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Photochromic  crown ethers  
Formation of ion pairs, trans--cis-isomerization, 
and metal ion binding in a nonpolar medium 
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An amphiphilie crown-containing styryl dye (1) was synthesized, and the effects of 
irradiation, temperature, and alkali and alkali-earth metal ions on the conductivity and 
optical spectra of its solutions in dioctyI phthalate were studied. Compound 1 in the trans- 
form almost completely exists as ion pairs (IP). Irradiation at a long-wavelength absorption 
maximum (Lmax) results in a reversible increase in the conductivity and, hence, a degree of 
dissociation of IP (ct); these parameters decrease when complexes with metal ions are 
formed. The relaxation times tbr the photoinduced conductivity coincide with a decrease in 
the extinction within experimental error in the 20--60 ~ temperature range. The photoin- 
duced increase in a is caused by trans--cis-isomerization and an increase in steric hindrances 
for the interaction of the CIO 4- anion with the N + atom of benzothiazotium in the cis-form 
of I. The activation energies for the dark cis--trans-relaxation, absolute ct values, and 
thermodynamic parameters of dissociation of IP in the trans-form, as well as the ~ values in 
a photostationary mixture of cis--trans-isomers, were estimated. The decrease in ct after 
binding with metal ions is likely caused by the redistribution of the positive charge to 
benzothiazoLium through the conjugated system of 1. Correlations between the decrease in 
conductivity (decrease in c~) and the hypsochromic shift A3.ma x after the formation of 
complexes between 1 and metal ions were observed. 

Key words: crown ethers, styrene dyes, ion pairs, cis--trans-isomerization, electro- 
conductivity, photochromism. 

Photochromic crown ethers (PCE) are a new class of 
compounds containing an aromatic heterocycle and a 
crown ether (CE) conjugated through the ethylene bond. l 
Under irradiation with visible light, PCE undergo re- 
versible rrans--cis-isomerization resulting in changes in 
the electronic absorption spectra and the affinity of the 
CE fragment for metal ions. z,3 Due to these properties, 
PCE are promising photocontrolled ionophores in lipid 
membranes and other nonpolar media. 

The photochemical properties of PCE and their for- 
mation of complexes with metal ions have previously 
been studied z,3 in strongly polar solvents only. Since 
PCE are, as a rule, cations or zwitter ions, the formation 
of ion pairs (IP) can exert a substantial effect on their 
ability to transport ions and on processes of  trans--cis- 
isomerization and complex formation in a nonpolar 
medium (membrane). In the present work, the correla- 
tion between these properties was studied. For this 
purpose, the absorption spectra and conductivity of  so- 
lutions of the amphiphilic crown ether in the dark and 
under irradiation were studied. The experiments were 
carried out in the viscous nonpolar solvent dioctyl ph- 
thalate, which is widely used for the preparation of ion- 
exchange liquid and polymeric membranes. 
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For the studies in a nonpolar  medium (membrane), 
PCE (1) containing hydrophobic substituents (Ph in 
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posi t ion  5 and  the  C18H37 g roup  in pos i t ion  3) was 
synthes ized ,  trans-Isomer 1 is f o r m e d  w h e n  quaternary.  
salt  2 and  the  formyt  der ivat ive  of  C E  3 are c o n d e n s e d  
in the  p resence  o f  pyr id ine  as the  cata lys t  ( S c h e m e  1). 

E x p e r i m e n t a l  

IH NMR spectra were recorded on a Bruker AMX-400 
spectrometer (frequency 400.13 MHz) at 300 K. Chemical 
shifts were measured with an accuracy of 0.0l ppm, and SSC 
constants were measured with an accuracy of 0.1 Hz. 

The structure of the compounds synthesized for the first 
time was proved by iH NMR and confirmed by the elemental 
analysis data. 

4"-Formylbeltzo-18-erowo-6 (3) was obtained by the 
forrnylation of benzo- 18-crown-6 under  conditions of the Duff 
reaction "~ in 53% yield, m.p. 157 ~ (cf Ref. 5). 

2-Methyl-3-octadecyi-5-phenytbenzothiazolium perehlorate 
(2) was obtained by the previously described procedure. 5 A 
mixture ofoctadecyl alcohol (2.7 g, 0.01 mol) and tosyl chlo- 
ride (1.9 g, 0.01 tool) was dissolved in dichloromethane 
(20 mL), and triethylamine (1 g, 0.9 mL, 0.00l mol) was 
added dropwise. The solution was stored at -20 ~ for 1 day 
and washed with water to remove the triethylarnmonium salt. 
The solvent was distilled off on a rotary, evaporator, and the 
residue was chromatographed on alumina using ether as the 
eluent. The yield of octadecyl p-toluenesulfonate (4) was 
3.85 g (91%) with m.p. 88 ~ (cf Ref. 6). 

Ester 4 (1 g, 2.5 retool) was fused with 2-methyl-  
5-phenylbenzothiazole (0.56 g, 2.5 retool) at 150 ~ for 3 h. 
The product was recr2v.'statlized from benzene, dried, dissolved 
in ethanol, and cone. HC10 4 (1.5 mL) was added to the hot 
solution. Benzothiazolium salt 2 precipitated after cooling and 
was filtered off and dried. The yield was 0.88 g (65%), m.p. 
154 ~ ~H NMR (CDCI3), & 0.98 (m, 3 H, Me); 1.36--1.45 
(m, 30 H, 15 CH2); !.42 (m, 2 H, CH~)i 2.02 (m, 2 H, CH2); 
3.14 (s, 3 H, CH3); 4.49 (t, 2 H, CH2N); 7.62--7.70 (m, 4 H, 
C6H 5 of benzothiazole) ;  7.85--7.89 (m, 3 H, CrH 5 of 
benzothiazole); 8.97 (s, 1 H, H-4 of benzothiazole). Found 
(%): C, 66.17; H, 8.53; N, 2.29. C32H48NO4S. Calculated 
(%): C, 66.47; H, 8.37; N, 2.42. 

2- [2-(2,3,5,6,8,9, t  1,12,14,15-Deeahydra- 1,4,7,10,13,16- 
hexaoxabenzocyelooctadeein-  18-yl)ethenyl]-3-octadecyl-5- 
phenylbenzothiazolium perchlofate (1).  Quaternary salt 2 
(0.25 g, 0.43 retool), the formyl derivative of crown ether (CE) 
3 (0.15 g, 0.44 retool), Py (0.5 mL), and abs. ethanol (5 mL) 
were mixed in a flask with a reflux condenser. The mixture was 
refiuxed for l0 h, ethanol and pyridme were distilled off, and 
the residue was twice treated with hot hexane to remove 
unconsumed CE and recrystallized from methanol. The yield of 
I was 0.I g (27%), m.p. 185 ~ IH NMR ((CD3)2CO), 5:0.88 
(m, 3 H, Me); 1.29 (m, 28 H, 14 CH2); 1.42 (m, 2 H, CH2); 
1.60 (m, 2 H, CH,);  2.t7 (m, 2 H, CH2); 3.63 (m, 4 H, e,e ' -  
CH20); 3.66 (m, 4 H, 5,5"-CH~O); 3.73 (m, 4 H, ~,,~,'-CH20); 
3.92 (m, 4 H, 13",13"-CH20); 4.29 (m, 4 H, ct ,~ ' -CH20);  5.19 
(t, 2 H, CHoN); 7.16 (d, 1 H, H-5 of benzocmwn ether), 
7.45--7.62 (m, 4 H, H-6 of benzocrown ether, C6H5); 7.67 (s, 
1 H, H-2 ofbenzocrown ether); 7.85 (d, 2 H, C6H5); 7.97 (d, 
1 H, Ha, Jrrans = 15.9 HZ); 8.11 (d, 1 H, H-6 of benzo- 
thiazole); 8.29 (d, I H, Hb, J~ns = 15.9 Hz); 8.44 (d, 1 H, H-7 
of benzothiazole); 8.49 (s, I H, H-4 of benzothiazole). 

Na, K, Mg, Ca, and Ba perchlorates (chemically pure 
grade) were used. Dioctyl phthalate (DOP) (pure grade) was 

triply distilled in vacuo until a constant  value of  the refractive 
index was achieved: no 2~ = 1.4860. 

The viscosity of DOP was measured on a Hoeppter visco- 
simeter with thermostatting. 

Absorption spectra were recorded on a UV-3100 instru- 
ment (Shimadzu) in cells with quartz inserts of  different 
thickness, and the optical path length was varied from 1 zo 
5 �9 10 -2 era, which made it possible to study solutions in the 
10-5--10 -3 tool L -1 concentration range. 

The conductivity of solutions of  1 was measured on  a 
home-made  bridge-type i n s t r u m e n t  using a 232-V 
nanovoltmeter as a zero-device. The a.c. frequency was varied 
in the 5--104 Hz range. The sensitivity of the instrument was 
5 .10  -12 Ohm -1 cm -[  with an accuracy of  0.5% in the 
10-1~ -5 Ohm -I cm -1 range. The measurements were car- 
tied out in a thermostatted cell with a distance between 
electrodes of 0.7 ram. A conducting glass 3 rnm in diameter 
with a coated layer of tin dioxide was one of the electrodes. A 
nontransparent platinum film applied onto a quartz support 
served as the second electrode. 

Reactions with alkali (Na, K) and alkali-earth (Mg, Ca, 
Ba) metal ions were studied by the addition of perchlorates of 
these metals (concentration 10 mmot L - ] )  in isopropanol to a 
solution of 1 in DOP followed by the removal of isopropanol 
on a rotary evaporator. 

KGM (90 W) and DKSSh-200 lamps were used as light 
sources. Light irradiation during optical and electrical mea- 
surements was carried out through SZS-8 and interference 
(with a transmission maximum at 432 nm) light filters under  
maximally similar conditions of irradiation. In some kinetic 
experiments, an [FK-120 flash lamp with a pulse energy of 
20 J and pulse durations of 5 ms was also used. The light 
intensity incident on the sample was measured by a bolometer. 
For measurements with KGM and IDKSSh-200, fight intensity 
was 9.4 and 45 W cm -2, respectively. 

Results and Discussion 

Formation of ion pairs and trans-cis isomerization. 
The  d e p e n d e n c e  of  the  da rk  speci f ic  c o n d u c t i v i t y  of  
solut ions  of  1 in D O P  on  the  c o n c e n t r a t i o n  of  1 (c) in  
the  range  of  0 to  0.5 m m o l  L - l  is desc r ibed  sa t i s fac to-  
rily by the  e q u a t i o n  (Fig. 1): 

cr o = crDO + BDcl/2, (I)  

where  ~D ~ ~ 4.7"  10 -11 O h m  - I  c m  -1 at  25 ~ is the  
conduct iv i ty  o f  D O P  in the  a b s e n c e  o f  1, 

B D = (11.6+0.4)-10 - I~ Ohm - I  cm - t  mmol - t /2  L 1/2. 

The  r e p l a c e m e n t  o f  CIO 4-  w i t h  t he  la rger  a n i o n s  
t e t r apheny l  bora te  ( T P B - )  a n d  p ic ra te  ( P C - )  by the  
addi t ion  of  the  co r r e spond ing  s o d i u m  salts to  the  a q u e -  
ous phase  ( the  expe r imen t s  were  ca r r i ed  ou t  o n  n i t roce l -  
lulose m e m b r a n e s  sa tura ted  w i t h  D O P )  increases  cr D by 
6 and  3 t imes ,  respect ively,  w h i c h  is subs t an t i a l ly  ~ e a t e r  
t h a n  the  increase  p roduced  by  b o t h  sal ts  in the  absence  
of  1 (20 - -30%) .  

The  conduc t iv i ty  o f  so lu t ions  o f  1 in  D O P  increases  
when  t hey  are i r radiated wi th  v is ib le  l ight  for  1 min ;  in 
the  dark it decreases  again  to the  in i t ia l  value.  The  
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Fig. 1. Concentration dependences of the dark conductivity. 
f 1) and photoconductivity (2) of solutions of crown ether 1 in 
dioctyl phthalate. Dots indicate experimental values. Solid 
lines show simulation by Eq. (I) using the nonlinear least- 
squares method. 

kinetics of the decrease in photoconductivity (~e) at 
20 ~ cannot be satisfactorily described by one expo- 
nent; however, using the nonlinear least-squares method, 
it can be approximated by a sum of two exponents with 
good accuracy (Fig. 2). Because at other temperatures 
the number of points on the kinetic curves was insuffi- 
cient to perform an analogous expansion, the half-times 
of conversion (tip.) were used in further discussion to 
characterize the relaxation kinetics of crp. 

Similarly to ~D, the concentration dependence ofcrp is 
satisfactorily described by Eq. (1) (Fig. 1) with the value 

cr- 109/f1-1 cm -I -c~.  10 .4 

0 140 

l~  -'~1 1.5 
I_'y--lv 

0.35 [2 

I ~"--"~-"~- -''~"~- _---~a~..~ 0.5 

0 . 3 0  �9 z , I , I , ~ , I , l 

0 2 4 6 8 t/rain 

Fig. 2. Kinetics of the dark relaxation of extinction in the 
band at k = 440 nm (/) and of the conductivity (2) of 
solutions of 1 in dioctyl phthalate after irradiation in the same 
absorption band. Irradiation was carried out with a DKSSh- 
200 lamp through SZS-8 and interference light filters with a 
transmission maximum at 432 nm. The concentration of 1 is 
0.1 mmol L -~, temperature 20 ~ Dots indicate experimen- 
tal values. Solid lines present simulation by a sum of two 
exponents Alexp(-t/tl) + A2exp(-t/t2) using the nonlinear 
least-squares method. The characteristic decay times t I and t 2 
are equal to 0.64+0.05 and 3.44___0.5 rain, respectively. The 
contribution of the fast exponent is 55+9%. 

of Bp = (4.4+0.1)" 10 -~~ Ohm - i  cm -I mmo1-1/2 L U2 
for a light intensity of 45 W cm -2. The ~p/(cr D - aD ~ 
ratio is 35--40% when the concentration of 1 is equal to 
0.1 mmol L - l .  

The photoinduced changes in the absorption spectrum 
of I are presented in Fig. 3. The main effect, as for other 
PCE in polar media, 1-3 is a decrease in the ex'tinction of 
the absorption band with a maximum at 440 nm (e440)- 
Like those for conductivity, at short irradiation times 
(1 min), the changes in extinction are reversible and are 
repeated with subsequent irradiation. It is important to 
note that the relaxation kinetics of crv and e440 coincide 
within experimental error (Fig. 2) when the light inten- 
sity and spectral composition are maximally similar in 
both experiments. Similar values of tt/2 for at, and ~440 
are observed in the 20--60 ~ range, where t i~  changes 
by more than an order of magnitude. The temperature 
dependences of ;1/2 for Crp and ~,e440 as well as those of 
the dark conductivity of solutions of 1 and the viscosity of 
DOP (rl) are exponential. The activation energy of the 
conductivity E(oo) and viscosity E0]), the relaxation 
half-times of photoconductivity E(t~p), and extinction 
(cis--trans-isomerization) E(te), as well as the thermody- 
namic parameters of association of the ion pairs 1+C104 - 
at 20 ~ (~G d, cx//jkcal mol - l ;  ASafcal tool -~ deg-t; 
Kd/L mol - l )  are presented below. 

E(crD) E(q) E(top) E(tr) /i" d �9 109 AG d AH d AS d 
10.8-2_'0.1 8.7+0.7 11.6+0.6 10.9+0.9 2.7+0.1 11.8 4.2 27.3 

The quantum yield of isomerization of 1 (13) was 
determined for small degrees of tram--era-conversion: 
A~440 = 9%. Since for the maximum intensity and maxi- 
mum irradiation dose, the e440 value decreases from 
3.4-104 to 1.4-104, for the c~-form, e440 < 1.4-104. 
(According to the published data, 3 for the analog of 1 
containing no phenyl substituent, e440~ ~ 0.25e440t'~. 

D 

0.3 

0.2 

0.l 

0 
400 450 500 k/nm 

Fig. 3. Absorption spectra of a solution of 1 in dioctyl phtha- 
late: initial (/), after irradiation in the band at 432 nm for 
1 min (2), during interaction with Ca 2+ ions (3). The concen- 
tration of 1 and CaC104 is 0.1 mmol L -1. The optical path 
length is 0.1 cm. 
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Thus, for ~8,t40 ~ 9%, the degree of trans--cis-conversion 
was not greater than 15%, and the contribution of the c/s- 
form to the ',3~40 value did not exceed 7% of the indicated 
value, i.e., the main changes in e are caused by a change 
in the content of the tram-form. The value of 13, which 
was determined taking into account nonuniform irradia- 
tion over the cell thickness (d = 0.5 ram, e440 = 
3.4. 104), is equal to 0.3. In analogous measurements of 
the quantum yield of crp, the effect of light reflection from 
the platinum electrode was additionally taken into ac- 
count. This gives ~p = 0.35" 10 - I~  Ohm -i  cm - l  for a 
flux of 2" 10 Is photon s - l  on a cell in the spectral range 
determined by the transmission width of the interference 
light filter (12 nm). 

For both anions, T P B -  and PC- ,  ~p/(cr D - ~D ~ 
3O%. 

Interaction with metal ions. The formation of com- 
plexes of 1 with metal ions in DOP solutions in the 
dark, as in polar m e d i a )  -3  results in a hypsochromic 
shift (rkmax) and a decrease in the extinction of the 
long-wavelength band (in the absence of ions, Lma x = 
440 nm). When salts are added, cr D does not increase, 
but decreases, and correlations (different for mono- and 
divalent metal ions) are observed between Ac D and 
,xT~. ~x (Fig. 4). 

Visual light irradiation results in an increase in the 
conductivity of the complexes, but to a lower extent 
than for free 1 (Table 1). The increase in s and its 
decrease in the dark at the concentration of 1 of 
0.1 mmol L -I and irradiation time of 1 rain are revers- 
ible. The relaxation times h/2 of Crp and e440 are close to 
each other and to the tt/2 times for free 1. 

An increase in the conductivity due to 1 is caused by 
flee ions that e~st  in the organic phase along with 
electrically neutral IP l+CIO4 -. This can be seen, in 
particular, from the experiments on the replacement of 

,xcr- lOlO/D. - l  cm -z 
Ba 2+ 

.j 2 
8 

6 M g 2 ~  K+ 

Na + / / Ba 2+ 

2 J I I ~ " 1 ' ~ ' ~  J I i ) a I r I I g , 1  

0 2 4 6 8 10 12 Ak/nm 

Fig. 4. Correlations between the short-wavelength shift of the 
absorption band maximum of 1 (A;qn~. x) and the decrease in 
dark conductivity (1, 2) and photoconductivity (1", 2") of 
solutions of 1 due to formation of complexes with alkali (1, 1") 
and alkali-earth (2, 2") metal ions. 

Table 1. Effect of binding of cations with 1 on the position of 
the long-wavelength absorption maximum (kmax), dark con- 
ductivity (CrD), ~I,/~D ratio, and degree of dissociation of IP in 
",he trans-forrn (at9) and in the photostationary cis--trans- 
mLxture (c~p). The concentration of 1 in dioctyl phthalate is 
I m m o l  L -L  

Cation ?wnax ~D" 10-10 O-p/~ D c t  D �9 10 -3 Ctp" 10 -3 
/rim /Ohm -~ cm -a 

- -  440.4 11.9 0.419 1.76 2.50 
Na + 437 7. l 0.408 1.05 1.48 
K ~- 430.8 6.05 0.380 0.89 1.23 
Mg *+ 438.4 6.28 0.406 0.93 1.31 
Ca ++ 431.6 4.13 0.216 0.61 0.74 
Ba ++ 426 3.0l 0.146 0.25 0.52 

counterions. There is 3--6-fold increase in ~ D  when 
CIO 4- is replaced by more bulky T P B -  or P C-  caused 
by the fact that the degree of dissociation of the I+TPB - 
or I+PC - IP is higher than that of the 1+CIO4 - ion 
pair. 

Along with the formation of IP, in a nonpolar me- 
dium the aggregation of molecules 1, similar to that of 
other dyes, is also possible. 7 This aggregation can affect 
the ~1 ~ value due to a decrease in the mobility and a 
change in the degree of dissociation of IP, it can also 
change the kinetics and affect the value of photoinduced 
changes in the conductivity and extinction.* In this 
work, the main experiments were carried out for com- 
paratively Iow concentrations of 1, and in the discussion 
of the results presented above, in the first approximation 
we neglect the effect of aggregation. The arguments in 
favor of this approximation are the concentration de- 
pendences of the dark conductivity and photoconductiv- 
ity, which can be satisfactorily described by the c 1/2 law 
(see Fig. 1) in the 0.05--0.5 rnmol L - l  range. This 
dependence can be derived from a simple model of 
dissociation of IP: 

Ke : (2) 
[t+ClO:] , 

o- D -- ~D 0 = 10-3(All1 +] + AClO4-[CIO4-]), 

where [1 +] and [C104- ] are the molar concentrations of 
free ions. According to Eq. (2), [1+], [CIO4- ] = cl/2Kdl/2; 
c = c o is the concentration of 1" and A t and Aczo.- are the 

' 4 

equivalent conductivities of ions, Ohm - t  g-equiv - l  cm 2. 
The concentration of free ions and the degree of 

dissociation (ct) of the 1+CIO4 - pair can be estimated 
from the c D values with the assumption that the mobil- 
ity of the ions in the electric field satisfies the Stokes-- 
Einstein law. In terms of this theory, the Az/Ac)o4- ratio 

* The next publication of this series will be devoted to aggre- 
gation effects. 
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is equal to the ratio of friction coefficients of ions, 
which, in turn, are determined by their effective radii 
and Perrin 's  nonsphericity factor; 8 in addition, the fol- 
lowing relation holds 9 

:x.r~ = const. (3) 

The C104- anion is spherical with a radius of---3 ~. 
The average radius of 1 (re~) corresponding to a sphere 
of the same volume as for a molecular ellipsoid, and the 
ratio of the semiaxes, a/b for this ellipsoid were esti- 
mated by calculating the conformation of 1 by the 
molecular mechanics method (PC MODEL program). 
The calculations showed that the a/b ratio depends 
substantially on the conformation of the C18H37 radical; 
however, the rdr values calculated with account for 
Pen-in "s factor (F): reff = /~r~ff ~ differ slightly for dif- 
ferent conformations. For example, for one of the two 
conformations with maximally different a/b ratio, the a 
and b values are equal to 13.5 and 6 A, respectively; 
rerr ~ ~ 7.9 A, and taking into account the F factor, 
rr ~ 10 A. For the second conformation, a -~ 10.6 .A,, 
b~  l l . l  ,~., and r:rT= 10.8 ,/L Thus, AI/Ac~o4- ~ 0.3 for 
both conformations. The Aclo.-  values are equal to 70.9 
and 33.8 Ohm 1 g-equiv -] cr~ 2 at 25 ~ in methanol 
and ethanol, respectively, t~ The viscosity of DOP mea- 
sured at 22 ~ is equal to 65 cP. Equation (3) gives the 
0.51--0.53 Ohm -~ g-equiv - t  cm 2 range for Aclo4- in 
DOP. Based on this est imate,  one obtains for 
c o = 0.1 mmol L -I  [1+], [C104-] = (5.2+0.1)-10 -7 
mol L -l .  This corresponds to ct _~ 5.2- 10 -3, i.e., almost 
all molecules of 1 in a DOP solution exist as IP. The 
dissociation constant of IP is related to the degree of 
dissociation by the correlation K a = c~2c0; the values of 
K d at 20 ~ are given above. 

Similar estimates of the degree of dissociation of IP 
were obtained for 1 with the concentration of 1 mmol L -I 
and for complexes of 1 with metal ions (see Table I). 

The similar tl/2 values for e440 and r and the similar 
activation energies, E(t~p) and E(t,), show that the 
photoconductivity is caused by the trans--cis-isomeriza- 
tion of 1. The nature of this effect is of considerable 
interest. Since the contribution of l + to the ere value is 
relatively small (a30%) and the change in the mobility 
of 1" due to the change in its geometrical size that 
occurs with the trans--cis-transition is also small (ac- 
cording to the calculation, Perr in ' s  factor changes by no 
more than 3--5%), the value of ~p is due not to the 
change in the mobility, but to the change in the concen- 
tration of ions, i.e., to an increase in the degree of 
dissociation of IP. 

The transition to the cis-form is accompanied by a 
change in the electron and charge density distribution, 
in particular, by an increase in the positive charge on the 
N atom of benzothiazolium with which the CIO 4- anion 
interacts in IP due to partial distortion of the conjuga- 
tion between benzothiazolium and the crown ether. This 
should result in an enhancement  of the interaction 
between the CIO4- anion and the N + atom and, hence, 

a decrease in a. The experimentally observed increase in 
ct shows that this effect is not predominant. It is likely 
that the increase in c~ during trans--cis-isomerization is 
caused by conformational changes in the dye molecule 
and in the packing of the bulky hydrocarbon substituent, 
due to which the distance from the CIO 4- ion to the N ~- 
atom in the cis-form increases. It is noteworthy that 
although the absolute values of ct are not high, the 
relative change in ct during trans--cis-isomerization is 
considerable. For example, crp/~r D ~ 30--40% when the 
intensity is equal to 1015 photon cm -2 s -1. Since during 
irradiation compound 1 is a photostationary mixture of 
cis- and trans-forms, 30--40% is a lower estimate for the 
increase in a in the cts-form. 

The temperature dependences of A t and AcIoc in 
the Stokes--Einstein model are determined by the tem- 
perature dependence of the viscosity (rl). Since the 
~D--~D ~ value is equal to the product of A I and Aclo~- 
times the concentrations of these ions (Eq. (2)), the 
difference between the activation energies of the c D and 
11 values is equal to the activation energy of the forma- 
tion of the 1 + and CIO 4- ions, i.e., it is half the value of 
the dissociation enthalpy of the 1+C104 - IP in the 
trans-form (11+],[C104 -] - Kdl/2). * 

The free energy (AGd) and entropy (ASd) of disso- 
ciation of IP were also determined from the K d value 
using the standard thermodynamic correlations. The 
obtained values* show that the main contribution to the 
stabilization (ionization) of IP is caused by changes in 
entropy. 

It can be seen that the activation energy of cis-- 
trans-relecxation is somewhat greater than the activation 
energy of viscosity. It can be assumed that the cis-- 
trans-isomerization includes two stages, one of which is 
independent of the viscosity and is characterized by a 
low activation enemy; the rate of the second stage is 
limited by the viscosity in accordance with the Kramers 
diffusion theory, tt 

The effect of IP on cis--trans-isomerization, the 
lifetimes of triplet states, and electron transfer are known 
for cyanine dyes. 12,13 As can be seen from the results 
obtained, for PCE the transition from polar to nonpolar 
solvents, which is accompanied by the formation of IP, 
does not change, at least qualitatively, the spectral mani-  
festation of cis--trans-isomerization. In this work, the 
opposite effect was observed: trans--c/s-isomerization 
had an effect on the dissociation of IP. As far as we 
know, this effect has not previously been described. The 
nature of this effect is likely due to the reversible changes 
in the conformation and the spatial molecular packing 
that occur during isomerization. 

The decrease in ~D caused by binding of the metal 
ions means that the newly formed IP (metallocomplex 
crown ether--C104-) is not dissociated; moreover, the 
insertion of a metal ion in the CE decreases the degree 

* The ,_k/[a, ~,Sd, and ~xG d values thus obtained are presented 
on page 1241. 
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of dissociation (Aa < 0) of the 1+C104 - IP in another 
part of the molecule. 

Unlike trans--cis-isomerization, the binding of a metal 
ion with a CE fragment likely does not change the 
conformation or molecular packing near the N + atom of 
benzothiazolium. On the other hand, it is known that 
for PCE and its metal complexes, the long-wavelength 
transition corresponds to the transfer of charge between 
the withdrawing (benzothiazolium) and donating (CE) 
regions. The binding of a metal ion by CE changes the 
effective charge on this fragTnent, which results in a 
hypsochromic shift of kmax and the redistribution of 
positive charge through the conjugated system to 
benzothiazolium. 14 Thus, ALma x reflects the change in 
the electron (charge) distribution in I during complex 
formation. Therefore, based on the sign of Aa (unlike 
the sign of A~ during trans--cis-isomerization and the 
observed correlation between A~ o and Ak.,na x (Fig. 4)), 
we can conclude that the decrease in the degree of 
dissociation for the initial IP 1+CIO4 - after binding with 
a metal ion is caused by changes in the charge distribu- 
tion rather than changes in the conformation, namely, 
by the transfer of positive charge from the CE to the N + 
atom through the conjugated system of the dye, which 
results in an increase in the Coulomb attraction in the 
[P. The relations between Lma x and the chaxge on the 
N + differ for mono- and divalent cations, which results 
in different correlation dependences for alkali and al- 
kali-earth metals (Fig. 4). 

Thus, in this work. the amphiphilic photochromic 
crown ether (1) was synthesized for the first time; its 
cis--trans-isomerization, formation of ion pairs, and for- 
mation of complexes with alkali and alkali-earth metal 
ions were studied in a nonpolar medium with irradiation 
and in the dark. It was established that the degree of 
dissociation of IP ct depends in different ways on trans-- 
cis-isomerization and on complex formation, i.e., these 
effects have opposite signs and occur via different mecha- 
nisms. The increase in ct during trans--cis-isomerization 

is likely caused by an increase in steric hindrances to the 
interaction of the C]O 4- anion with the N + atom of 
benzothiazolium, and the decrease in c~ caused by the 
formation of complexes with metal ions is due to the 
redistribution of positive charge from the crown ether 
fragment to the N + atom. 

The authors are grateful to A. M. Pronin for help 
with the computer simulation of conformations of com- 
pound 1. 
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