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Photoinduced electron transfer in ion pairs of cation-anion polymethine dyes was studied 
b y  flash photolysis. The formation of radicals, which are the products of photoinduced 
transfer of an electron from an anion to a cation in the ion pairs, was observed during 
photoexcitation of a number of cation-anion dyes in nonpolar and some weakly polar 
solvents (in particular, in toluene and chloroform). Photoinduced electron transfer is also 
observed during triplet sensitization of ion pairs of the cation-anion dyes. The redox 
potentials of the cations and anions constituting the dyes were measured; the radical yields 
were compared with the free energies of photoinduced electron transfer. Photoinduced 
electron transfer in the systems under study was compared with similar process in cyanine- 
borate ion pairs. 
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Ca t i on -an ion  po lymeth ine  dyes belong to a new 
class of  ionic  dyes in which both a ca t ion and an anion 
are dyes. The i r  photophys ica l  and pho tochemica l  p rop-  
erties in polar  solvents are identical  with those o f  mix-  
tures of  the  corresponding cat ionic  and anionic  dyes 
with s imple counter ions .  However ,  in weakly polar  and 
nonpo la r  solvents, where the  dyes form ion pairs, these 
proper t ies  may  change drastically.  In  part icular ,  we 
established tha t  a new short-wave intense band inactive 
in f luorescence exci ta t ion spectra  appears  in the  absorp- 
t ion spectra  of  a number  of  ca t ion -an ion  polymeth ine  
dyes as a result  of  the  in terac t ion  between the cat ion and 
anion  chromophores .  1,z Other  effects due to the  prox-  
imi ty  of  a ca t ion  and an anion  may  also be manifes ted in 
ion pairs,  e.g., s inglet-s inglet  energy transfer  between 
the ions. In  this process,  photoexc i ta t ion  of  one o f  the 
ions gives rise not  only  to its own f luorescence but also 
to the  f luorescence o f  a counter ion.  Fur the rmore ,  if  the  
redox potent ia ls  of  the  ions are low in magni tude,  
e lec t ron  transfer  be tween the ions may  be expected 
during the pho toexc i ta t ion  o f  ion pairs of  such dyes, 
s imilar  to tha t  observed for cat ionic  cyanine dyes with 
bora te  counter ions  having low oxidat ion  p o t e n t i a l s )  

In  the  present  work, pho to induced  e lect ron transfer  
was s tudied for a number  o f  ca t ion -an ion  po lymeth ine  
dyes, whose spectral  and f luorescent  propert ies  have 

been investigated earlier. 1,2 The half -wave oxidat ion (for 
anions) and reduct ion (for cations) potent ia ls  of  the 
corresponding simple anionic  and cat ionic  dyes were 
also measured  to character ize  the  e lec t ron transfer  proc-  
ess. 

Experimental 

Cation-anion dyes containing anions A1--A14 and cations 
C1--Clo, as well as the corresponding simple anionic and 
cationic dyes with cations K +, Me2NH2 +, H + and anions I - ,  
CIO4-, p-MeC6H4SO2- , were studied. The dyes 1--22 were 
synthesized 4,5 at the N. D. Zelinsky Institute of Organic 
Chemistry of the RAS. Acetonitrile and chloroform of "pure" 
grade, as well as toluene of "pure for analysis" grade were used 
as solvents. Chloroform was passed through a column with 
AI203 in order to remove traces of acid. 

Differential absorption spectra and decay kinetics of dye 
photoproducts were measured by flash photolysis using an 
apparatus with a flash energy of 50 J and duration (at the half 
height) of 5 .10  -6 s. Photoexcitation of dye solutions (dye 
concentrations were (1--5) �9 10 -6 moI L -1) was performed at a 
long-wave absorption band of the cation or the anion. Oxygen- 
free solutions of dyes were prepared by the freeze--pump-- 
thaw method. Quantum yields of dye radicals were measured 
by using triplet states of methylene blue in ethanol (the triplet 
quantum yield is 0.52, see Ref. 6 ;  )~max T-T = 825 nm, 
~max T-T = 1.65 " 104 L mol -I  cm - l ,  see Ref. 7) or eosin in 
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ethanol (the triplet quantum yield is 0.71, ~,max T - T  = 580 rim, 
~max T-T = 9.4" 103 L mo1-1 cm -1, see Ref. 8) as standards. 
For identification of the photoproducts the dye radicals were 
obtained by reacting the dye triplet states (cations or anions) in 
acetonitrile with an electron donor or acceptor, respectively. 
2,4,6-Trimethylphenol was used as the electron donor, an- 
thraquinone as the electron acceptor. Because most of the dyes 
studied have low triplet quantum yields, their triplet states 
were obtained by triplet-triplet energy transfer from polyeyclic 
hydrocarbons, anthracene (E T = 14700 cm-1), 1,2-benz- 
anthracene (E T = 16500 cm-l),  1,2-benzopyrene (E T = 
18500 cm-l),  3,4,8,9-dibenzopyrene (E T = 12040 cm-l),  
3,4,9,!0-dibenzopyrene (E T = 14060 cm-l), and tetracene 
(E T = 10250 era-l). The triplet energies of the dyes were 
estimated from triplet energies of the donors necessary to 
populate the dye triplet states. 

Polarographic half-wave oxidation (Eox) and reduction 
(Ered) potentials of the dyes were measured at the A. N. 
Nesmeyanov Institute of Organoelement Compounds of the 
RAS, on an ECM-700 universal polarograph (at a platinum 
electrode). Acetonitrile was used as the solvent, tetraethylam- 
monium perchlorate or tetrabutylammonium tetrafluoroborate 
was the supporting electrolyte. The speed of a potential change 
was 1 V s -1. Acetonitrile was purified by refluxing sequentially 
over Nail, P205, and Call2, followed by rectification on a 
1.5-meter column. In this work the potentials are given vs. a 
normal calomel electrode. Ferrocene (Eox = 0.40 V) 9 was used 
as the standard in measuring oxidation potentials, while 
1 ,1 ' -die thyl-2 ,2 ' -cyanine (C8; Ere d = -1.168 V), 10 
3,3 '-diethylthiamonomethincyanine (C3; Ere a = -1.485 V), 1~ 
and 3,3"-diethyl-10-methylthiadicarbocyanine (C6; Ere d = 
-0.969 V) 11 were the standards for measuring reduction poten- 
tials. All measurements were made at 19_+1 ~ 

Results and Discussion 

trans--cis-Isomerization is known to be one of  the 
main photochemical  processes that follows the photo-  
excitation of  polymethine dyes. 12 In accordance with 
this, photoexcitat ion of  most o f  the cat ion-anion dyes 
studied in polar as well as in nonpolar  solvents also gives 
rise to the appearance of  dye photoisomers (cations 
and/or  anions). 13 However,  the formation of  additional 
photoproducts  absorbing at shorter wavelengths than the 
initial dyes and decaying in the millisecond range is 
observed in some cases in weakly polar and nonpolar  
solvents (e.g., in chloroform and toluene) in the absence 
of  oxygen. F rom a comparison of  the absorption spectra 
o f  these photoproducts  with those o f  the radicals ob- 
tained from the dye triplet states under  the influence of  
electron donors or acceptors, we draw the conclusion 
that the photoproducts  are formed as a result o f  single- 
electron transfer between the anion (A-)  and the cation 
(C+), which are converted into radicals o f  the anion and 
cation constituting the cat ion-anion dye (A" and C ' ,  
respectively). Figure 1 shows the absorption spectra o f  
the photoproducts  (except for photoisomers) formed 
during the photoexcitat ion of  dye 17, which contains 
cation C 6 and anion A10, in chloroform (1) and, for 
comparison, the absorption spectra of  radicals C" and 
A" (2 and 3) which appear during the quenching of  the 
triplet states o f  the simple dyes (cation C 6 and anion 
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Fig. 1. Absorption spectra of the photoproducts (except for 
photoisomers) formed upon photoexcitation of dye 17 in 
chloroform (/) and the radicals appearing during quenching of 
the triplet states of cation C 6 by an electron donor (2) and of 
anion AI0 by an electron acceptor (3) in acetonitrile. The total 
absorption spectrum of radicals A" and C '  formed during 
quenching of the triplet state of cation C 6 by anion A10 in 
acetonitrile (4). 

A10 ) in acetonitrile by an electron donor  and acceptor, 
respectively. The total absorption spectrum of  radicals 
A" and C" formed in quenching of  the triplet state of  
cation C 6 by anion A10 in acetonitrile (4) is also given. It 
can be seen from Fig. 1 that the absorption spectrum of 
the photoproducts  of  dye 17 in chloroform is similar to 
the total spectrum of  radicals C and A" (in chloroform 
the absorption spectrum of  A" is shifted to a somewhat 
longer wavelength than in acetonitrile). 

It should be noted that the direct photoexcitation of  
cat ion-anion dyes in polar solvents does not  lead to the 
formation of  radicals C" and A ' .  The t ime of  radical 
formation is much  shorter than the lifetime of  the triplet 
state of  the dyes (5 �9 10-5--2 �9 10 -4 s under  experimental 
conditions) and is limited by the duration o f  the exciting 
flash. Since the cat ion-anion dyes in weakly polar sol- 
vents are known to be in the form of  ion pairs, 1 which 
are absent in polar solvents, it is possible to conclude 
that the radicals are formed in ion pairs as a result o f  
photoinduced electron transfer involving an excited sin- 
glet state of  the cation or anion according to the follow- 
ing scheme: 

[C+..A -] + hv ~ ([C+*..A -] or [C+..A-*]) --~ 
[C ' . .A ' ]  -a. C" + A" , ( I)  

where [C+..A - ]  is an ion pair of  the cat ion-anion dye. 
Ion pair formation brings the cation close enough to the 
anion so that electron transfer can occur  between them. 
In polar solvents (e.g., in acetonitrile or isopropanol),  
where the dyes exist as dissociated cations and anions, 
the realization o f  such an electron transfer would require 
very high concentrat ions o f  the dyes, which is practically 
not possible. Even in alcohols with a low dielectric 
constant, e.g., in tert-pentanol (e = 5.8; for chloroform 
e = 4.7), the formation of  A" and C" radicals is not 
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Table 1. Redox potentials (in acetonitrile, 
calomel electrode) of the cations and anions 
the cation-anion dyes 

vs. normal 
constituting 

Cation Ered/V Anion Eox/V 

C 1 -1.389 
C 2 -1.148 
C 3 -1.4851~ 
(24 -I-101~ 
C 5 -0.925 
C6 -0-96911 
C 7 -1.342 
C 8 -1.1681~ 
C 9 -1.350 

A l 0.801 
A 2 0.702 
A 3 1.210 
A 4 0.809 
A s 0.425 
A 6 0.849 
A 7 0.539 
A s 0.460 
A 9 0.597 
A10 0.318 
All  0.506 
AI2 0.689 
AI3 0.503 
AI4 0.616 

observed,  p robably  due to  strong specific solvat ion of  C + 
and A -  ions, which  increases the  dis tance between them 
in an ion pair  and hinders  the  e lec t ron transfer. 

The  free energy of  e lec t ron transfer  is usually used to 
character ize  the  e lec t ron  transfer  process: 14,15 

AGet = Eox(A-/A" ) - Ered(C+/C ") - E00 + A, (2) 

where E o x ( A - / A ' )  and Ered(C+/C" ) are the  oxidat ion 
potent ia l  (in acetoni t r i le)  of  the  anion  and the reduct ion 

potent ia l  of  the  cat ion,  respectively,  Eo0 is the  energy of  
the  e lectronic  t ransi t ion being excited,  and  n is a correc-  
t ion factor for the  energy o f  the  in te rac t ion  be tween the 
ions in an ion pair  and the solvation o f  the  ca t ion  and 
the anion in the  given solvent (in ch loroform A is 
assumed t o  be equal  to zero). 16 Table 1 shows the 
polarographic  reduct ion  potent ia ls  o f  the  ca t ionic  dyes 
and the oxidat ion  potent ia ls  of  the  anionic  dyes that  
compose  the  ea t ion-an ion  dyes studied. I t  can be seen 
from a compar i son  o f  the  dyes o f  the  same type,  in 
part icular ,  that  for anions,  e longat ion o f  the  po lymeth ine  
chain  and the in t roduct ion  of  a methyl  subst i tuent  in the  
meso posi t ion decreases Eox (cf. anions A 1 and A2; A 2 
and As; A6, AT, and As) and the in t roduc t ion  of  a C N  
group increases Eox (cf. anions A 1 and A3). In  the  case o f  
cat ions the  magni tude  of  Ere d decreases when  the length 
of  the  po lymeth ine  chain increases (c f  cat ions  C 1 and 

C2; C3, C4, and C5). 
Table 2 shows the results o f  the radical yield meas-  

urements in ion pairs of  the cat ion-anion dyes in chloro-  
form and toluene,  as well as the  spectral parameters  
(maxima o f  the absorption and fluorescence bands) used 
to estimate A Get. It can be seen from the data of  Table 2 
that during direct photoexci tat ion the values of  AGet are 
negative for all dyes studied, therefore, the photoinduced 
transfer of  an electron in the ion pairs of  such dyes is 
energetically favorable. In accordance with this, direct 
photoexcitat ion in toluene,  in which all these dyes form 
"tight" ion pairs, results in radicals according to reac- 

Table 2. Spectral data, free energies of electron transfer (E00) and radical yields (q~R) from the excited 
singlet and triplet states of the cation-anion polymethine dyes 

Dye Anion Cation kabmSax a ~flmax a EO0 a AGet a Radicals (fOR) 
/nm /nm /cm -1 /eV in CHCI 3 in toluene 

1 A 1 C 4 450, ~21700 -0.81 --  + 
565 594 17300 -0.26 --  + 

T (C 4) 13750 0.18 --  + 

2 A 1 C 7 420, -21000 b -0.48 --  + 
446 484 

T (A1) ~16500 0.08 --  + 

3 A 2 C 7 420, ~21000 b -0.58 --  + 
448 483 

T (A2) ~16500 -0.02 --  + 

4 A 3 C 1 400, -23300 -0.31 --  + 
414 450 

T(A3) ~16500 0.54 --  c 

5 A 4 C 6 460, 495, 21000 -0.85 --  + 
662 688 14800 -0.07 --  + 

T (C 6) -11000 0.41 --  + 

6 A 5 C 4 567 592 17300 -0.64 --  + 
T (As or C 4) 13750 -0.19 e + 

7 A 5 C 9 531 558 ~18500 -0.54 - -  + 
T (A 5) -13000 0.15 c + 
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Table 2 (continued) 

Dye Anion  Cat ion La~ax a ~.flmax a Boo a AGet a Radicals (~0R) 

/ n m  / n m  / c m -  I / eV  in CHCI  3 in toluene 

8 A 5 Cio 550 592 ~17700 - -  - -  + 
T (A 5 or  CIo) ~13000 - -  c + 

9 A 7 C 3 425, 480, 22200, -0 .75  + + 
571 610 17000 -0 .10  + + 

T(A7)  ~15200 0.13 + + 

10 A 7 C 4 524, - t 6 3 0 0  b -0 .40  + + 
565 585 

T (C4) 13750 -0 .08  + + 

11 d A 7 C 5 560, 590, 17400, -0 .71  + +(0.0054) 
660 680 14900 -0 .40  + + 

T (C5) ~11000 0.09 + + 

12 A 7 C 7 446, 490, 21400 - 0 . 7 9  + + 
561 590 17400 - 0 . 2 9  + + 

T (AT) ~15200 -0 .02  + + 

13 A 7 C 8 462, 20500 -0 .86  + + 
570 585 17300 -0 .46  + + 

T (AT) ~15200 -0 .19  + + 

14 A 8 C 5 543, 590, 17700 -0 .83  + + 
657 692 14800 -0 .46  + + 

T (C5) ~11000 -0 .25  + + 

15 d A 8 C 6 554, 590, 17500 -0 .76  + (0.005) + 
664 678 14900 -0 .43  + (0.0075) + 

T (C6) ~11000 0.06 + + 

16 A 9 C 6 574, 608, 16900 -0 .55  + + 
665 677 14900 -0 .30  + + 

T (C6) ~11000 0.20 + + 

17 d Al0 C 6 600, -13400 b -0 .39  + (0.0044) + 
666 688 

T (C6) ~11000 -0 .04  + (0.11) + 

18 All  C 5 510, 540, 19100 -0 .96  - -  + 
660 684 14900 -0 .43  - -  + 

T (C5) ~11000 0.06 c + 

19 A12 C 5 480, 20400 -0 .94  - -  + 
680 694 14560 -0 .21  - -  + 

T (C5) ~11000 0.24 c + 

20 A13 C 1 417, ~470, 22600 -0 .93  - -  + 
570 589 17260 -0 .27  - -  + 

T (AI3) ~12300 0.35 c + 

21 A13 C 6 564, 585, 17400 -0 .70  - -  + 
665 676 14900 -0 .39  - -  + 

T (C6) ~ 11000 ~0.10 c + 

22 AI4 C 5 573, 597, 17100 -0 :60  + + 
660 684 14900 -0 .32  + + 

T (C5) ~11000 0. t7  + c 

a In chloroform, b The energy of  the long-wavelength transit ion was est imated assuming symmetric 
splitting of  the levels due to chromophore  interaction in the ion pairs, c Not  determined,  a The  dyes 
having the greatest  radical yields. 
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tion (1). At the same time, in more polar chloroform 
radical formation is not observed for all dyes, but only for 
those in which the anion and the cation have terminal 
heterocycles with aromatic nuclei (cf. Table 2). This is 
probably due to the fact that, as has been shown earlier, x 
such dyes have lower dissociat ion constants  in 
chloroform (form ion pairs better) than other dyes, 
and at the concentrations used in the experiment 
((1--4) �9 10 -6 mol L -1) they form ion pairs at sufficiently 
high concentrations. Indeed, for dye 17, which has the 
lowest dissociation constant (1.9" 10 -7 mol L-l) ,  1 the 
radical quantum yield is close to the highest one detected 
experimentally. 

It can also be seen from Table 2 that for all dyes 
studied the radical quantum yields due to the direct 
photoexcitation of ion pairs are rather low, and are 
<0.01 both in chloroform and in toluene. At the same 
time, triplet-sensitized excitation (population of the tri- 
plet state of  the cation or the anion in an ion pair using 
a triplet energy donor) may cause them to greatly in- 
crease (e.g., to 0.11 for dye 17). This is evidence that the 
reverse transfer of  an electron in the singlet radical pair 
l[C" . .A']  formed from the excited singlet ion pair as a 
result of direct transfer of  an electron plays an essential 
role: 

I [ C + . . A - ] o  + h v  I, I [ C + . . A - ] I  �9 

I, C ' + A "  

, I [ C ' . . A ' ]  (3) 
, 1[C +..A-]o 

This reverse electron transfer competing with the 
escape of the radicals from a cage is probably the main 
reason for the low radical yields during the direct photo- 
excitation of the dye ion pairs. During triplet sensitiza- 
tion, a triplet ion pair 3[C+.;A-] with the excitation 
localized on an anion or a cation is formed, which then 
forms a triplet radical pair 3[C" . .A']  as a result of  
electron transfer. Within the latter radical pair reverse 
electron transfer to form the initial ion pair I[C+..A-]0 is 
impossible because of the spin exclusion, and only one 
channel of  3[C" . .A']  transformations, the escape of the 
radicals from a cage, is available. This gives rise to 
higher radical quantum yields from the triplet states. 

It is to be noted that, unlike in direct photoexcita- 
tion, during triplet excitation AGet is not always nega- 
tive. In a number  of  cases it reaches rather high positive 
values (the maximum value of zXGet is 0.41 eV for dye 5, 
cf. Table 2). This points to the endothermicity of elec- 
tron transfer for such dyes, which has to decrease the 
rate constant of  electron transfer in the ion pairs. How- 
ever, even for dye 5 in toluene the formation of radicals 
from the triplet ion pair is observed (cf. Table 2), which 
is probably explained by the relatively long lifetime of 
this ion pair (on the order of  hundreds of  microseconds, 
from the flash photolysis data), which increases the 

probability of electron transfer even at the low rate 
constant. 

Comparing the electron transfer processes following 
the direct photoexci ta t ion  of  cyan ine-bora te  ion 
pairs 3,17,18 and ion pairs of  cation-anion dyes, one can 
conclude that the rate constants in the former case are 
apparently greater than in the latter one. For example, it 
has been shown 17 that for cation C 8 with a borate anion 
(p-Me3CC6Ha)3BBu- (dye 23) in benzene, photoinduced 
electron transfer is so fast (the rate constant  is 
-2-1012 s -1) that it completely suppresses the parallel 
process of  cation photoisomerization. However, in the 
case of the cation-anion dyes, except for photoinduced 
electron transfer, photoisomerization of the cation and/or 
anion is regularly observed. This is probably due to the 
fact that for dye 23 AGet is close to zero, which gives the 
maximum rate constant for the electron transfer. 17 
Moreover,  the cyanine-borate  dyes probably form 
"tighter" ion pairs (penetrated ion pairs may even ap- 
pear) xs than the cation-anion ion pairs, which also 
promotes faster electron transfer. 

The radical quantum yields in the cyanine-borate ion 
pairs are also greater than in the cation-anion dyes 
studied (e.g., 0.6 for dye 23 in benzene). 17 This is due to 
the fast decomposition of the boranyl radicals that ap- 
pear during the transfer of an electron from the cyanine- 
borate ion pairs to alkyl radicals and triarylborane, which 
excludes the reverse electron transfer in the radical pairs 
formed. 3 

The authors thank I. Ya. Levitin for help in measur- 
ing redox potentials. 
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