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PROTON-IONIZABLE CROWN COMPOUNDS: 
EARTH CATIONS USING PROTON-IONIZABLE TRIAZOLO MACROCYCLES 

TRANSPORT OF ALKALI AND ALKALINE 

R.M. I z a t t * ,  G.C .  LindH, J . S .  Bradshaw, C.W. McDaniel, 

Departments of Chemistry and Chemical Engineer ing 
Brigham Young U n i v e r s i t y  
Provo, Utah, 84602, U.S.A. 

and R . L .  Bruening 

ABSTRACT 

The macrocycle-mediated f l a x e s  of t h e  a l k a l i  and alka- 
l i n e  e a r t h  metal  c a t i o n s  have been determined i n  a H20- 
CH$12-H20 b u l k  l i q u i d  membrane system. Water- insolu-  
b l e  pro ton- ionizable  macrocycles of t h e  t r i a z o l o  type 
were  u s e d .  The p r o t o n - i o n i z a b l e  f e a t u r e  a l lows  the  
coupl ing  of c a t i o n  t r a n s p o r t  t o  r e v e r s e  H+ t r a n s p o r t .  
T h i s  f e a t u r e  o f f e r s  promise f o r  t h e  e f f e c t i v e  s e p a r a t i o n  
and/or  c o n c e n t r a t i o n  of a l k a l i  metal  i o n s  w i t h  t h e  meta l  
t r a n s p o r t  being d r i v e n  by a pH g r a d i e n t .  A c o u n t e r  
an ion  i n  t h e  source  phase is n o t  co- t ranspor ted .  Trans- 
p o r t  of t h e  a l k a l i  c a t i o n s  only occurred  when t h e  s o u r c e  
phase pH was g r e a t e r  than  t h e  aqueous pKa v a l a e  f o r  t h e  
c a r r i e r s .  Transpor t  i n c r e a s e d  r e g u l a r l y  with i n c r e a s i n g  
source  phase pH. Transport  of a l k a l i n e  e a r t h  c a t i o n s  
from n e u t r a l  pH source  phases  was minimal. The a l k a l i  
c a t i o n  s e l e c t i v i t y  o r d e r  was K+ > Rb+ > Cs' > Na+ > Li' 
f o r  t h e  18-crown-6 s i z e d  macrocycles ,  whi le  l i t t l e  se- 
l e c t i v i  t y  was observed w i t h  t h e  15-crown-5 s i z e d  macro- 
c y c l e .  

I N T R O D U C T I O N  

E a r l i e r  (1 -31 ,  we d e s c r i b e d  t h e  use of  new water - inso luble  pro- 
t o n - i o n i z a b l e  18-crown-6 and 15-crown-5 pyridono macrocycles  t o  se- 
l e c t i v e l y  t r a n s p o r t  K +  and L i t ,  r e s p e c t i v e l y ,  over  t h e  o t h e r  a l k a l i  
metal  c a t i o n s  i n  a H20-CH2C12-Ii20 b u l k  l i q u i d  membrane system. Pre- 
v ious  work on c a t i o n  t r a n s p o r t  us ing  p r o t o n - i o n i z a b l e  macrocycles 
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1814 IZATT ET AL. 

was r e f e r e n c e d  i n  these previous  papers  and i n  a r e c e n t  communica- 
t i o n  by Kimura, g 2. ( 4 )  on Cu2+ t r a n s p o r t .  

O u r  s e a r c h  f o r  pro ton- ionizable  macrocycles w i t h  p a r t i c d a r  se- 
l e c t i v i t i e s  has  cont inued.  Recent ly ,  we have s y n t h e s i z e d  a s e r i e s  
of  pro ton- ionizable  macrocycles c o n t a i n i n g  t h e  t r i a z o l e  r a t h e r  than 
t h e  pyridone group. I n  t h i s  paper ,  t h e  a l k a l i  and a l k a l i n e  e a r t h  
metal  c a t i o n  t r a n s p o r t i n g  p r o p e r t i e s  of t h i s  new c l a s s  of macrocy- 
c les  are r e p o r t e d .  We have a l s o  begun a s t u d y  of s e l e c t i v e  t r a n s -  
i t i o n  metal c a t i o n  t r a n s p o r t  u s i n g  t h e s e  l i g a n d s  which w i l l  be  r e -  
p o r t e d  i n  a s e p a r a t e  a r t i c l e ,  I n  t h i s  paper ,  a lka l i  metal  c a t i o n  
t r a n s p o r t  w i l l  be shown t o  occur  o n l y  when t h e  pH of t h e  source  
phase is g r e a t e r  t h a n  or equal  t o  t h e  aqueous pK, v a l u e  f o r  t he  mac- 
r o c y c l e .  A l k a l i  c a t i o n  s e l e c t i v i t y  w i l l  be shown t o  be s i z e  depend- 
e n t .  However, t h e  s e l e c t i v i t i e s  observed are not  as g r e a t  as t h o s e  
w i t h  t h e  pyridone macrocycles  (1-3). F i n a l l y ,  a l k a l i n e  e a r t h  c a t i o n  
t r a n s p o r t  by t h e s e  l i g a n d s  w i l l  be shown t o  be minimal s i n c e  concen- 
t r a t e d  s o l u t i o n s  of t h e s e  c a t i o n s  cannot  be  made a t  b a s i c  pH va lues  
and n e u t r a l  mechanism t r a n s p o r t  ( s o u r c e  phase an ion  c o - t r a n s p o r t )  is 
minimal. 

EXPERIMENTAL 

Compounds 1-L were prepared as r e p o r t e d  previous ly  ( 5 ) .  The 
fo l lowing  metal  c a t i o n  compounds were o b t a i n e d  i n  t h e  h i g h e s t  g rade  
a v a i l a b l e  from t h e  i n d i c a t e d  s u p p l i e r s  and were used wi thout  f u r t h e r  
p u r i f i c a t i o n :  hydroxides  of L i t  and K+ (Spectrum),  Rbt and Cs' ( A l -  
d r i c h ) ,  and Na' (Anachemia-carbonate f r e e ,  Harleco-carbonate  f r e e ) ;  
n i t r a t e s  of Lit and Ba2' (Baker), Ha+, Mg2' and Sr2' ( M a l l i n c k r o d t ) ,  
K t  ( F i s h e r ,  Baker ) ,  Rb+ and Cs' ( F i s h e r ,  Mal l inckrodt ,  A l d r i c h ) ,  and 
Ca2+ ( B & A ) .  Reagent grade  HNO3 ( F i s h e r ,  Mal l inckrodt ,  Ashland) and 
s p e c t r o q u a l i t y  methylene c h l o r i d e  (CH2C12) (EM) were used. A l l  
aq jeous  s o l u t i o n s  were prepared us ing  d i s t i l l e d  de ionized  water .  

The membrane t r a n s p o r t  experiments  were c a r r i e d  out  us ing  bulk 
l i q u i d  membranes a s  d e s c r i b e d  p r e v i o u s l y  ( 6 * 8 ) .  Each ce l l  ( F i g u r e  
1 )  c o n s i s t e d  of a 3.0 rn l  membrane phase (CH2C12, 1.0 mM i n  c a r r i e r ,  
s t i r r e d  a t  120 rpm by a magnet ic  s t i r rer)  i n t e r f a c e d  t o  both  a 0.8 
ml s o u r c e  ( c o n s i s t i n g  e i t h e r  of  a 1.00 M t o t a l  c a t i o n  o r  an equal-  
molar c a t i o n  mixtdre  of  known pH) and a 5.0 m l  r e c e i v i n g  phase (con- 
s i s t i n g  of e i t h e r  d i s t i l l e d  de ionized  water  o r  an HNO3 s o l u t i o n  of 
pH 1 .5 ) .  Source phases  of d i f f e r e n t  pH were prepared  us ing  t h e  ap- 
p r o p r i a t e  amounts of n i t r a t e  and hydroxide compounds. A f t e r  24  
hours ,  t h e  r e c e i v i n g  phase was sampled and analyzed f o r  c a t i o n  con- 
c e n t r a t i o n  using a Perk in  Elmer model 603 atomic a b s o r p t i o n  s p e c t r o -  
photometer and i n  some cases ( l a r g e  amounts of t r a n s p o r t )  n i t r a t e  
i o n  c o n c e n t r a t i r n  us ing  a Dionex model 2000i i o n  chromatograph. The 
pH v a l u e s  of t h e  aqueous s o l u t i o n s  were measured u s i n g  a Sargent  
Welch m i n i a t u r e  combination pH electrode. The i n i t i a l  s o u r c e  phase 
pH v a l J e s  were f o m d  t o  correspond c l o s e l y  t o  the  v a l u e s  p r e d i c t e d  
from m o l a r i t y  c a l c u l a t i o n s .  The pH v a l u e s  l i s t e d  i n  t h e  t a b l e s  are 
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1816 IZATT ET AL. 

BULK LIQUID MEMBRANE 

Source phase -&\ I 

Organic membrane I I 
containing c a r r i e L  I 6 I . ,,,,,>I 

I 

Figure  1 .  B u l k  L iquid  Membrane System 

t h e  c a l c u l a t e d  v a l u e s  s i n c e  high pH v a l u e  measurements are somewhat 
i n a c c u r a t e .  

Each experiment was r e p e a t e d  a t  l e a s t  3 times. The results a r e  
r e p o r t e d  a s  t h e  average  of t h e  d e t e r m i n a t i o n s .  The s t a n d a r d  devia-  
t i o n s  from t h e  mean among t h e  va lues  i n  each experiment a r e  less 
t h a n  2259. Experiments performed i n  which no c a r r i e r  was p r e s e n t  i n  
t h e  membrane showed cation f l u x e s  to b e  less than 0.3 x moles 
.s-l .m-2 .  

RESULTS AND DISCUSSION 

pH E f f e c t s  

I n  Table I ,  f l u x  v a l u e s  f o r  the t r a n s p o r t  of a l k a l i  c a t i o n s  by 
1 a s  a f u n c t i o n  of source  and r e c e i v i n g  phase pH a r e  given.  The 
t r a n s p o r t  t r e n d s  w i t h  a l l  f i v e  c a t i o n s  are similar.  Transpor t  is 
almost  i n s i g n i f i c a n t  a t  pH 1 1 ,  but  shows an a c c e l e r a t e d  i n c r e a s e  a t  
pH va ldes  of 13, 13.5,  and 1 4 .  L i t t l e  d i f f e r e n c e  i n  t h e  f l u x  va ldes  
was observed i n  changing t h e  i n i t i a l  r e c e i v i n g  phase pH. Similar pH 
dependence t r e n d s  were observed i n  t h e  corresponding experiments  
w i t h  t h e  o t h e r  macrocycles s t u d i e d .  These d a t a  a r e  a v a i l a b l e  ( 9 ) .  

The i n f l u e n c e  of aqueous phase pH on t r a n s p o r t  can b e s t  b e  un- 
d e r s t o o d  by c o n s i d e r i n g  t h e  d r i v i n g  f o r c e  for t r a n s p o r t  t o  occur. 
The t r a n s p o r t  s t e p s  a r e  ( i )  the  exchange of an a l k a l i  c a t i o n  f o r  a 
macrocycle proton by the  l i g a n d  a t  t he  s o u r c e  phase-membrane i n t e r -  
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PROTON-IONIZABLE CROWN COMPOUNDS 1817 

TABLE 1 

S i n g l e  A l k a l i  Cat ion Fluxes i n  a Bulk Liquid Membrane 
Systema Containing 1_ as C a r r i e r  w i t h  Varying 

Source and Receiving Phase pH Values 

Receiving Fluxb 
Phase Source Phase pH 

Cat ion  pH 1 1  12 13 13.5 14 

L i  + 7 (1 <1 47 2 1202 2438 
1.5 0 0 409 1057 2490 

Na+ 7 1 1  33 347 2378 1953 
1.5 10 57 648 1727 2478 

K+ 7 1 1  30 548 1459 2835 
1.5 4 13 640 1539 3841 

Rb' 7 5 33 569 2432 2523 
1.5 2 15 61 4 21 47 2708 

cs + 7 9 47 426 669 1137 
1.5 2 40 50 1 1102 1342 

aR 1.0 M c a t i o n  ( a p p r o p r i a t e  combination of  hydroxide and n i t r a t e ) /  
0.001 M 1 i n  CH2C12/H20 o r  HNO3(pH = 1.5) b u l k  l i q u i d  membrane. 
bMoles.sq -m-2.108. 

f a c e ;  ( i i )  d i f f u s i o n  of t he  complex a c r o s s  the  membrane; ( i i i )  re- 
lease of t he  c a t i o n  t o  the r e c e i v i n g  phase and r e p r o t o n a t i o n  of the  
l i g a n d ;  and ( i v )  t h e  r e t u r n  of  t h e  l i g a n d  t o  t h e  s o u r c e  phase-mem- 
brane i n t e r f a c e  t o  begin the c y c l e  anew. Thus, the  d r i v i n g  f o r c e  
f o r  t r a n s p o r t  (9,lO) is g iven  by Eq. (1) where [M'] and [ H + 1  are t h e  
a l k a l i  metal c a t i o n  and pro ton  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y ,  and the  

Dr iv ing  f o r c e  = [M'IS/[H'Is - [ M + l r / [ H ' l r  (1 1 

s u p e r s c r i p t s  s and r i n d i c a t e  the  source  and r e c e i v i n g  phases  re- 
s p e c t i v e l y .  The equi l ibr ium c o n s t a n t s  and/or  k i n e t i c s  of the i n t e r -  
f a c i a l  r e a c t i o n s  a long  w i t h  the  membrane phase d i f f u s i o n  c o e f f i -  
c i e n t s  of t he  t r a n s p o r t i n g  s p e c i e s  a l s o  a f f e c t  t he  ra te  of t r a n s -  
p o r t .  However, t h e  e f f e c t s  of  these s t e p s  i n  t h e  t r a n s p o r t  c y c l e  
f o r  a p a r t i c u l a r  c a t i o n  only involve  e q u i l i b r i u m  c o n s t a n t s  and the  
s p e c i e s  c o n c e n t r a t i o n s  of Eq. (1). Hence, t h e  pH e f f e c t s  on t h e  
r e l a t i v e  amounts of t r a n s p o r t  of a p a r t i c u l a r  c a t i o n  by a s p e c i f i c  
l i g a n d  should  be r e a d i l y  p r e d i c t e d  from t h e  equat ion  (10,ll). The 
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1818 IZATT ET AL.  

t o t a l  amount of l i g a n d  p r e s e n t  i n  t h e  membrane is a l s o  a c o n s t a n t  i n  
these experiments .  

I n  t he  experiments  of Table  1 ,  t he  i n i t i a l  [M'Is v a l u e  is al-  
ways l M. Furthermore, s i n c e  a very smal l  f r a c t i o n  of t h e  c a t i o n  
l e a v e s  t h e  s o u r c e  phase dur ing  t h e  c o u r s e  of t h e  experiment ,  [M'Is 
is v i r t u a l l y  c o n s t a n t  a t  1 M. For similar reasons ,  i t  can be as- 
sumed t h a t  t h e  s o u r c e  phase hydroxide c o n c e n t r a t i o n s  and, hence, the 
[H'] v a l u e s  a r e  c o n s t a n t .  The [ M + l r / [ H + l r  term of Eq.  1 is n e g l i g i -  
b l e  i n  comparison t o  t h e  source  phase term throughout  t h e  exper i -  
ments of  T a b l e  I due t o  t h e  small amounts of t r a n s p o r t .  The v a l i d -  
i t y  of these assumptions is exempl i f ied  by t h e  t r a n s p o r t  of  K+ at  
i n i t i a l  s o u r c e  and r e c e i v i n g  phase pH v a l u e s  of  1 4  and 7 ,  respec-  
t i v e l y .  The f l u x  v a l u e  i n  t h i s  experiment is the e q u i v a l e n t  of 
0.024 M K+ i n  t h e  r e c e i v i n g  phase a f t e r  24  hours .  T h i s  amount of 
t r a n s p o r t  is a l s o  e q d v a l e n t  t o  a f i n a l  r e c e i v i n g  phase pH of 12.4 
s i n c e  water  h y d r o l y s i s  is necessary  t o  r e p r o t o n a t e  t h e  macrocycle. 
S i m i l a r  H+-cation mass ba lances  have been demonstrated ( 3 ) .  Neg- 
l i g i b l e  amounts of NO3- were d e t e c t e d  i n  t he  H20 phases  which a l s o  
i n d i c a t e s  t h a t  c a t i o n  t r a n s p o r t  o c c u r s  e x c l u s i v e l y  v i a  a counter-H+ 
t r a n s p o r t  mechanism. The i n i t i a l  and f i n a l  v a l u e s  of t h e  t r a n s p o r t  
d r i v i n g  f o r c e  f o r  t h i s  experiment  as c a l c u l a t e d  by Eq. ( 1 )  are 1 x 
1014 and 7.2 x 1013, r e s p e c t i v e l y .  T h e  p e r c e n t  change i n  t h e  t r a n s -  
p o r t  d r i v i n g  f o r c e s  over t h e  course  of the  experiments  a r e  even less 
f o r  t he  o t h e r  f l u x e s  of Table 1 .  Hence, t he  r e g u l a r  i n c r e a s e  i n  f l u x  
wi th  i n c r e a s i n g  source  phase pH is a r e s u l t  of t h e  r e g u l a r  change i n  
t h e  t r a n s p o r t  d r i v i n g  f o r c e .  The small e f f e c t s  of  r e c e i v i n g  phase 
pH on t r a n s p o r t  are due t o  the  small amounts of c a t i o n  t r a n s p o r t  and 
p r o t o n  c o u n t e r - t r a n s p o r t  involved i n  t h e  experiments .  

The s o u r c e  phase pH va lue  n e c e s s a r y  f o r  a l k a l i  c a t i o n  t r a n s -  
p o r t  t o  occur  c o i n c i d e s  w i t h  t h e  aqueous pKa va lue ,  11.0,  f o r  t h e  
t r i a z o l e  type  macrocycles  (5) .  A similar e f f e c t  was observed w i t h  
t h e  pyridone macrocycles  (1-3) .  The a f f i n i t y  of  t he  a lka l i  c a t i o n s  
f o r  t h e s e  n i t rogen-conta in ing  l i g a n d s  is s u c h  t h a t  t h e  macrocycle 
must  already be n e g a t i v e l y  charged in o r d e r  f o r  complexation t o  
occur .  A l a c k  of  a f f i n i t y  of a l k a l i  c a t i o n s  f o r  n e u t r a l  macrocycles 
c o n t a i n i n g  n i t r o g e n  donor atoms has been observed ( 1 2 ) .  

S i n g l e  A l k a l i  Cat ion Transpor t  

Although t h e  e f f e c t  of  aqueous phase pH on t h e  t r a n s p o r t  of a 
s p e c i f i c  c a t i o n  by a p a r t i c u l a r  t r i a z o l e  macrocycle is r e g d a r ,  t h e  
a c t u a l  amount of t r a n s p o r t  f o r  a p a r t i c u l a r  c a t i o n - l i g a n d  combina- 
t i o n  v a r i e s  wi th  the macrocycle used. This  is t o  be expected s i n c e  
t h e  i n t e r f a c i a l  r e a c t i o n  e q u i l i b r i u m  and/or  k i n e t i c s  can vary g r e a t -  
l y  from c a s e  t o  case .  V a r i a t i o n s  f o r  the  t r a n s p o r t  of a s i n g l e  
a l k a l i  c a t i o n  by t h e  t r i a z o l e  l i g a n d s  i n  systems i n i t i a l l y  con- 
t a i n i n g  pH 1 4  and 7 source  and r e c e i v i n g  phases ,  r e s p e c t i v e l y ,  are 
i l l u s t r a t e d  i n  Table  2. 
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PROTON-IONIZABLE CROWN COMPOUNDS 1819 

TABLE 2 

S i n g l e  A l k a l i  Cat ion  Fluxes i n  a B u l k  L iquid  Membrane Systema 
Conta in ing  Various T r i a z o l o  Macrocycles as Carriers 

FluxD 
Macr ocyc le  

4 7 - 6 - 5 - - 3 - 2 - Cat ion  - 1 

L i +  2438 125 87 631 221 6 71 2 -i- 

Na+ 1953 875 326 455 431 77 2 _-- 

K +  28 35 91 36 6 614 1434 663 90 1 

Rb' 2523 1339 38 2 849 1455 2365 

C S +  1137 1617 958 849 1053 2531 

aA pH 1 4 ,  1 .0  M metal hydroxide/0.001 M l i g a n d  i n  CH2C12IH20 bulk 
l i q u i d  membrane. 

---. 

--- 

bMoles .s-l .m-2 - 1  08. 

I n  t h e s e  s i n g l e  c a t i o n  systems, o v e r a l l  t r a n s p o r t  is g r e a t e r  
w i t h  t h e  macrocycles  c o n t a i n i n g  a s i n g l e  a l k y l  arm (1. and 6, as a 
hydrophobic s u b s t i t u e n t  group. The reduced t r a n s p o r t  with 2_ is d u e  
t o  t h e  reduced macrocycle-cat ion i n t e r a c t i o n s  observed when e l e c t r o n  
withdrawing groups s u c h  as benzo are  added t o  t h e  macrocycle ( 7 , 8 ,  
l 2 , l 3 ) .  The reduced t r a n s p o r t  observed w i t h  l i g a n d s  2, i, 2, and 
appears  t o  be due t o  t h e  i n c r e a s e d  s u r f a c e  a c t i v i t y  of t h e s e  l i g -  
ands.  The increased hydrophobic e x t e r i o r  r e l a t i v e  t o  and 6- of 
t h e s e  l a t t e r  l i g a n d s  provides  f o r  t h e  g r e a t e r  s u r f a c e  a c t i v i t y  when 
t h e  pro ton  is removed. The m a j o r i t y  of t h e  s u r f a c e  a c t i v e  molecules  
a r e  assumed t o  be u n a v a i l a b l e  t o  ac t  as c a r r i e r s .  A l l  of t h e  l i g a n d s  
a r e  expected t o  be n e a r l y  q u a n t i t a t i v e l y  p a r t i t i o n e d  t o  t h e  membrane 
phase s i n c e  t h e  aqueous t o  o r g a n i c  volume r a t i o  is only =2:1 and t h e  
l i g a n d s  are  q u i t e  hydrophobic ( 1 , 2 , 1 4 ) .  

Competi t ive A l k a l i  Cat ion Transpor t  

Only small d i f f e r e n c e s  i n  t h e  s i n g l e  c a t i o n  t r a n s p o r t  r a t e s  
were observed.  However, some s e l e c t i v i t y  i n  t h e  compet i t ive  exper i -  
ments was noted.  S i m i l a r  f l u x e s  i n  t h e  s i n g l e  systems occur s i n c e  
t h e  e x t r a c t i o n  i n t e r a c t i o n s  a r e  small and not  h i g h l y  s e l e c t i v e  s o  
t h a t  t r a n s p o r t  of each c a t i o n  o c c u r s  only  because extremely l a r g e  
aqueous c o n c e n t r a t i o n  g r a d i e n t s  exist ( s e e  d i s c u s s i o n  of Eq. ( 1  1 ) .  
I n  t h e  compet i t ive  experiments ,  on t h e  o t h e r  hand, s e l e c t i v i t y  is 
determined s o l e l y  by t h e  i n t e r f a c i a l  r e a c t i o n s  s i n c e  t h e  aqueous 
c o n c e n t r a t i o n  g r a d i e n t  is t h e  same f o r  both c a t i o n s .  Competi t ive 
t r a n s p o r t  d a t a  f o r  two a l k a l i  c a t i o n s  under t h e  same s y s t e m  condi- 
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TABLE 3 

IZATT ET AL.  

Competitive Alkali Cation Fluxes in a Bdlk Liquid Membrane Systema 
Containing Various Triazolo Macrocycles as Carriers 

Cation 1 
Cation 2 

%+ 
Na+ 

L i +  
K7 

L i +  
R?;+ 

Li+ 
G+ 
Na+ 
IF 

R?;+ 

Ni+ 
cs+ 

K+ 
Rb+ 

K+ 
CS + 

G+ 

Na+ 

I 

Fib+ 

- FluxesD 
Macr oc y e l  e 

6 - 4 - 3 - 2 - 1 - 

179 
1215 
- 
187 
341 7 
- 

31 
810 

2 
132 
- 

1 1  
804 
8 

1272 
- 

32 
28 2 
- 

34 
223 

162 
39 8 
- 

1119 
1278 149 21rl 440 1403 

- 19 131 160 - - 787 

544 
1088 
- 

1097 
4941 

2 2  
921 

106 
1231 
- 

2% 

166 
227 

535 

234 

231 
454 

895 
1283 
1685 

1217 
5527 

- 

- 
1594 1089 241 250 244 

1113 104 173 298 1840 
- - 

1404 
560 
- 1171 - 

433 

1474 
963 170 106 170 452 
1071 9 - 186 g - 

aA pH 14, 0.5 M in each metal hydroxide/0.001 M ligand in CH2C12/H20 
bulk liquid membrane. bMo1es-s-1 .m-2.108. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PROTON-IONIZABLE CROWN COMPOUNDS 1821 

t i o n s  are g iven  i n  Table  3. The 18-crown-6 s i z e d  l i g a n d s  1, 2, and 
4 show small, bu t  s i m i l a r  s e l e c t i v i t i e s  w i t h  the  order  being K+ = 
gbb+ > C s '  > Na+ > L i + .  appears t o  be 
anomalous. 

The Rb' E. Na' resul t  with 

The same s e l e c t i v i t y  o r d e r  is observed w i t h  2, but  t h e  select- 
i v i t i e s  a r e  much g r e a t e r  than wi th  t h e  o t h e r  18-crown-6 s i z e d  macro- 
c y c l e s .  T h i s  may be due  t o  t h e  r i g i d i t y  of t h e  macrocycle r i n g  s i z e  
when benzo s u b s t i t u e n t  groups are p r e s e n t .  S i m i l a r  arguments f o r  
benzo a d d i t i o n s  t o  o t h e r  macrocycles  have been made ( 1 5 ) .  The c a t -  
i o n  s e l e c t i v i t y  o r d e r  of t h e s e  l i g a n d s  is p r i m a r i l y  a f u n c t i o n  of 
t h e  f i t  of t h e  c a t i o n s  i n  t h e  macrocycle r i n g .  Hence, a reduced 
a b i l i t y  of t h e  macrocycle t o  conform t o  t h e  s i z e  of t h e  c a t i o n  
should  i n c r e a s e  s i z e  r e l a t e d  s e l e c t i v i t y .  The K+ > Rb+ s e l e c t i v i t y  
observed w i t h  2_ is p a r t i c u l a r l y  i l l u s t r a t i v e  of t h i s  p o i n t .  

The g r e a t l y  reduced t r a n s p o r t  of K+ by 2_ i n  t h e  s i n g l e  s y s t e m s  
i s  a l s o  i n t e r e s t i n g .  Potassium s e l e c t i v i t y  w i t h  2_ i n  t h e  competi- 
t i v e  experiments  occurs ,  b u t  s i n g l e  K+ t r a n s p o r t  is small ( T a b l e  2 ) .  
Hence, i t  appears  t h a t  K+ is r e a d i l y  e x t r a c t e d  i n t o  t h e  membrane 
phase but  is not  r e l e a s e d  t o  t h e  r e c e i v i n g  phase. S i m i l a r  behavior  
i n  o t h e r  systems where c a t i o n  r e l e a s e  i s  not  f a v o r a b l e  d u e  t o  reac-  
t i o n  k i n e t i c s  o r  e q u i l i b r i a  has been observed ( 1 1 ,  16-18). 

S e l e c t i v i t y  w i t h  t h e  15-crown-5 s i z e d  macrocycle, 6, is q u i t e  
d i f f e r e n t  t h a n  t h a t  observed w i t h  l i g a n d s  1. - L. The t r a n s p o r t  of 
L i +  w i t h  6- is comparable t o  t h e  o t h e r  c a t i o n s ,  a l though s l i g h t  C s + >  
L i '  s e l e c t i v i t y  was observed. S i m i l a r l y ,  only Cs+ was s e l e c t i v e l y  
t r a n s p o r t e d  over  Na' t o  any p a r t i c u l a r  degree.  These Cs' s e l e c t i v i -  
t i e s  are ilnusual s i n c e  K+ and Rb' a r e  s e l e c t i v e l y  t r a n s p o r t e d  over 
Cs'. Th is  l a t t e r  s e l e c t i v i t y  would be expected when c o n s i d e r i n g  t h e  
s i z e  of t h e  macrocycle c a v i t y  compared t o  t h e  c a t i o n  s i z e s .  Per- 
haps a d i f f e r e n t  t y p e  of concer ted  complexation is p o s s i b l e  w i t h  t h e  
l a r g e r  a l k a l i  c a t i o n s  and e i t h e r  L i '  o r  Na+ systems.  C e r t a i n l y  t h e  
smaller s i z e d  r i n g  a l lows  f o r  L i +  and Na+ t o  compete e f f e c t i v e l y  
wi th  t h e  l a r g e r  a l k a l i  c a t i o n s  f o r  complexation w i t h  t h e  macrocycle. 

T r a n s p o r t  of Alka l ine  E a r t h  Cat ions  

Transpor t  of t h e  a l k a l i n e  e a r t h  c a t i o n s  was only s t u d i e d  a t  
n e u t r a l  pH va lues  s i n c e  1 M s o l u t i o n s  of t h e  n i t r a t e  sa l t s  were not 
completely s o l u b l e  a t  basic pH v a l J e s .  Neutral and pH 1.5 (HNO3) 
r e c e i v i n g  phases ,  however, were s t u d i e d .  Flux va lues  f o r  any of t h e  
a l k a l i n e  e a r t h  c a t i o n s  by any of t h e  l i g a n d s  was never  g r e a t e r  than 
4 x 10-8 moles-s-1-m-2. I n  f a c t ,  t h e  only c a t i o n  f o r  which t r a n s -  
p o r t  could be s a f e l y  assumed t o  be  g r e a t e r  than  i n  the  blank exper i -  
ments was with Sr2+ and t h e  18-crown-6 s i z e d  l i g a n d s .  

T h i s  l a c k  of t r a n s p o r t  with n e u t r a l  source  phases is t o  be 
expected.  Alka l ine  e a r t h  c a t i o n s  do not  have s t r o n g  a f f i n i t y  f o r  
n e u t r a l  macrocycles c o n t a i n i n g  n i t r o g e n  donor  a toms ( 1  2 ) .  The 
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1822 IZATT ET AL. 

macrocycle w i l l  not  be depro tona ted  a t  these s o u r c e  phase pH v a l u e s  
u n l e s s  t h e  c a t i o n  has  more a f f i n i t y  f o r  t h e  macrocycle than  do pro- 
t o n s .  Counter-proton t r a n s p o r t  a lso r e q u i r e s  two n e g a t i v e  c a r r i e r  
molecdles  per  a l k a l i n e  ear th  c a t i o n  f o r  t h e s e  monoprotic l i g a n d s .  
The s l i g h t  t r a n s p o r t  of Sr2+ seems c o n s i s t e n t  w i t h  its b e t t e r  f i t  
i n t o  the  macrocycle c a v i t y .  

CONCLUSIONS 

A l k a l i  metal c a t i o n s  a r e  t r a n s p o r t e d  by a proton-coupled mech- 
anism i n  bulk l i q u i d  membranes when the  s o u r c e  phase pH is g r e a t e r  
t h a n  t h e  aqueous pKa v a l J e  of t h e  t r i a z o l o  macrocycle. Beyond t h i s  
p o i n t ,  t r a n s p o r t  i n c r e a s e s  r e g 2 l a r l y  w i t h  i n c r e a s i n g  s o u r c e  phase 
pH. A l k a l i n e  ear th  c a t i o n  t r a n s p o r t  by these macrocycles is minimal 
s i n c e  only  n e u t r a l  and a c i d i c  pH s o u r c e  phases  s o l u b i l i z e  1 M c a t i o n  
s o l d t i o n s .  The a l k a l i  c a t i o n  s e l e c t i v i t i e s  of t h e s e  macrocycles  are 
small, e s p e c i a l l y  wi th  t h e  15-crown-5 s i z e d  l i g a n d .  The s e l e c t i v i t y  
o r d e r  of the 18-crown-6 s i z e d  macrocycles  i s  K' > Rb' > C s +  > Na' > 
Li ' .  The g r e a t e s t  K +  s e l e c t i v i t y  is o b t a i n e d  wi th  t h e  dibenzo l i g a n d  
s i n c e  t h e  macrocycle c a v i t y  is more r i g i d .  The s e l e c t i v i t i e s  
observed are c a t i o n  z, macrocycle s i z e  related.  
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