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Summary 
The synthesis, surface activity and micelle formation of three novel cyanine 

dyes with amphiphilic character is described. It is illustrated by combined surface 
tension and absorption measurements that in one case self-assembly is highly 
cooperative leading to aggregates with unique absorption properties. 

Introduction. - The unique light-absorbing properties [ 11 of cyanine dyes as well 
as their photoredox behaviour [2] make this class of chromophores viable candi- 
dates in a variety of light-induced processes, i.e. photography [3], where specific 
sensitizers are required. Our present efforts to develop micellar aggregates which 
could mimic the antenna function of chlorophyll in photosynthesis has brought 
three amphiphilic cyanine derivatives in the scope of our investigations. 

In a previous paper [4] 2-(4-methyl-2-pyridyl)benzimidazole (IV) was prepared 
together with isomeric and similar heterocyclic bases. The quaternisation of IV 
with dimethylsulfate leads to a bisquaternary salt V from which the unsymmetrical 
trimethine dye I1 is obtained; also, the preparation of I and 111 is described in the 
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present paper with an investigation of the surface activity and micelle formation 
of these dyes. 

Experimental part. - a) Apparatus. Surface tension measurements were carried out with a Kriiss 
tensiometer (model 84S1) using the ring method. Optical absorption spectra were obtained with a 
Cary UV. visible spectrophotometer. b) Synthesis. I-Dodecyl-4-a-[4'-(dimethylamino)styryl]pyridinium 
chioride (I). 4-Methylpyridine (lo-' mol) was refluxed with I-chlorododecane ( 1 . 3 ~  1O-I mol) over a 
period of 12 h. On cooling diethyl ether was added, the product collected and repeatedly washed with 
diethyl ether. The quaternary salt (2 x lo-* mol), p-dimethylaminobenzaldehyde (4 x mol), abs. 
ethanol (20 ml) and piperidine (0.5 ml) were refluxed over a period of 1.5 h. The crude dye was 
twice crystallized from ethanol/water and gave a correct analysis, m.p. 231-233". - UV. (EtOH): 
i.,,, 482 nm, log& 4.60. 

I, 3-Dimethyl-2-[2-(l,4-dimethylpyridinylio)]benzimida~olium diiodide (V, X- = I - ) .  The free base IV 
(10-2 mol) was refluxed with dimethylsulfate (4x  mol) in toluene over a period of 8 h. The 
solvent was separated, the residue was slurried with diethyl ether and subsequently added with a 
sat. aq. solution of KI. The crystalline product was collected, washed with a little water and crystallized 
from ethanol. The product gave a correct analysis, m.p. 308-310" - UV. (EtOH): J,,, 284 nm, 
loge 4.03. - lH-NMR. (DMSO-d6): 2.77 (3 H, H3C-C (pyridine)); 4.25 (3 H, H3C-N (pyridine)); 
4.1 (6 H, 2 CH3 (benzimidazole)). 

1,3-Dimethyl-Z-j I'-Methyl-4'-[3"-(3'"-hexndecyl-2"-benzo~hiazolinyli~ene~-l"-propenyl]-2'-pyridylio) - 
benzimidazolium dinitrate (11, X-= NO?). 2-Methylbenzothiazole (1 mol) and 1-iodohexadecane (0.80 mol) 
were stirred 24 h at 170" and the isolated 2-methyl-3-hexadecylbenzothiazolium iodide (2x  rnol) 
was refluxed 30 min in acetic anhydride with N,N-diphenylformamidine (6x  10F2 mol). After 
repeated treatments with ethyl ether, the crude 2-(8-acetylanilinovinyl-3-hexadecyi)benzothiazolium 
iodide (lop2 mol), dissolved in 25 ml of abs. ethanol, was treated with V mol) and 2.5 ml of 
triethylamine. After refluxing 10 min the mixture was cooled, filtered and the residue washed with 
ethyl ether before crystallizing from ethanol. The diiodide was converted into dinitrate by treatment 
with AgNO3 in ethanol. The dinitrate was crystallized from ethanol and gave a correct analysis, 
m.p. 200-202". - UV. (EtOH, 6 . 8 ~  10-6~) :  E.,,,605 nm, loge 5.12. 

I -13'-( Triethylammonio)propyl]-4-[3"-(3'"-hexadecyl-2'"-benzothiazolinylidene) -1 -propenyl]pyridinium 
dinitrate (111). (3-Bromopropy1)triethylammonium bromide [5] ( mol) and 4-methylpyridine 
(4x  lo-* mol) were treated at 140" over a period of 2 h. The crude product was thrice slurried in hot 
acetone and crystallized from 1-butanol. The bisquaternary salt mol) and 2-@-acetanilinovinyl)- 
3-hexadecyl-benzothiazolium iodide (lop2 mol), dissolved in 30 ml of boiling abs. ethanol, were 
treated with 1.5 ml of triethylamine. After refluxing 1 h, the mixture was cooled, added of diethyl 
ether and the product collected. The dinitrate was obtained by mixing ethanolic solutions of the 
dye and AgN03, removing the silver halides and adding diethyl ether to the solution reduced to 
small volume. The crude product was crystallized from acetonitrile and gave a correct analysis, 
m.p. 196-198". - UV. (EtOH): I,,, 566 nm, loge 4.88. 

Results and discussion. - The chromophore I is only weakly soluble in water, 
the saturation limit being around 4x 1 0 - 4 ~ .  The absorption spectrum displays a 
maximum around 458 nm with an extinction coefficient of 3 . 8 2 ~  1 0 4 ~ - '  cm-'. 
It is noteworthy that its features do not change with concentration. This indicates 
that dimers or trimers are virtually absent, the main contribution to the spectrum 
arising from the monomeric form of the dye. 

The surface tension decreases linearly with the logarithm of the dye concentra- 
tion indicating that within the concentration range amenable to investigation no 
micellar aggregates are being formed. Using Gibbs equation: 
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where y is the surface tension and m a constant (m=2 for compound I and 3 for 
compound I1 and Ill) one can evaluate the surface excess r. The reciprocal value 
of r represents the surface requirement per molecule. For compound I one obtains 
90 A2/molecule. 

The cyanine dye I1 is well soluble in water. In contrast to I, we note here sig- 
nificant changes in the absorption spectrum when the dye concentration is varied. 
Three examples are given in Figure 1. At 1 . 9 4 ~  1 0 - 5 ~  concentration (a) the maxi- 
mum of the absorption is located at 605 nm, the extinction coefficient being 
9 x  1 0 4 ~ - '  cm-'. A shoulder appears also at 576 nm and another weak absorption 
peak around 280 nm. Further dilution does not change the shape of the spectrum 
indicating that it arises from the dye in its monomeric form. 

At 7 . 7 3 ~  l O P 5 ~  concentration (b, in Fig. I ) ,  which is still well below the CMC 
(critical micelle concentration), one notices the appearance of an absorption in 
the wavelength region of 400-500 nm which is attributed to the presence of 
H-aggregates. The last concentration selected (2.48 x M, (c)) is considerably 
above the CMC. The absorption maximum is here displaced to 576 nm with an 
apparent extinction coefficient of 5x 1 0 4 ~ - '  cm-'. Such a shift is typical for the 
presence of dimer interaction. 
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Fig. 1. Influence of dye Concentration on the absorption spectrum of cyanine I1 in water (neutral solution, 

room temperature) 
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The surface tension concentration plot is displaced in Figure 2. A neat break 
point is obtained at 1.8 x l O W 4 ~  concentration indicating the formation of micellar 
aggregates. From the slope of the line at lower concentrations, one obtains for the 
surface area per head group the requirement l/r = 113 A2/molecule. Evidently, the 
hydrophylic moiety of I1 is more bulky than that of I resulting in a larger value 
for the surface area occupied by one head group in the water-air interphase. 

We conclude then that the main changes induced in the optical properties of I1 
upon micelle formation is a broadening in the absorption towards the blue. This 
may indicate ‘dimer’-type interactions of ajacent head groups in the aggregates. 
Interestingly, once micelles are formed, H-aggregates are no longer stable and are 
integrated in the micellar assemblies. 

The absorption behaviour of dye I11 is displaced in Figure 3. Micelle formation 
is here accompanied by an abrupt change of the absorption features. A strong 
peak centered around 564 nm is observed in dilute solution while at higher concen- 
trations a broad featureless band extending over the whole visible domain is 
obtained. 

The surface tension vs. concentration plot in Figure 4 exhibits a well defined 
break point at 8.4 x 1 0 - 5 ~  indicating micelle formation. Above the CMC., CJ re- 
mains strictly constant over a concentration range of two orders of magnitude. 
This contrasts with the behaviour exhibited by the dye I1 where a slight decrease 
in o is noted even above the CMC. value. Apparently the aggregation number of I1 
continues to increase with concentration while that of I11 remains constant. 

The optical results corroborate further this interpretation. While the absorption 
spectrum of I1 changes its shape continuously above the CMC. ( E  is concentration 
dependant) that of I11 exhibits no changes over a wide concentration range once 
micelles dominate over monomers. This is shown in Figure 5 where the apparent 
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Fig. 2. Surjiice tension-concentration plot for  cyinine II 



HELVETICA CHIMICA ACTA - Vol. 64, Fasc. 6 (1981) ~ Nr.  186 1947 

1 
0 
x 

U - 
I 

U 

Fig. 3. Absorption spectrum of cyanine 111 in water below andabove the CMC. (critical micelle concentration) 
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Fig. 4. Surface tension-concentrution plot for  cyunine I1 in water at room temperature 
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Fig. 5. Apparent extinction coefficient of a solution of cyanine III as a function of concentration at different 
wavelengths 

extinction coefficient calculated from Beers' law and the total surfactant concentra- 
tion is plotted against logc. In the domain of micelle formation the extinction of 
multimers grows at the expense of the monomer peak. However, no further 
changes are noted once micelles are the dominant species in solution. It appears 
then that with the cyanine dye I11 a compound has been found that assembles 
with a high degree of cooperativity. The ready formation of micelles of this type 
of cyanine dyes is encouraging for the search of materials, which in addition to 
their visible light absorption, display fluorescence in good quantum yield. 
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