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SPECTROSCOPY LETTERS, 26(9), 1715-1724 (1993) 

SPECTROSCOPIC STUDY OF SOME ALKALI AND ALKALINE EARTH COMPLEXES 

WITH BEN20 CROWN ETHERS I N  ETHANOL SOLUTION 

Key Words: Alka l i ;  Alkaline ea r th ;  Benzo crowns; Complexes; Ethanol; 

W-spectrophotometrv. 

* 
A l i  Jabbar i  and Mojtaba Shamsipur 

Department of Chemistry, Shi raz  University,  Shi raz ,  I r an  

ABSTRACT 
+ The in t e rac t ion  between N a  . K'. Mg2' and Ca2+ ions  and benzo 

crown e the r s  B15C5, DB18C6, DB21C7. DB24CS and DB30C10 i n  ethanol 

so lu t ion  has been s tudied  spectrophotometrically a t  25 OC.  The 

formation cons tan ts  f o r  1:l complexes were determined by computer 

f i t t i n g  of t he  r e s u l t i n g  W-absorbance-mole r a t i o  da t a .  I n  the  case  

of a l l  crown e t h e r s  used, K ion  was  found t o  form t he  most s t a b l e  

complexes. The observed s e l e c t i v i t i e s  of d i f f e r e n t  benzo crowns f o r  

the  ca t ions  used a r e  discussed i n  terms of the  cavity-cation s i z e  

r a t i o ,  number of the  donating oxygens p a r t i c i p a t i n g  i n  the  ca t ion  

binding, conformations of  the  f r e e  and complexed l igands  and ion ic  

so lva t ion .  

+ 

INTRODUCTION 

Since the  f i r s t  synthes is  of macrocyclic po lye thers  (crown 

e the r s )  by Pedersen,' t he  s t u d i e s  of these  l igands  and t h e i r  m e t a l  

ion  complexes became a very popular f i e l d  of research,2'3 mainly 

* 
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1716 JABBAFU AND SHAMSIPUR 

due to  t h e i r  s imilar i t ies  i n  many r e spec t s  t o  the  na tu ra l ly  occu- 

r ing  molecules such as ionophorous  antibiotic^.^ An ipmportant 

p a r t  of crown e t h e r  chemistry dea ls  with t h e i r  a l k a l i  and a l k a l i n e  

e a r t h  These ca t ions  are widely d i s t r ibu ted  i n  l i v i n g  

organisms7 and play v i t a l  r o l e s  i n  a wide v a r i t y  of b io log ica l  

a c t i v i t i e s  (e.g. trnsmission of nerve impulses, muscle cont ruc t ion ,  

e t c . )  . Many of these  b io log ica l  a c t i v i t i e s ,  however, are based on 

the s e l e c t i v e  complexation and t r anspor t  of a given ca t ion .  

S t a b i l i t y  cons tan ts  and thermodynamic da ta  f o r  the  r eac t ion  of 

a l k a l i  and, i n  less exten t ,  of a l k a l i n e  e a r t h  ions  with macrocyclic 

l igands  i n  aqueous and nonaqueous so lven t s  have been reported.  

On the o ther  hand, such da ta  a r e  q u i t e  sparse i n  ethanol so lu t ion .  

k i n e t i c s  l5-I7 of t he  complexation of macrocyclic l igands  with a l k a l i  

and a lka l ine  e a r t h  ca t ions  i n  nonaqueous so lvents .  We have previously 

used the  u l t r a v i o l e t  absorption band of benzo-15-crown-5 and dibenzo- 

30-crown-10 as a s e n s i t i v e  probe t o  study t h e i r  complexation reac- 

t i ons  with Na 

paper we  r epor t  a study of N a  , K', Mg2+ and Ca2+ complexes wi th  

benzo-15-crown-5 (Bl5C5), dibenzo-18-crown-6 (DB18C6), dibenzo-21- 

CrOwn-7 (DB21C7), dibenzo-24-crown-8 (DB24C8) and dibenzo-30-crown-10 

(DB30C10) i n  e thanol  so lu t ion  a t  25 C by a previously reported UV- 
spectroscopic technique. 

9-10 

536 

11-14 and It w a s  of i n t e r e s t  t o  us t o  study the  thermodynamics 

+ + and K ions i n  ace toni t r i le -water  mixtures.18 In  t h i s  
+ 

0 

18,19 

EXPERIMENTAL 

Perchlora te  salts  of sodium, potassium, magnesium and calcium 

( a l l  from Merck) were of  the h ighes t  pu r i ty  ava i l ab le  and used with- 

ou t  f u r t h e r  p u r i f i c a t i o n  except f o r  vacuum drying over P205. Crown 
e t h e r s  B15C5, DB18C6 (both from Merck), DB21C7, DB24C8 and DB30C10 

( a l l  from Parish) were pu r i f i ed  and dr ied  a s  described e l se-  

where. ' l Y 2 O  Spectroscopic grade e thanol  (Merck) w a s  used a s  re- 

ceived. 

A Perkin-Elmer Lambada 5 W-Visible Spectrophotometer was used 

f o r  recording the spec t r a  and the  absorbance measurements. A Julabo- 
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ALKALI AND ALKALINE EARTH COMPLEXES 1717 

U3 thermostirer was used to maintain the temperature of the cell at 
25.0 2 0.5 OC. 

The formation constants of 1 : l  complexes between sodium, pota- 
ssium, magnesium and calcium ions and the benzo crowns used were 
determined bv the absorbance measurements, at the maximum absorption 
wavelength of  the ligands (202 nm), of solutions in which varving 
concentration of metal ion (6.0 x 10-5-3.0 x M) was added to 
a fixed concentration of crown ether (2.0 x 10 M) in ethanol. 

Attainment of equilibrium was checked by the observation of no 
change in the spectra after several hours, 

-5 

When a metal ion, M, reacts with a benzo crown ether, L. to 
form a 1:l complex, the formation constant is given as 

Kf = a ( 
[MI [L 1 

The mass balance equations and the observed absorbance 
given bv 

C# = [MI  + tm1 
CL = [Ll + [ml 

(2) 

(3)  
Aobs = ELILl + -5m[ML] = Ao/CLIL1+eMLIMLl ( 4 )  

where C andevalues are the analytical concentration and molar 
absorptlvities of the species indicated, temectively, and A, is 
the absorbance of the ligand in the absence of metal ion. The mass 
balance equations can be solved in order to obtain an equation for 
the free ligand concentration, [L] , as 

(5) 
2 

Kf[Ll + ( 1  + Kf(CM - CL))[L] - CL = 0 
For the evaluation of the formation constant from absorbance-mole 

ratio data, a non-linear least-squares curve fitting program KINFIT 
was used.21 The program is based on the iterative adjustment of the 
calculated values of the absorbances to the observed values by using 
either the Wentworth matrix techniquez2 or the Powell procedure. 
The adjustable parameters are Kf and Em. 

23 

The free ligand concentration was calculated from equation (5)  
by means of a Newton-Raphson procedure. Once the value of [L] had 

been obtained, the concentration of all other species involved were 
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FIG. 1. UV-absorption spectra of DB24C8 (2.0 x 10m5M) in the pre- 

5,  7.6 x lo-'#; 6 ,  

+ 
sence of varvine concentration of Na ion: 1, 0.0; 2, 1.5 x 

10-4M; 3, 3.0 x 10-4M; 4, 4.5 x 

1.1 x 10-3M; 7 ,  1.5 x 10-3M1 8, 2.3 Y IOm3M. 

calculated from the mass balance equations (2) and ( 3 ) ,  by using the 

estimated value of the formation constant at the current iteration 

step of the program. Refinement of the parameters is continued un- 
till the sum-of-squares of the residuals between calculated and 
observed values of the absorbance for all experimental points is 

minimized. The output of the program KINFIT comprises refined 

paramrters, the sum-of-squares and the standard deviation of the 

data. 
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ALKALI AND ALKALINE EARTH COMPLEXES 1719 

FIG. 2. Computer fit of the absorbance-mole ratio data for comp- 
lexation of Na ion with DB24C8 in ethanol: (x) experimental 
point; ( 0 )  calculated point; (=) experimental and calculated 
points are the same within the resolution of the plot. 

+ 

RESULTS AND DISCUSSION 
The formation constants of different metal ion-benzo crown 

complexes were determined by recording the UV-spectra of a series 

of solutions of fixed ligand concentration and varying amounts of 
the metal ions in ethanol. A sample spectra are shown in Figure 1. 
As it is seen, increasing the cation concentration results in a 
decrease in the benzocrown absorbance at 220 nm and appearance of 
a broad band at about 216 nm, indicating the formation of a new 
benzo crown species. In all cases studied, the resulting absorbance- 
mole ratio data showed the best computer fitting to the 1:l metal 
ion-macrocvcle stoichiometry. A sample computer fit of the data is 

shown in Figure 2. Moreover, the existence of a well defined isos- 

bestic point in the absorbanse spectra of benzo crown upon the 
titratuon with metal ions is further evidence for a simple 1:l 

equilibrium. All calculated Kf values are sumarized in Table 1. 
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1720 JABBARI AND SHAMSIPUR 

TABLE 1 

S t a b i l i t y  Constants  of N a  , K', Mg2+ and Ca2+ complexes w i t h  D i -  

f f e r e n t  Benzo Crown E t h e r s  i n  Ethanol  S o l u t i o n  a t  25 OC 

+ 

Liganda l o g  Kf 

Cat ion Na' (2.04) K+ (2.76) Mg2+ (1.44) Ca2+ (2.00) 
~~~ ~~ 

B15C5 (1.7-2.2) 3.19-W. 07 3.52tO.05 - 2 . 5 7 5 . 0 7  2 .905 .02  

DB18C6 (2.6-3.2) 4 . 1 2 5 . 0 4  5.71-10.19 3.7420.06 2.94+0.06 

DB21C7 (3.4-4.3) 2.16M.15 - 4 . 9 3 5 . 0 8  3 .325 .02  3.07fo.10 
- 

DB24C8 (> 4.0) 3.41+0.04 - 3.99fo.03 3.51+0.09 3.94+0.11 - 
DB30C10 (> 4.0) 3.20+0.06 4 . 6 3 s .  10 1.71H.03 - 3 . 0 4 5 . 1 6  

a 

bionic s i z e ,  i, i n  parentheses ,  r e f .  32. 

Cavi ty  s i z e ,  A, i n  parentheses ,  r e f .  24. 

From Table 1, i t  i s  obvious t h a t  t h e  s t a b i l i t i e s  of the 

r e s u l t i n g  1:l complexes between each crown e t h e r  and d i f f e r e n t  metal 

i o n s  vary  i n  t h e  order :  

B15C5: K+> Na+> Ca2+> Mg2+ 

DB18C6 : K+> Na+> Mg2+> Ca2+ 

DB21C7: K+> Mg2f Ca2+> N a +  

DB24C8: K+> Ca2+> Mg2+> Na' 

DB30C10: K+> Na+> Ca2+> Mg2+ 

There are  a t  least f o u r  f a c t o r s  vh .. can ma- e s i g n  f i c a n t  c o n t r  - 
b u t i o n s  t o  t h e  s t a b i l i t y  of t h e  c a t i o n  complexes w i t h  macrocycl ic  
l igands :  (1)  t h e  c a v i t y  s i z e - c a t i o n  diameter  r a t i o ,  (2) t h e  number 

of donat ing oxygen atoms p a r t i c i p a t i n g  i n  c a t i o n  binding,  (3) 
conformations of t h e  f r e e  and complexed crown e t h e r s  and (4) t h e  

i o n i c  s o l v a t i o n  of t h e  charged s p e c i e s  involved.  

As can be seen,  among d i f f e r e n t  c a t i o n s  s t u d i e d ,  potassium i o n  

forms t h e  most s t a b l e  complexes w i t h  a l l  benzo crowns used. Although 

t h e  s i z e  of Na ion i s  such t h a t  i t  can f i t  i n s i d e  t h e  B15C5 c a v i t y ,  + 
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+ K 

more s t a b l e  complex wi th  t h i s  l igand. S i m i l a r  r e s u l t s  have been 

reported previously.  24'25 This behavior probably r e f l e c t s  t he  f a c t  

t h a t  t h e  K 

i t  is r a t h e r  weakly so lva ted  by the  so lvent  molecules. Thus, com- 

p e t i t i o n  between the  l igand  and so lvent  molecules f o r  Na' i on  is 

s t ronge r  than t h a t  f o r  t he  K ion  which, i n  tu rns ,  causes the  weaken- 
+ 2+ 

ing  of the  B15C5-Na complex. The ion ic  so lva t ion  of Mg2+ and Ca 
ions  is  even s t ronge r  26'27 and, consequently, weakening of t h e i r  

complexes, compared w i t h  K and even Na ions ,  is no t  surpr i s ing .  

ion with l a r g e r  s i z e  and less s u i t a b l e  f i t  condition24 forms a 

+ 
ion has a lower charge dens i ty  than Na' and, therefore ,  

+ 

+ + 
Similarly.  i n  t h e  case  of DB18C6, the  r e s u l t i n g  complexes wi th  

s t rong ly  so lva ted  b iva len t  i ons  are less s t a b l e  than those wi th  the  

monovalent ca t ions .  It i s  i n t e r e s t i n g  t o  note  t h a t ,  because of the 

much more s u i t a b l e  f i t t i n g  conditlon of K ion  f o r  DB18C6 cavi ty  

compared with t h a t  f o r  B15C5 r ing ,  the  s t a b i l i t y  cons tan t  of DB18C6- 

K complex i s  more than two orders  of  magnitude l a r g e r  than t h a t  of 

B 15C5-k. 

+ 

+ 

The da ta  given i n  Table 1 show t h a t  DB21C7 forms a l e s s  s u i t -  

a b l e  potassium complex than DB18C6, most probably due t o  the  poor 

f i t t i n g  condi t ion  between the  ca t ion  s i z e  and the  l a r g e r  cav i ty  of 

t he  macrocycle. In addi t ion ,  Mg2+, Ca2+ and Na+ are too loose  f o r  
t he  cav i ty  of DB21C7, r e s u l t i n g  i n  much weaker complexes than 

+ DB21C7-K - 
Among the  l a r g e  crown e t h e r s  used ( i . e .  DB24C8 and DB30C10), 

DB3OC10 desp i t e  i ts  too l a r g e  cav l tys i ze  forms a f a i r l y  s t a b l e  

complex wi th  K ion.  This is a r a t h e r  f l e x i b l e  l igand  t h a t  can 

e a s i l y  wrap itself around a metal ion  of proper s i z e  such as K 

ion  so  t h a t  a l l  t en  oxygen atoms of the  polyether r ing  p a r t i c i p a t e  

i n  bond formation w i t h  t h e  cation, r e s u l t i n g  i n  a s t a b l e  three- 

dimensional "wrap around" complex. Evidences f o r  the  formation of 

such "wrap around" s t r u c t u r e  f o r  DB30C10-K both i n  c r y s t a l i n e  

state2'  and i n  solution29y30 have been reported previously. In  the 

case of  Na' and Ca2+ ions ,  where the cavi ty  s i z e  i s  much l a rge r  

than the ca t ion ,  the l igand can s t i l l  form a three-dimensional 

s t r u c t u r e ,  b u t  i n  t h i s  case  the  oxygen atoms of the l igand w i l l  

+ 
t 

+ 
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1722 JABBARI AND SHAMSIPUR 

have t o  be i n  c lose  proximity so t h a t  the  repuls ive  forces  w i l l  

weaken the  complex. Accordingly, Mg2+ ion with the smal les t  s i z e  

among the  ca t ions  used forms the  least s t a b l e  DB3OC10 complex i n  

the s e r i e s .  

On t he  o ther  hand, DB24C8 wi th  lower f l e x i b i l i t y  and less 

donating atoms than DB30C10 forms a l e s s  s t a b l e  complex with K 

ion. I n  t h i s  case, the  ca t ion  is too l a r g e  f o r  the formation of a 

complete three-dimensional s t ruc tu re ;  consequently, a weaker 

complex r e s u l t s .  It is i n t e r e s t i n g  t o  note  t h a t ,  i n  t he  case of 

o ther  ca t ions  s tud ied ,  the  r e su l t i ng  DB24C8 complexes a r e  more 

s t a b l e  than the  corresponding complexes wi th  DB30C10, probably due 

t o  the more s u i t a b l e  s i z e s  of these  ca t ions  f o r  the formation of a 

''wrap around'' complex wi th  th i s  l igand. Beside the  previously 

reported evidences f o r  the  ex is tence  of a "wrap aroun" DB24C8-Na 

complex i n  so lu t ion ,  2o r ecen t ly  Buchanan and coworkers31 have 

reported a three-dimensional s t r u c t u r e  f o r  dicyclohexano-24-crown-8- 

N a  

allows a l l  e i g h t  crown e t h e r  oxygens t o  be coordinated t o  the  sodium 

ion. 

+ 

+ 

+ complex i n  which the  macrocycle r i n g  adopts a conformation t h a t  

The da ta  given i n  Table 1 revealed t h a t  magnesium ion desp i t e  

its smaller s i z e  forms a more s t a b l e  complex than calcium ion with 

DB21C7 and DB18C6. This could be a r e s u l t  of some twisted s t r u c t u r e  

of the  crown e the r s  around Mg2+ ion which provide more donating 

oxygen atoms of t he  r ings  f o r  t he  in t e rac t ion  with c e n t r a l  ca t ion .  
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