s  of  t r ans fe r  16, so t h a t  if  

* l ca l  = 4.184J; the value of 7.4kcalmol 1 has been chosen so that  the 
single-ion free energies of transfer are compatible with the calculated entropies 
(see later). 
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Table 3. Calculation of entropies of transfer (in cal K i tool-l) and free energies 
of transfer (in kcal tool -1) from water to PC, on the tool fraction scale at 298 K 

Ion I ;  AStb AHte AGtd 

Li+ - -  15 - - 9  0.73 3.4 
Na+ - -12  - - 1 2  - -2 .44 1.1 
K + - - 9  15 - -5 .24 - -0 .8  
Rb+ - - 1 0  - - 1 4  --5.87 - -1 .7  
Cs + - -  11 - -  13 --6.40 - -2 .5  
Ag + ~-9 e - -  15 - -2 .30 f + 2.2 
Mean + 27 + 3 --3.89 - -4 .8  
Et4N+ - - 4 2  18 + 0.17 - -5 .2  
Pr4N + - - 5 8  34 2.79 - -7 .3  
Bu4N+ - -71  47 4.39 - -9 .6  

C1 - -12  - -12  6.31 9.9 
Br- - -  10 - -  14 3.24 7.4 
I - - 9  15 --0.78 3.7 
C10~ - - 9  - -  15 --3.93 0.5 

a From ref.4, b Calculated from equation (1) with E = --24.  e From ref. 1r 
d From the A S~ and A H t values in the previous two columns, e Ref.ls. f From 
data given in ref. 6. 

the corresponding entropies  could be obtained, a set of free energies of 
t ransfer  could be calculated and  compared  wi th  those in Table  2. Some 
years ago 4, I showed t h a t  single-ion entropies  of t ransfer  f rom water  to a 
va r ie ty  of solvents  could be correlated th rough  equa t ion  (1), 

A S t ( I o n  ) = E - - I  w (1) 

and  more recent  workl7, is has confirmed the usefulness of this equat ion .  
I n  (1), E is a cons t an t  for a given solvent ,  and  I w is a cons t an t  for a given 
ion ; values of I v / a r e  k n o w n  for a large n u m b e r  of ions 4, is and  are given 
in Table  3. Since there is good agreement  be tween var ious  workers on 
values of A G] for the  ions Li+, N a  +, K +, C1 a nd  Br  , i t  is possible to 
ob ta in  A S~ values for these ions and  to deduce the  va lue  of E for P C  in 
equa t ion  (1). I t  is found  t h a t  E = - - 2 4  cal K 1 tool-l ,  us ing da t a  for the 
5 ions above.  Then  knowing  the value of E, equa t ion  (1) can be used in 
reverse to deduce A S t values  for the other  ions. Then  c ombi na t i on  wi th  
the  known  A H t values  16 will yield a set of AG t values t h a t  should be 
reasonab ly  self-consis tent ;  detai ls  of these calculat ions  are in Table  3. I t  
is immedia t e ly  clear t h a t  the  deduced values of A G~ are in excel lent  
agreement  with the  observed values of Courtot-Coupez 3, n.  t~ and  of 
Gritzner 2, so t h a t  an  u n a m b i g u o u s  choice can be made  wi th  respect to the 
confl ict ing values  for gb+ ,  Cs+, and  to some ex ten t  Ag + and  I . 
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Tab le  4. Comparison of calculated and observed free energies of transfer from water 
to PC, on the mol fraction scale in ~cal mot -~ at 298 K 

I o n  Calc.a Courtot_Coupez 3,11, is Gritzner 2 

Li + 3.4 3.3 
:Na + 1.1 1.1 
K + - - 0 . 8  1.0 
R b  + 1.7 - -  1.6 
Cs + - -  2.5 2.1 
Ag + + 2.2 + 2.2 

C1- 9.9 10.1 
B r -  7.4 7.4 
I -  3.7 3.9 

a Tab le  3. 

3.1 
1.1 

- - 0 . 8  
- -  1,6 

1 . 9  

Table  5. Transfer of ions from water to PC using the PhaAs+ /Ph4B assumption, on 
the tool fraction scale s at 298 K 

I o n  k G~/keal mol - l b  k H~/keal  mol  - le  k S~/cal K -1 tool -~ 

Li + 4.6 0.73 - -  13.0 
N a  + 2.3 - - 2 . 4 4  15.9 
K + 0.4 5.24 - -  18.9 
R b  + - - 0 . 5  - - 5 . 8 7  18.0 
Cs + - -  1.3 - - 6 . 4 0  - -  17.1 
Ag + 3.4 - - 2 . 3 0  d - -  19.1 
Me4 N+ - -  3.6 - -  3.89 - -  1.0 
Et4 N+ - - 4 . 0  + 0.17 + 14.0 
Pr4N+ 6.1 2.79 29.8 
BuaN + - -  8.4 4.39 42.9 
Ph4As+ - -  9.4 e - -  3.49 19.8 

C1- 8.7 6.31 - - 8 . 0  
B r -  6.2 3.24 - -  9.9 
I -  2.5 - - 0 . 7 8  - - l l . 0  
C10~ - - 0 . 7  3.93 10.8 
Ph4B- - - 9 . 4  e - - 3 . 4 9  + 19.8 

a To conver t  to  the  molar  scale, add 0.91to the  A G t va lue  for  each  ion and  
s u b s t r a c t  3.1 f r o m  the  A S t va lue  for  each  ion. 

b F r o m  Tab le  3, w i t h  an  a d j u s t m e n t  of  1.2 kcal  mo1-1 to  cat ionic  va lues  and  
f r o m  anionic  values .  

c Ref.  16. 
d See Tab l e  3. 
e F r o m  refs.6,i5. 
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I t  has been n o t e d  previously4,  is t h a t  equa t ion  (1) does no t  r ep roduce  
va lues  of  A S t for Ph4As+ and,  especial ly ,  P h a B -  for  t r ans fe r  f rom w a t e r  
to  a n u m b e r  of  solvents .  This  is t he  case also for P C ,  where  the  
d i s c r e p a n c y  is a b o u t  4 cal K 1 mo] - l .  I n  o rder  to c onve r t  the  A S t and  
A G t va lues  in  Tables  3 and  4 to va lues  us ing the  P h 4 A s + / P h 4 B  - 

as sumpt ion ,  an a d j u s t m e n t  of  _+ 4 c a l K  -1 too l  -1 has  to  be m a d e  to 
ca t ionic  and  anionic  e n t r o p y  values ,  and  one of  + 1.2 kca l  tool -1 to  the  

Table 6. Comparison of free energies of transfer of ions from water to PC and 
DMSO,  in kcal mo1-1 on the mot fraction scale at 298 K 

Ion Water  -~ P C  a Water  -~ D M S O  a, 6 

Na + 2.3 - -4 .1  
K+ 0.4 - -3 .7  
Ag+ 3.4 - -  8.86 
Me4N t - -  3.6 - -  2.1 
EtaN+ - -4 .0  - -4 .3  b 
PraN + 6.1 - -  6.0 b 
Ph4As + - -  9.4 - -  9.7 c 

C1- 8.7 8.4 
Br-  6.2 5.4 
I -  2.5 2.0~, 1.46 
CIO~ - -0 .7  0.14, - -  1.16 
Ph4B- - -  9.4 - -  9.7 c 

a From Table 5. 
b Estimated values using data  in ref. 4. 
c Kim15 also gives this value. 

co r respond ing  free ene rgy  values .  The  f inal  se t  of  s ingle- ion va lues  is 
g iven  in Tab le  5. On th is  scale, the  genera l  t r e n d  o fA G t va lues  resembles  
t h a t  in ace toni t r i l e ,  w i th  va lues  for  the  a lka l i  me ta l  ca t ions  being 
pos i t ive  or s l igh t ly  nega t ive .  This  con t r a s t s  g r e a t l y  wi~h va lues  in 
so lvents  such as D M F  and  D M S O  where  the  A G t va lues  for the  a lka l i  
m e t a l  ca t ions  are  v e r y  nega t ive  (see for  e x a m p l e  Tab le  6 where  va lues  for 
the  w a t e r  to  D M S O  t r ans fe r  are  given) .  The  s t rong  so lva t ion  of  these  
smal l  ca t ions  a n d  espec ia l ly  Ag+ in D M S O  does  n o t  e x t e n d  to  t he  la rger  
organic  ions for which ve ry  s imi la r  A G7 va lues  are  obse rved  in P C  and  
D M S O .  

R e t u r n i n g  to  equa t ion  (1), t he  va lue  of E ass igned to  a n y  so lven t  is a 
d i r ec t  numer i ca l  measure  of the  abso lu te  en t rop ies  of  the  s imple  
u n i v a l e n t  ca t ions  and  an ions  in t h a t  solvent .  The  more  n e g a t i v e  is E, t he  
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more nega t ive  are the  ionic entropies  by  t h a t  a moun t ,  so t h a t  E is an  

in te res t ing  and  in fo rmat ive  so lvent  parameter .  I n  Table  7 are collected 
the values of E obtained to date, together with the solvent structural 
parameter, A f(bp) introduced by Criss19, 2o who predicted ionic 

Table 7. Value8 of the solvent entropic parameter, E, in cal K -1 tool -1, and the 
solvent structural parameter A T (bp) 

Solvent E (ref. 4) A T (bp) (ref. 2~ 

Water -~--  11 a 174 
Formamide - -  17 162 
N M F  - -  20 128 
Methanol - -  22 117 
PC - - 2 4  151 
DMSO - -  25 135 
Ethanol - -  251s 97 
1-Propanol - -  29 is 8418 
A N  - -  30 105 
DMF - -  32 98 
Acetone - -  35 62 
Ammonia - -  35 57 
1,2-Dichloroethane - -  4417 ~ 0 

a There is no defined value for 
metal cations and halide anions an 
taken. 

E in the case of water, but for simple alkali 
average value o f - -  11 eal K -1 mol -I may be 

entropies  of t ransfer  f rom water  by  an equa t ion  t h a t  can be res ta ted  as 
equa t ion  (2). There  is a general  t r end  between E and  A T (bp) 

A S~ (Ion) = 0.21 A T (bp) (2) 

t h a t  reflects the  k n o w n  usefulness of equa t ion  (2) in predic t ing  entropies  
of t ransfer .  I t  is evident ,  however,  t h a t  the A T (bp) value for P C  is 
larger t h a n  expected,  so t h a t  equa t ion  (2) does no t  work very  well for 
t ransfers  f rom water  to PC. There is a lmost  no connec t ion  be tween 
values  of E and  pa rame te r s  of so lvent  bas ic i ty  such as Gutmann's  donor  
number21 or Koppel 's  bas ie i ty  values  22. As po in ted  ou t  by  Criss 19, 

solvent  bas ic i ty  seems to p lay  only a minor  role in inf luencing  ionic 
entropies.  
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