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The stoichiometry of complexation of crown ether styryl dyes with Mg 2+, Ca 2+, and 
Ba 2+ ions and the dependence of the stability constants of these complexes on the length of 
the N-sulfoalkyl substituent were investigated. Introduction of a terminal sulfo group into the 
N-ethyl substituent had but a small effect on the stability constant for the complexes with 
1 : 1 stoichiometry. Increase in the length of the N-substituent by one or two methylene 
groups resulted in a jumpwise rise of this constant. The effect observed was attributed to the 
formation of the intramolecular ion pair. The dimerization constant for Mg 2+ complexes 
increased dramatically when passing from the sulfopropyl N-substituent to the sulfobutyl one+ 
The increase in the constant results from the decrease in steric strains in the dimeric 
complex. 
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Limit ing the conforrnat ional  f reedom of  molecules  
by means  of  organizat ion into supramolecula r  structures 
is an effective way of  control l ing the rate and selectivity 
of  chemical  r e ac t i ons )  It is known that  complexa t ion  
may change the conformat ion  of  molecules ,  resulting in 
a significant reorganizat ion of  their  structure.  From this 
point  of  view, crown ether  styryl dyes (CSD)  conta ining 
N-sulfoalkyl group are rather promising compounds  for 
the control  of  pho tochemica l  processes+ 

The C S D  1- -4  previously synthesized by us 3,4 belong 
to the class of  chromoionophores+ s 

R 

1--4 

R = C2H s, the counterion is CIO4- (I); 
R = (CH2),SO3-+ n = 2 (2), 3 (3), 4 (4). 

" For Part 16, see Ref+ I 

The crown ether  cycle o f  the C S D  I - - 4  is able to 
bind cat ions o f  a lka l ine-ear th  meta ls  in a c e t o n i t r i l e )  04 
Complexa t ion  causes a significant hypsoc romic  shift of  
the absorpt ion spectra  of  the CSD.  The  value o f  the shift 
does not depend  on the presence of  the sulfo group in 
the N-subst i tuent  and remains  prac t ica l ly  unchanged  
within the series 1 - - 4 .  

At the same  t ime,  p r e l i m i n a r y  s tudies  4 showed 
that the apparent  stability cons tan t  of  the complexes  
increases within the series 2 - - 4  and a j umpwise  increase 
is obse rved  when  pass ing f rom c o m p l e x  2 to 3. 
This effect cannot  be expla ined by the fo rmat ion  of  a 
d i rec t  i n t r a m o l e c u l a r  c o o r d i n a t i o n  b o n d  b e t w e e n  
the sulfo group and a metal  ca t ion  located in the cavity 
of the crown ether  moiety.  S imple  models  o f  trans- 
isomers of  C S D  2 - -4  show that  even the length of  the 
sulfobutyl group is insufficient for the fo rmat ion  of  such 
a bond. 

The presence of  the N-sulfoalkyl  group in the C S D  
molecule  effects significantly not only  the stabil i ty of 
complexes but also the complexa t ion  mechan i sm.  It was 
shown 6,7 that  the trans-isomers 3 and 4 are able to form 
dimeric  complexes  of 2 : 2 s to ich iomet ry  with cat ions 
of  a lka l ine-ear th  metals even in a di lute  so lu t ion  due to 
in termolecular  coordinat ion.  At the same t ime ,  an at-  
tempt  to observe the format ion of  such s t ructures  for 
CSD 2 failed. 
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Pre-organizat ion of the molecules 3 and 4 into dim- 
eric structures during complexat ion changes the course 
of photoprocesses with the participation of these mole- 
cules. 7,s Primarily, such pre-organizat ion allows one to 
carry out the reaction of  photochemical  [2+21 cycload- 
dit ion with the regio- and stereoselectivity unique for 
solutions. 8 This photoreact ion affords the sole stereoi- 
somer of the cyclobutane derivative, a supramolecular  
receptor which contains  four ionophore groups (two 
crown ether cycles and two sulfoalkyl groups). For CSD 
I - - 4 ,  the photocycloaddit ion does not proceed in the 
absence of metal cations. In addition, this reaction also 
does not proceed for complexes of CSD 1 and 2. 

For further development  of methods for photochemi-  
cal synthesis of new supramolecular  receptors by means 
of pre-organizat ion of reactants by complexation,  sev- 
eral problems should be solved. One of them is the 
influence of the nature and length of the N-substi tuent 
in CSD with a terminal  anionic  group on the complex- 
ation mechanism and stability of complexes. This prob- 
lem is also interesting by itself. It is studied in detail for 
crown ethers with anionic  groups capable of intramo- 
lecular coordinat ion with a metal cation. 9 For crown 
ethers with remote anionic  groups, among which are the 
tram-isomers 2---4, there are practically no experimen- 
tal data on the influence of the nature and geometry of 
such groups on complexat ion with metal cations. 

This work is devoted to a detailed study of complexa- 
l ion of CSD 1--4 with Mg 2+, Ca 2+, and Ba 2+ ions. This 
study allowed us to follow the dependence of the stabil- 
ity constants  for complexes of different stoichiometry 
and structure on the length of the sulfoalkyl substituent,  
involving the dimer  complexes that are of greatest inter- 
est in photochemistry.  CSD 1, which does not contain 
sulfo group in the N-subst i tuent ,  was used in this study 
as a convenient  starting point. 

Experimental 

MeCN was distilled twice over P205, then boiled over 
CaH;~ for I h and distilled. Dry solvent was kept in a hermeti- 
cally sealed flask. Magnesium, calcium, and barium percblor- 
ales were dried in vacuo at 230 °C. To prevent adsorption of 
CSD, the surface of quartz cells and all laboratory glass was 
modified with a solution of dimethyldichlorosilane in tolu- 
ene. I° Preparation of CSD solutions and all the experiments 
were carried out in a dark room in red light. 

Complexation was studied by means of spectrophotometric 
titration (previously we carried out the detailed experimen- 
tal 3,4 and theoretical 11 investigation of spectral characteristics 
of the CSD and their complexes). In direct experiments, to a 
solution ofa ligand (CSD or benzo-15-crown-5 (B15C5)) with 
a known concentration C L was added a solution containing the 
same concentration of a ligand and a known concentration of 
metal perchlorate. In the experiments with a competitive 
ligand, to a solution of CSD and metal perchlorate with C L 
and C M concentrations, respectively, was added a solution 
containing the same concentrations of CSD and metal salt and 
a known concentration of a competitor. 

The degree of complexation was calculated by the formula 

a = (D O -- D)/(D 0 -- De), 

where Do, D, and D e are the optical density of the starting 
solution, the current optical density, and the optical density 
after complete complexation, respectively. Measurements were 
carried out at 460 and 470 nm, where Dc<<D 0. This allows 
one to ignore the differences in molar absorption coefficients 
of complexes with different stoichiometry and structure. In the 
case of complexes of B15C5 with Mg 2+ and Ca 2+ ions, the 
degree of complexation a was determined from the optical 
density of the solution at 280 nm. 

Experimental dependences were approximated by theoreti- 
cal ones by a nonlinear least squares method using the Nelder- 
Meed simplex-algorithm included in the MATLAB application 
software package. 

For the experimental estimation of dirnerization constants of 
complexes, solutions were irradiated with a DRSh-250 Hg lamp 
for 2 s at 436 nm; the light intensity was 5" l0 is cm -2 s-t. 
Optical densities of solutions were measured at 400 nm. 

Results and Discussion 

Interaction of CSD 1 and 2 
with Mg z+, Ca z+ and Ba z+ ions 

The simplest scheme of complexation is 

L + + M 2+ KI. " ( L M )  3+ , ( I )  

where L is the dye molecule,  M is the metal cat ion,  and 
K I is the stability constant  of a complex. The following 
equat ion corresponds to this scheme 

CM 1 1 
ac  L - l  + K~---Z~ I - ~  ( l )  

The plot in the coordinates of the equation (1), i.e., 
CM/(CLCL) vs I/(1 - ct), is a straight line with slope 
(K t CL) - I  and the intercept on the ordinate axis equal to 
unity. From here on, we present all the results on 
titration with a metal salt solution precisely in these 
coordinates since every expansion of the Scheme 1 re- 
sults in a characteristic deviation of the corresponding 
dependence from the straight line. 

The points in Fig. I are the experimental  depend-  
ences of ct on C M in coordinates of the equation (I)  for 
the interaction of the dye 1 with Mg 2+, Ca 2t, and Ba 2+ 
ions. The nonl inear  character of these dependences  
indicates that the simple Scheme 1 is insufficient for the 
description of complexation in the given system. Inter- 
action of perchlorate ion with the triple-charged (LM) 3÷ 
complex is the most probable additional process. Taking 
into account this interaction, we obtain the following 
scheme: 

L ÷ + M 2÷ . =,,,, ( L M )  3 .  

K t 
( L M )  3+ + A -  . ,;, ~ ( L M A )  2+ , (11) 

where A-  = CIO4-. 
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Fig. 1. Plots of the degree of complexation, ct, vs concentra- 
tion of  salt added, C M, in coordinates ofequat ion (1) for CSD 
1 and Mg 2÷ (/),  Ca 2+ (2), and Ba 2+ (3). Ct. / tool L-t:  
2 .1-10-5(1) ,  2.0" 10-5(2, 3). 

T h e  solid l ines in Fig. 1 are the  theore t i ca l  d e p e n d -  
ences ,  which  co r re spond  to the  S c h e m e  II,  with the 
cons tan t s  p resen ted  in Table  1. A good app rox ima t ion  
o f  the  expe r imen ta l  data  with the  theore t i ca l  curve  
indica tes  the val idi ty o f  the  c o m p l e x a t i o n  s c h e m e  cho-  
sen. However ,  it should  be no ted  that  the cons tan ts  

d e t e r m i n e d  f rom this s c h e m e  are  ave raged  va lues  s ince  
the  increase  in ct at the e x p e r i m e n t  leads  to  the  increase  
in ionic  s t rength  o f  the  so lu t ion ,  and  the  c o n s t a n t s  o f  all 
the  processes  wh ich  are a c c o m p a n i e d  by a c h a n g e  in 
mutua l  a r r a n g e m e n t  o f  ions d e p e n d  on  the  ion ic  s t rength.  

To  c o n f i r m  the  f o r m a t i o n  o f  (LM)3+- .CIO4  - ion ic  
pairs, we car r ied  out  the t i t ra t ion  in the  p r e sence  o f  
t r i e t h y l a m m o n i u m  perch lo ra te  (0.02 tool  L - I ) ,  i.e., at 
pract ical ly  cons t an t  c o n c e n t r a t i o n  o f  an ions .  U n d e r  these  
cond i t ions ,  the  expe r imen ta l  d e p e n d e n c e s  o f  a on  C M in 
te rms  o f  the  S c h e m e  11 in c o o r d i n a t e s  o f  e q u a t i o n  (1) 
should  be s t ra ight  lines with in t e rcep t  on  the  o rd ina t e  
axis equa l  to uni ty,  which  is the  case  (Fig.  2). The  
apparen t  c o m p l e x a t i o n  cons t an t  d e t e r m i n e d  f rom the  
s lope is re la ted  to the K I and Ki c o n s t a n t s  by the 
fo l lowing e q u a t i o n :  

1 + KiC b , (2) 

Kam, = Kj.  1+ K~C b 

where  K i" is the  cons tan t  o f  f o r m a t i o n  o f  t he  M2+-.CIO4 - 
ionic  pair  and C b is the  c o n c e n t r a t i o n  o f  the  buf fe r  salt. 
The  values  o f  Kay. which  c o r r e s p o n d  to t he  l ines in 
Fig. 2 are  3.1 • 10~'Vand 3.3" 104 L mol  - l  for  Mg  2+ and 
Ba 2+ ions,  respect ively .  Subs t i tu t ing  these  va lues ,  as well  
as K I and K i f rom Table  1, in to  e q u a t i o n  (2),  we 
ca lcu la ted  K ; ,  equal  to 10 and  70 L mol  - I  for  Mg 2+ 
and Ba 2÷ ions,  respect ively .  T a k i n g  in to  a c c o u n t  the 
poor  accu racy  o f  ca lcu la t ion  us ing e q u a t i o n  (2),  we see 
that  the  first va lue  is in good  a g r e e m e n t  wi th  t he  value  
o f  7.2 L mol  - l  ob ta ined  ea r l i e r  in t he  work.  n T h e  
increase in K i" with increase in the  d i a m e t e r  o f  the 

Table 1. Stability constants of the complexes of B15C5 and CSD 1--4 with cations of alkaline-earth metals in acetonitrile at 295 K 

Corn- Ion C L • 10 5 logK I IogKi IogK 2 IogKd a Ionic strength, 

pound tool L -I  1" 10s/tool L - t  

B15C5 Mg 2+ 1.0 7.2!--O.3 (7.3) b -- -- -- 0.1--1 (3.0) b 
Ca 2+ 1.0 6.6-2:0.2 --  ~ 4.0 -- 0.3--3 

CSD ! Mg 2+ 2,1 4.5i-O. I 2.8i-0 2 -- -- 1.5--90 
Ca 2+ 2.0 4,0i-0.1 2.8_+0,2 -- -- 5-- 150 
Ba 2÷ 2,0 3.7_+0, l 2.8+0,2 -- -- 10--250 

CSD 2 M g  2+ 2.2  4.7_+0.1 -- -- -- 1.5--60 
Ca 2. 2,1 4.0_+0.1 2.7_+0,2 -- -- 5--150 
Ba 2÷ 2,0 3.7_+0.1 2,9r0,2 -- -- 10--250 

CSD 3 Mg 2+ 0,4 6.7i-0.2 (6.65) b -- -- 55_+02 0.2--1.5 (30)  b 
>_ 53 c 

Ca 2+ 1.9 6.0-~--0.2 -- 3.7i~.4 - I --8 
Ba 2+ 2.0 5.7~0,2 -- 5.0i-0.2 -- 0.6--8 

CSD 4 Mg 2+ 0.4 6.6:t0 5 (6.7) 0 -- -- 7.0i-0,5 0.15--1.3 (2.5) b 
> 6.5 b 
>_ 6,0 c 

Ca 2+ 2 1 6,0~:0.2 -- 3,7_+0.4 -- I --8 
Ba 2+ 2,0 5.7_+0.2 -- 50_+0,2 -- 0,6--8 

') For the conditions of determination of the dimerization constant, see text. b Measured by the method of competi t ive reaction, 
c Estimations obtained based on the concentration dependence of the quantum yield of photocycloaddition. 
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Fig. 2. Plots of  the degree of complexation, ct, vs concentra- 
tion of  salt added, C M, in coordinates of  equation ( I )  for CSD 
I and Mg 2+ ( I ;  C L = 4.110 -6 mol L - i ) ,  Ba 2+ (2;, C L = 
2.0" 10 -5 mol L - I )  in the presence of tetraethylammonium 
perchlorate (0.02 M). 

cation is in good agreement with the data for calcium 
perchlora te  i n  ace toni t r i le ,  K i" : 25 L mol - i  (see 
Ref. 13). Though such dependence of K i" on the diam- 
eter of a cat ion does not correspond to the simplest 
variant of electrostatic theory, it is often observed both 
in polar solvents and in solvents of moderate polarity. 
For example,  it has been shown II that K i" increases 
within the Li + < Na + < K + < Cs + < Rb + series for 
alkali metals perchlorates in 2-methoxyethanol .  The 
effect observed has been attributed to a higher solvation 
ability of cations with small diameters. 

Figure 3 presents the complexat ion curves for CSD 2 
in coordinates of equation (1). It can be seen that they 
differ little from the corresponding curves for the dye 1 
on Fig. 1. The values of the stability constants obtained 
are given in Table 1. Comparison with the data for the 
dye ! shows that the appearance of the negatively charged 
sulfo group in the N-substi tuent  has but little effect on 
the stability constants  of complexes with cations of 
alkal ine-earth metals. Only in the case of the Mg 2+ ion 
is the K l value a little more than that obtained for CSD 
1. The complexat ion curve in coordinates of equation 
(1) is close to a straight line, and therefore we failed to 
determine K,. 

It is known 15 that formation of sandwich complexes 
with 2 : I s toichiometry is typical of cations with large 
diameter,  such as Ba 2" and B15C5 derivatives. How- 
ever, calculat ions show that in the experiments de- 
scribed above, which were carried out at low concentra-  
tions of dyes, one may completely ignore the formation 

90 
C M/Ct C L 

3 

60 

3O 

i ...... i I 

0 10 20 I/(1 - ct) 

Fig. 3. Plots of the degree of complexation, ct, vs concentra- 
tion of salt added. CM, in coordinates of equation (1) for CSD 
2 and Mg 2+ (/), Ca 2+ (2), and Ba 2+ (3). CLJ tool L-I: 
2.2 • 10 -5 (/), 2.1 • 10 -5 (2), 2.0" 10 -s (3). 

of such complexes provided that the K 2 constant  which 
corresponds to the process 

LM+L ~ LML, 

does not exceed K i. In addition, model calculations 
carried out for the hypothetical case where K 2 is signifi- 
cantly larger than K I result in complexation curves 
which differ substantially from the experimental  ones 
given on Fig. I and 3. All confirm the validity of the 
Scheme [I for the calculation of K I for the complexes of 
CSD 1 and 2 with Ba 2+. 

Interaction of CSD 3 and 4 with Mg 2+ ion 

In the previous work 3 we have shown that a subse- 
quent  increase in the length of the N-sulfoalkyl substitu- 
ent in CSD by one methylene fragment leads to an 
increase in the apparent stability constant  of complexes 
with cations of alkaline-earth metals, and tile jumpwise 
increase of the constant  is observed when passing from 
CSD 2 to CSD 3. 

The points on Fig. 4 are the experimental  depend-  
ences of ct on C M in coordinates of equation (I)  for the 
complexes of CSD 3 and 4 with Mg 2+. As can be seen, 
the points may be well approximated by straight lines at 
least at ct > 0.5. However, noticeable deviations from 
linearity are observed when ct is low. The apparent  
complexation c o n s t a n t s  Kap p determined from the slope 
of straight line portions of the curves are 1.2 • [07 and 
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Fig. 4. Plots of the degree of complexation, ct, vs concentra- 
tion of salt added, CM, in coordinates of equation (I) for CSD 
3 (/) and 4 (2) with Mg 2+ (C L = 4.2" 10 -6 tool L-I). 

4" 10 7 L mol -I for CSD 3 and 4, respectively. The 
values obtained are more than two orders of magnitude 
higher than that of K I for CSD 1 and 2. 

Earlier 6-8 it has been shown that the complexes of 
CSD 3 and 4 with Mg 2+ are able to form pseudo-cyclic 
dimeric structures with 2 : 2 stoichiometry even in a 
dilute solution. In general, this effect can make a 
considerable contribution to the general stability of the 
complexes (Kapp). To determine the real reasons of the 
jumpwise dependence of Kap p on the length of the 
N-sulfoalkyl substituent, we measured the equilibrium 
dimerization constants K d for the complexes of CSD 3 
and 4 with Mg 2+. 

Taking into account the dimerization, the complexa- 
tion scheme can be presented in the following way: 

K 1 
L + M 2 . . . .  (LM) 2+ 

(LM) 2÷ + (LM) 2+ .Ka ,, ( L M ) 2  4÷ 

(111) 

This scheme does not take into account interaction of 
the complexes with perchlorate anions. This interaction 
may be neglected in the case of CSD 3 and 4 since in 
these experiments, the concentration of the metal salt 
added was much lower (due to the high value of Kapp) 
than in the experiments with CSD ! and 2. 

To determine K d, an independent photochemical 
experiment was conducted. The similarity of the absorp- 
tion spectra of monomeric and dimeric forms of the 
complexes hampers determination of K d by a direct 
spectrophotometric method. At the same time, for cis- 
isomers of these compounds, significant differences in 

the spectra of the monomeric complex and the complex 
incorporated into cis-LMg 2+. trans-LMg 2+ and 
(c/s-LMg2+)2 dimeric structures are observed (see Ref. 6). 

The complexes of CSD 3 and 4 with Mg 2+ can be 
transformed into c/s-forms by irradiation of the solution 
with visible light. The efficiency of the trans-cis photoi- 
somerization is high and intermolecular coordination 
bonds are not destroyed. 6,7 The photoreaction affords 
dimeric complexes, involving cL~-isomer molecules, which 
undergo very slow dissociation to form c/s-LMg 2+ mono- 
mers (in the case of CDS 3, the dissociation rate constant 
in dry acetonitrile at room temperature is 1.8. 10 -3 s -I 
(see Ref. 6,7)). The dissociation manifests itself in a 
dark relaxation of the absorption spectrum of the solu- 
tion. The molecules of cis-isomer formed from the 
trans-LMg 2+ monomer complexes, in their turn, do not 
contribute to the dark relaxation of spectrum. It follows 
that the relaxation amplitude should be determined by 
the degree of dimerization of the tram-isomer com- 
plexes in a starting solution. This effect allows one to 
estimate experimentally the dimerization constant of the 
tram-isomer, K~. If complexation is complete, Kd is 
related to dimerization degree 13 by the following equa- 
tion: 

K d - 2(1_13)2CL. (3) 

Let us propose that the quantum yields of trans--cis- 
photoisomerization are the same for the trans-isomer 
both in monomeric and in dimeric complexes (this 
proposal cannot be considered to be very rough since the 
quantum yield of the reaction is high even at a high 
degree of dimerization). 6-8 The fact that the differences 
in the absorption spectra of the monomeric and dimeric 
forms of the trans-isomer complexes are insignificant 
also allows us to assume that the molar extinction coef- 
ficients of these forms are equal at the irradiation wave- 
length. Then, within the approximation that photoiso- 
merization percent is low and the reverse reaction may 
be neglected, the degree of dimerization of the trans- 
isomer complexes in a starting solution, 13, is equal to 
the degree of aggregation of the cis-isomer complexes at 
the moment when irradiation is turned off (we take into 
account that the lifetime of the dimeric complexes 
incorporating cis-isomer molecules is much longer than 
the irradiation time). The degree of dimerization is 
determined by the formula 

D d - D m  et-c,,~ =[3, (4) 
Ot - Om % - Em 

where Dd, Din, Dt are the optical densities of the solu- 
tion at a fixed wavelength at the moment when irradia- 
tion is turned off, after complete clark relaxation, and 
before irradiation, respectively; et, Ed, cm are molar ex- 
tinction coefficients of the trans-isomer complex and 
aggregated and monomeric forms of the cis-isomer com- 
plex, respectively. 
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Fig. 5. Plot of the (D d --  Dm)/(D t -- Drn) = xra t io  vscon-  
centration (CL) in coordinates of equation (5) for the com- 
plexes of CSD 3 with Mg 2+ at constant excess concentration of 
Mg(CIO4) 2 (1 • 10 -4 tool L-J). 

Let us denote  the first factor on the left side of  
equat ion  (4) as x and the second  factor as A. Subst i tut ing 
equat ion (4) into equat ion  (3) after algebraic t ransforma-  
t ions we obtain 

/ C L = 2 ~  / A - ~/2/cd,'l x (5) 

The  points  on Fig. 5 are the exper imenta l  depend-  
ence o f  (D  a - Dm) I (D  t - D m) on C L in coordinates  of  
equat ion  (5) for t rans-3"  Mg 2+ complex  obta ined at a 
constant  excess concen t ra t ion  of  Mg(CIO~) 2 equal to 
I .  10 -7 tool L - i .  

As can be seen from the figure, the exper imenta l  
dependence  is sat isfactori ly approx imated  by the theo-  
retical curve. Using the least squares method ,  we calcu-  
lated the unknown values o f  equat ion (5) and deter-  
mined the value of  Kd which is presented in Table 1. 

For  the t rans -4 .  Mg 2+ complex,  the value of  K d ap- 
pea red  to be so high tha t  the relat ive change  of  
(D d - Dm) / (D  t - D m) within the working concentrat ion 
range was, in fact, not beyond the experimental  accuracy. 
The results obtained allowed us to make only a rough 
est imat ion of  K d. This es t imat ion is given in Table I. 

The solid lines in Fig. 4 show the best approxima-  
tion of  the exper imenta l  dependences  of  ct vs C M for the 
complexes  o f C D S  3 and 4 with Mg 2+ ion within the 
f ramework o f  the Scheme  3. For  the approximat ion ,  we 
used the Ka values ob ta ined  by the pho tochemica l  
method .  Table  1 presents  the K I constants  which corre-  
spond to the theore t ica l  curves. 

As can be seen from Fig. 4, the deviat ions of  the 
exper imenta l  data  from the theoret ica l  curve are main-  
ta ined for C S D  3 at low ct even in the case where 
d imer iza t ion  is taken into account .  It should be noted 

that these deviat ions were not constant  for different  
samples of  C S D  3, whereas the slope of  the straight line 
part reproduced better.  One may assume on this basis 
that the reason for the deviat ions is the presence o f  an 
admixture  in the start ing dye which does not absorb in 
the visible region but is able to bind a metal  cat ion.  

To study the complexa t ion  of  the dyes 3 and 4 with 
Mg 2+ ion, we also used t i t rat ion of  a solut ion of  the 
complex  with a solut ion of  the compet i t ive  l igand (see 
Experimental) .  The react ion scheme for this system 
should include three equat ions (Scheme IV). 

K1 m 
L + M 2+ ~ ( L M )  2+ 

K~ 
( L M )  2+ + ( L M )  2+ . " (LM)2 4+ 

K~ 
L 1 + M 2+ " (L IM)2+  ( I V )  

where L I is the compet i t ive  ligand. 
B15C5 was used as the compet i t ive  ligand in all 

exper iments .  The stabili ty constant  of  its complex  with 
Mg 2÷ ion was measured previously by t i t rat ion with a 
metal  salt solution.  The dependence  o f a  vs C M obta ined  
for this ligand was l inear in coordinates  of  equat ion ( I ) .  
The K e value ca lcula ted  from the slope of  the line is 
given in Table 1. 

The points  o f  Fig. 6 are the exper imental  de p end -  
ences of  ct on the concent ra t ion  of  the compe t i to r  added  
(Co) for 3" Mg 2+ and 4" Mg 2+ complexes.  The best 
approximat ions  of  the exper imenta l  data by theore t ica l  
curves corresponding to the Scheme IV (Kd values in 
the case of  C S D  3 and K d and K c values in the case of  
CDS 4 were taken from Table 1 and they were not 
changed)  are shown as solid lines on Fig. 6. The ca lcu-  
lated values o f  the constants  are given in Table 1; they 
are in good correla t ion with those obtained expe r imen-  
tally by direct  t i trat ion.  

The dashed lines in Fig. 6 are the theoret ical  curves 
corresponding to the best approximat ion  of  the exper i -  
mental  dependences  ofct  vs C c for 3" Mg 2+ and 4 • Mg 2. 
complexes  within the f ramework of  a s implif ied c o m -  
plexat ion scheme which does not take into account  the 
d imer iza t ion  process, Le., involves only the first and 
third equat ions  of  the Scheme IV. In both cases, the 
approximat ion  was carried out at given IogKc = 7.3. As 
can be seen from the figure, noticeable deviat ions of  the 
exper imenta l  data from theoret ical  curves for 3" Mg 2+ 
complex  appear  only at a high a ,  whereas in the case of  
the 4 .  Mg 2+ complex ,  which has a higher t endency  for 
dimerizat ion,  significant deviations are observed at pract i-  
cally all o~ values. Model  calculat ions show that a satis-  
factory approx imat ion  of  the exper imenta l  da ta  for 
4"  Mg 2+ c o m p l e x  can be o b t a i n e d  on ly  at 
K d > 3.  106 L mol - t ,  These facts confirm add i t iona l ly  
the es t imat ions  of  the d imer iza t ion  constants  ob ta ined  
by the photochemica l  method.  
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Fig. 6. Plots of the degree of complexation, ct, for CSD 3 (a) and 4 (b) vs concentration of the B 15C5 competitor (Cc) at constant 
concentrations of CSD 3 (C L = 4.2.10 -6 mol L-I), 4 (C L = 4.6" 10 -6 mol L-i), and Mg 2+ ion (C M = 1.0.10 -s mol L-t). 
The solid and dashed lines are the best approximations of the experimental dependences by Scheme 4 and the simplified scheme 
which includes only equations (I) and (3) of the Scheme 4, respectively. 

Interaction of dyes 3 and 4 with Ca 2+ and Ba 2+ ions 

For Ca 2+ and Ba 2+ ions, it is impossible to measure 
the dimerization constants by the above-mentioned pho- 
tochemical procedure since dissociation of dimeric com- 
plexes, incorporating cis- isomer molecules, proceeds 
much faster than in the case of Mg 2+ ion. However, the 
obtained concentration dependences of the quantum 
yield for the [2+21 autophotocycloaddition reaction, in 
which dimeric complexes of the trans-isomers of dyes 3 
and 4 participate only (the results will be published 
later), show that the dimerization constants for the 
complexes with Ca 2÷ and Ba 2÷ are much lower that 
those for Mg 2÷ complexes. Therefore, dimerization can 
be ignored when describing complexation for Ca 2÷ and 
Ba 2÷ ions in dilute solutions. At the same time, one 
should take into account the formation of sandwich 
complexes of 2 : I stoichiometry, as illustrated by the 
dependences of ct vs C M. For example, in the case of 
Ba 2+ ions, consumption of ligand for the complex for- 
mation at low ct exceeds the concentration of the metal 
salt added. 

Thus, complexation of CSD 3 and 4 with Ca 2. and 
Ba 2÷ ions can be represented by the following reaction 
scheme: 

K 1 
L + M 2+ ~ ( L M )  2+ 

K 2 
(LM)  2+ + L " ( LML)  2+ . 

tv) 

The points in Fig. 7 are the experimental depend- 
ences of ct on C M in coordinates of equation (!)  for the 
reaction of CSD 3 with Ca 2÷ and Ba 2÷ ions (the corre- 
sponding dependences for CDS 4 are similar). The solid 
lines show the best approximation using the Scheme V. 
The K n and K 2 constants calculated from the best ap- 
proximation are given in Table 1. Due to the low value 
of K 2 for the complex with Ca 2+ ion, the formation of 
the complex with 2 : 1 stoichiometry cannot be estab- 
lished as reliably as for Ba 2+ ion. However, there are 
literature data 13 on the formation of complexes of such 
type on interaction of B I5C5 with Ca(CIO4)2 in ace- 
tonitrile. 

Table 1 summarizes the stability constants of com- 
plexes of BI5C5 and CSD l w 4  with cations of alkaline- 
earth metals. It can be seen that the stability constants 
of the complexes of BI5C5 with Mg 2÷ and Ca 2÷ are 
almost three orders of magnitude higher than the corre- 
sponding constants for CDS 1. This fact can be ex- 
plained by the significant decrease in electron density at 
the oxygen atoms of the crown ether cycle, directly 
connected with benzene ring, due to the strong elec- 
tron-withdrawing effect exerted by the positively charged 
benzothiazole residue when passing to a dye. 

The obtained value of the logarithm of the stability 
constant for the complex of B ISC5 with Ca 2÷ is two 
units higher than the corresponding value logK I = 4.0 
given in the literature (with CIO4- as a counterion). 13 In 
our opinion, this value is rather underestimated. Our 
conclusion is confirmed by a series of facts. The barium 
cation, which is larger in size, should form less stable 
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Fig. 7. Plots of the degree of complexation, a, vs concentra- 
tion of salt added, C M, in coordinates of equation (1) for CSD 
3 and Ca/+ (1; C L = 1.9-10 -5 tool L -I)  and Ba 1+ (2;, C L = 
2.0" 10 -5 mol L-t).  

complexes  with BI5C5 than the calc ium cation. There 
are l i terature data  for bar ium,  logK > 5, t6 that corre-  
spond to our  da ta  for ca lc ium.  Among  the two cat ions 
with approx imate ly  equal  radii,  a double -charged  one 
forms a more stable complex  in acetoni t r i le  than the 
s ingle-charged one,  IogK = 4.17 for K + and logK > 5 
for Ba 2+, BI5C5 (see Ref. 16), and IogK = 5.46 for K + 
and IogK = 8.88 for Ba 2+, 18-crown-6 (see Ref. 17). 
However ,  the l i terature  13 values of  the constants  for 
Na + ( IogK = 4.0) and Ca 2+ (IogK = 4.2) ( S C N -  as a 
counte r ion)  are prac t ica l ly  the same. 18 

Note  that  the authors  13'18 used IR spectroscopy,  
which is less sensit ive than UV spectroscopy.  In addi-  
t ion,  we not iced  that  mois ten ing  of  the carefully dried 
acetoni t r i le  in contac t  with the air  or for some other  
reason may result in a significant decrease in the stabil-  
ity constants  measured  for complexes  of  crown ethers 
with ca t ions  o f  a lka l ine -ea r th  metals (to a smal ler  extent  
in the case o f  a lkal ine  metals) .  

As can be seen from Table 1, in t roduct ion of  the 
sulfo group into the N-subst i tuent  ( t ransi t ion from CSD 
! to C S D  2) has prac t ica l ly  no effect on the stabili ty 
cons tant  o f  the  complexes  with I : 1 s to ichiometry .  At 
the same  t ime ,  the increase  in the length o f  the 
N-sulfoalkyl  subs t i tuent  by one methylene  unit ( t ransi-  
t ion t¥om C S D  2 to C S D  3) leads to a dramat ic  increase 
in stabil i ty of  the complexes .  When the length of  the 
subst i tuent  increases by one more methylene  unit ( t ran-  
sit ion from C S D  3 to C S D  4), the stability of  1 : 1 
complexes  remains  prac t ica l ly  unchanged.  

It can be also seen that the stabili ty constant  of  the 
sandwich complexes  with Ba 2+ ion with 2 : 1 stoi- 
ch iomet ry  also does not change when passing from C S D  
3 to C S D  4. We were not able to de termine  the K 2 

constant  in the case of  C S D  I and 2. However ,  the  
above exper imenta l  data indicate that /(2, as well as K I, 
increases dramat ica l ly  when passing from C S D  2 to 
C S D  3. 

As was a l ready ment ioned ,  for C S D  2 - - 4  di rec t  
in t ramolecula r  in teract ion between the sulfo group and 
the metal  cat ion,  located in a cavity o f  the crown e the r  
moiety,  is impossible.  It is also evident that the jumpwise  
dependence  o f  stabili ty of  the complexes  with I : I and  
2 : 1 s to ich iomet ry  on the length o f  the N-sulfoalkyl  
subst i tuent  cannot  be explained by a s imple  gradual  
decrease in the dis tance between the sulfo group and the 
cat ion in the crown e ther  cavity. To explain the effect 
observed, one may propose that in the complexes  o f  
C D S  3 and 4 the conformat ion  of  the N-subs t i tuent  is 
s tabil ized,  which is s t retched towards a cat ion due to the 
format ion o f  an in t ramolecula r  so lvent -separa ted  ion 
pair, whereas such immobi l iza t ion  o f  the sulfo group is 
impossible in the C S D  2 complexes  because o f  the small  
length o f  the substituent.  

For  all CSD,  the Kj value decreases within the 
Mg 2+, Ca 2+, and Ba 2+ series with a s imul taneous  in- 
crease in K 2 (Table 1), indicat ing that the cavity size of  
the crown e ther  cycle corresponds most closely to the 
d iamete r  o f  Mg 2+ ion. 

Table I also presents the constants  of  format ion  o f  
LM. . .CIO 4- ion pairs for the complexes  of  C S D  1 and 2 
with Mg 2+, Ca  2+, and Ba 2+ cat ions (Ki). The Ki values 
are signif icantly higher  than the corresponding constants  
for M. . .CIO 4-  ion pairs (Ki') (see above). 

The  ratio o f  K i and K i" constants  has prac t ica l ly  not  
been investigated for crown ethers in polar  solvents.  
There  are data  for B15C5--Ca(CIO4)2- -ace ton i t r i l e  sys- 
tem only for which log/('/ = 1.8 > IogKi" = 1.4 (see 
Ref. 13). Al though,  as we have ment ioned above,  the 
constants  presented by the authors 13 may be underes t i -  
mated,  the ratio of  K i and Ki ° corresponds with our  data.  

In general ,  many examples  are known in coord ina -  
t ion chemis t ry  where the equi l ibr ium constant  of  the 
process 

L~M + L-. z ~ - L~ML- z 

exceeds the equi l ibr ium constant  of 

L 2 + M  ~ - L..zM 

(see Ref. 19) (ira our  case L 2 = CIO4-).  In the system 
studied by us, this effect, as well as the increase in K," 
with increase in the metal  cat ion d iameter  (see above) ,  
may result from the specificity of  ion solvation.  In this 
case the effect is manifested most dramat ica l ly  s ince the 
heterocycl ic  f ragment  of  C S D  carries a positive charge 
which provides an addit ional  s tabil izat ion of  L M . . . C I O  a-  
pair. 

The fact that If, is much higher than K~', is in good 
correlat ion with the high values of  d imer iza t ion  con-  
stants for the complexes  of  C S D  3 and 4 with Mg 2÷ ion 
(Table I) since format ion of  the dimers occurs  also due 
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to the interaction between the anionic group (sulfo 
group)-and a cation located in a crown ether cavity. On 
the contrary, when Ki < Ki', the interaction of sulfo 
groups with excess metal cation is the most favorable. 

Table 1 also shows that the dimerization constant of 
the complexes increases significantly (more than an 
order of magnitude) when passing from CSD 3 to CSD 
4 and becomes comparable with K I constant. The dimeric 
complexes have pseudo-cyclic structure which involves 
two intermolecular coordination bonds)  When the size 
of the cycle increases (when passing from sulfopropyl to 
sulfobutyl substituent), one should expect a noticeable 
decrease in steric strains. In this case, the positive 
influence of this effect on K a predominates over the 
negative effect of entropy factor. 

It should be noted that the increase in the K a con- 
stant when passing from CSD 3 to CSD 4 results in a 
noticeable increase in the efficiency of [2+2] autophoto- 
cycloaddition reaction where only CSD molecules, or- 
ganized in dimeric complexes, take part (the data on the 
efficiency are given in Ref. 8). Such concordance may 
be explained by the fact that the rate constant of this 
photoreaction as well as the K d constant, depend to 
some extent on the value of steric strains in the dimeric 
complex. 

The dimeric complexes studied by us have unusual 
structures. The high stability of these complexes in 
acetonitrile is attributed not only to the Ki > Ki" corre- 
lation. Along with two coordination bonds, intramo- 
lecular interaction of chromophore groups may contrib- 
ute significantly to the stability of the dimers in the 
system studied. The high tendency of polymethine dyes, 
including positively charged ones, to form dimers is well 
known ,  z0 

The reliability of the dimerization constants mea- 
sured by us is confirmed by a series of independent 
experiments. First, the evidence for the high stability of 
the dimeric complexes of trans-3 and trans-4 with Mg 2+ 
is the fact that the dissociation rate constant of similar 
(c/s-3.Mg2+)2 dimers in acetonitrile is very low. 6 Sec- 
ond, as was already mentioned above, the reliability of 
the Kd measurements is confirmed by the results of 
spectrophotometric titration by a competitive ligand. In 
the case of the complex of CSD 4 with Mg 2+, we were 
able to obtain satisfactory agreement of the theory with 
the experiment only when IogK d >_. 6.5. Third, estima- 
tion of the lowest possible value of K d in the case of the 
complex of CSD 3 with Mg 2+ can be carried out using 
the previously obtained 8 concentration dependence of 
the quantum yield of photocycloaddition (¢~). It has 
been shown that • value does not depend on the CSD 3 
concentration at C L >_ 5"10 -5 mol L -t .  Since only 
dimeric complexes of the trans-isomer take part in the 
reaction, one may conclude that these complexes are 
practically completely dimerized already at C L --- 
5' 10 -5 mol L -~, or, taking into account the accuracy of 
determination of O, which is near 20 %, the degree of 

dimerization 13 >- 0.8. Consequently, IogK a _> 5.3, that is 
in full agreement with the value given in Table !. Simi- 
lar measurements for the complexes of CSD 4 with 
Mg 2+ show that ¢~ does not depend on concentration at 
least at C t > 1.10 -5 tool L -I (¢~ was not measured at 
lower concentrations) and, consequently, IogK a 2 6. 
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