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Abstract

Cationic dyes, like alkyl styryl pyridinium dyes, are found to interact with anionic surfactant systems differently according to their structural
differences. The absorption and emission spectral data of the dyes in various organic solvents and in a wide range of surfactant concentration
reveal a variation in the solubilization pattern of the dyes with varying alkyl chain at the pyridinium end. The existence of monomer and
H/J-stacked dimers in aqueous medium as well as in surfactant media gets evidence from the spectral data. The difference in binding constant
of the dyes with the surfactant aggregates is rationalized through the change in hydrophobicity of the dye due to change in alkyl chain.
© 2004 Published by Elsevier B.V.
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1. Introduction nomenon of hypsochromism (blue shift) and bathochromism

(red shift) resulting from the formation of H-aggregation
One of the most fundamental properties of aqueous mi- and J-aggregation, respectively, by using a molecular exci-

cellar solution is their ability to solubilize a wide variety of ton model. Thus, as illustrated Bcheme Ior a stack-like

organic solutes with quite distinct polarities and degree of aggregate, the transition intensity accumulates in the long

hydrophobicity. The self-association of dyes in solution and wavelength transition for a tilt angle (angle between the

at interfaces due to strongly attractive van der Waal forces long axis of individual molecules and the line of centers in

is a well-known phenomenon. The aggregation leads to athe aggregate) of <32i.e. a J-aggregate structure. For tilt

strong coupling of the molecular transition dipole moments, angle greater than this value (approaching)2be intensity

resulting in a narrow excitonic absorption band, whichis con- builds up in the short-wave transition and the H-aggregate

siderably shifted in wavelength from the absorption of the band appears.

monomeric species. Aggregates, which exhibit a red shift, The photophysical and photochemical properties of J-

are termed J-aggregates, and those, which have a blue shiftaggregates have also attracted attention recently because of

are referred to as H-aggregatds-3]. Emerson et al[4] their potential as laser materials, in molecular electronics, and

have claimed to show the first electron micrographs of an in displays and non-linear optical devidé$ and because of

H-aggregate and have given an interpretation of the phe-their analogous characteristics to aggregates having impor-
tance in biology, such as those in photosynthetic systems.

_— We have recently reported the hydrophobic contributions
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L7 Table 1
L The absorption and emission data of three representative dyes wBh10
and 16 in various organic solvents
= ]
Sl.no. Solvents € Cio Cie
——"—_ 01
}lmax Aem )Lmax )Lem )Lmax }Lem

1 Ethylene glycol 482 582 482 582 483 582

H-aggregate J-aggregate 2 Methanol 479 579 479 579 478 576

) ) 3 Ethanol 484 576 484 577 484 578

(Hypsochromism) (Bathochromism) 4  Butanol-1 490 576 490 576 489 576

5  Isobutanol 491 573 491 572 491 573

Scheme 1. Schematic diagrams of H-aggregate and J-aggregate. 6 Cyclohexanol 492 571 492 571 494 571

7  Butanol-2 489 573 489 573 489 573

8  Acetonitrile 474 555 474 556 474 585

polar moiety but differing in the length of the attached alkyl 9 DMSO 476 589 475 589 476 589

chains within a given surfactant mice[&-9]. Unlike homo- 12 Bmi :;: 55::; j;j ggg j;j 5588;
geneous solvents,. micelles possess a gamut of solubilization 12 Acetone 476 =88 476 586 477 586
environment ranging from the non—polar hydroca_rbon Core 13 pyridine 494 589 494 590 496 590
of the micelle to the relatively polar micellar—-water interface. 14  Chloroform 492 571 495 560 496 560
This inherent microheterogenity of micellar environmentcan 15  Dioxane 463 557 464 555 463 554
16  Benzene 477 552 477 550 477 550

play an important role in determining the nature of relative
abundance of various factors that contribute to solubilization
[10-11] Notonly the structure of the solute but also the struc- [12—-13] The dyes are referred to as, @ccording to the
ture of the surfactant, that builds the micelle, contributes to number ) of carbon atom in the alkyl chairl). AOS and

the localization of the solute within the micelle. LABS were from SMZS Chemicals Ltd., Pune and were used
In this paper, we report on the spectral and photophysical without further purification. Triple distilled water was used
properties of a series of styryl pyridinium dyd3 (ith vary- throughout the experiment.

ing hydrophobicity in two structurally different industrially
important anionic surfactants, alfa-olefinic sulfonate (AOS, 2.2. Spectroscopic measurements

2), linear alkyl benzene sulfonate (LABS).
A concentrated (ca. 1 mM/l) stock solution of each dye

CcH
i\N@—\ / N\ was prepared separately by dissolving the required amount
CH; \—C —R of the dye in methanol. The solution for spectral measure-
— x ment was prepared by adding 0.1 ml of the stock solution
to a 5ml volumetric flask containing freshly prepared so-
R=CHaii (n=1,3,5,6,8,10, 12, 14,16 and 18) lution of the surfactant in triply distilled water. Aliquots of
X =Brand L. these solutions were added to a quartz cuvette thermostated at
25°C. Absorption spectrawere recorded on Shimadzu-160 A
(1) spectrophotometer and emission spectra were recorded on a

NaO;¢ \ O5Na Shimadzu-RF5000 spectrofluorophotometer.

3. Results and discussion

The absorption and emission spectra @¢-Cyg dyes have
been studied in polar (2% MeOH-B, v/v) and in micro-
heterogeneous (anionic AOS and LABS micelles) media. The
data of absorption and emission spectra of three representa-

| tive dyes withn = 3, 10 and 16 in various organic solvents
2 3 have been reportedirable 1 Without the presence of surfac-
tants in methanol-$D medium and in organic solvents, the

change in alkyl chain attached to the pyridinium nucleus does

2. Experimental not have any effect on the absorption and emission maxima.
2.1. Materials 3.1. Absorption spectra
N-alkyl-4-(p-N,N-dimethylamino styryl)pyridinium bro- Inthe visible region, all the dyes exceptdand Ggabsorb

mides (1) were prepared by the method reported earlier at 450-457 nm in the absence of surfactant. Both @&hd
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Fig. 1. Plot of [AOS] vSAmax Of: () G-NMey; (b) Cg-NMey; (c) Ci2-NMe; and (d) Gs-NMe; dyes.
Table 2 ' ' dye in the presence of cetyltrimethyl ammonium bromide.
The CMC values in the presence of different dyes as probes The dimerization leads to a stacking phenomenon of the chro-
Sl. no. Dye Break point (CMC)  mophoric group such that the p-orbitals of the chromophores
1 G 1.500 overlap and in consequence there is a large hypsochromic
2 Gs 1125 shift from that of the monomer species. For,Qlye, the
i Gs ﬁ;g shoulder appears at 391 nm up to 1.73mM of AOS. Fgr C
5 gz 1195 and Gg dyes the same transition leads to a peak up to 4.63
6 Cio 0.937 and 17 mM of AOS and thento a shoulderupto 17 and 46 mM

of AOS, respectively. However, forigdye the species relat-

ing to 391 nm peak exists along with the monomeric species
t (475 nm) throughout the experimental concentration of AOS.
The ratios of dimer to monomer with respect to [AOS] for
C12—-Cyg dyes are given ifTable 3 The analysis of data of
'Table 3suggests that with increasing hydrophobicity in the
dyes, the population of the dimeric species increases. The
order of increasing population of dimeric form of dyesigC
3.1.1. In presence of AOS < C14< Cy6<Cys.

On addition of AOS, the absorption maxima of the dyes ~ Within 0.01-0.34 mM of [AOS] the solution becomes tur-
(C1—C1p) are found to increase with increasing concentration bid for Ce—Cio dyes. The appearance of turbidity may be
of the AOS till a plateau is obtained in the plotigfaxversus  attributed to the charge neutralization of the species ([Dye]
[AOS] (Fig. 1). The onset of the plateau in the plot afiax = 0.02 mM) in the presence of anionic surfactants. The tur-
versus [AOS] may be due to the aggregation of the surfactantbidity range does not depend on the chain length of the dye.
to form the micelle, which may be considered as the critical In the turbidity zone, € dye absorbs at 457-459 nm with
micelle concentration (CMC) of the surfactant in aqueous @ broad band, which indicates, essentially, no change in the
medium. The CMC values in the presence of different dyes environment of the dye chromophore. Fay &hd Go dyes
as probes are given ifable 2 The average value of CMCis  peak broadening appears at 418-421 nm. These peaks disap-
obtained to be 1.2= 0.3 mM. pear beyond 0.34 mM forgand 0.58 mM for G dyes. For

On addition of AOS, a broad peak centering around Cio dye, the 421 nm band persists (up to 0.58 mM of AOS)
480 nm is obtained with a shoulder at 391 nm fap-&Cs even after the disappearance of the turbidity. This broad band
dyes, which is not observed for dyes with shorter chain length. around 418-421 nm may be attributed to dimerization lead-
The shoulder at 391 nm may be assigned to the dimers formedng to H-type aggregation of the dye molecules assisted by
due to the assistance of surfactant chain. Mishra dfL8]. the surfactant chainScheme 2in a relatively more polar
have also reported a surfactant-assisted dimerizatioggofC than water.

Cis dyes exhibit peaks at 475 and 416 nm with shoulders a
400 nm. Behera and co-workdfst] have assigned the peaks
at 400 and 475 nm to the dimer and monomer of the dyes
respectively.



256 P.K. Behera et al. / Journal of Photochemistry and Photobiology A: Chemistry 169 (2005) 253-260

Table 3
The ratio of dimer to monomer with respect to [AOS] fof,€Cs g dyes W

[AOS] (mM) Ratio of dimer to monomer
Ci2 Cua Ci6 Cis O@—m
0.057 - 158 178 249
011 - 166 238 - (IR NN NG NG~
0.23 - 195 241

0.34 - 222 257 -

0.58 - 221 248 261 Q-@-Am
0.80 057 257 - -

1.30 034 298 - -

1.73 027 294 -

231 - 249 - 297

2.80 - 214 - 289 Scheme 3. Schematic representation of end-to-end staking of dyes to form
3.40 - 177 - 284 a J-aggregate.
463 - 105 230 280
g:gg ~ ggg i;g ;;3 bulk phase throughout the [AOS]. The appearance of a shoul-
110 _ 050 _ _ der at 475 nm is indicative of the existence of monomer in
17.0 - 029 - 248 aqueous as well as micellar media.
280 - - Q73 207
40.0 - - Q39 178
520 _ _ Q33 127 3.1.2. In presence of LABS

The plots ofimax versus [LABS] are shown iRig. 2 The
dotted line in the lower concentration range of the surfactant
in the rising arm for G—Cg dyes represents the turbid zone.
At higher concentration range, the plot exhibits a plateau al-
most parallel to thx-axis. The constancy in thgnax values
in this concentration range is an indication of saturation in
the solubilization of the dyes in the surfactant aggregates.
The rising arm of the plot delineates the transition during
compartmentalization of the dye between bulk and surfac-
tant aggregates. The absorption spectra pf@Go dyes do
not show any characteristic peak of dimer throughout the ex-
perimental condition. However, in the turbid region, a broad
peak is observed around 550 nm. While studying the spec-
tral behaviour of Gg dye in CTAB reversed micelle, Mishra
et al.[15] have observed a shoulder at 510 nm and have at-
tributed the absorption to J-type of aggregation of the dye at
the micelle—water interface. The absorption at 550 nm, in the
present study, may also be rationalized by proposing a J-type
of aggregation, which may be assisted by the organization of
the surfactant (LABS)Scheme R

For C12 and G4 dyes the monomers in aqueous medium

form dimer immediately after the addition of the surfactant
Q\/\/\/\/\ leading to a hypsochromic shift up to 420 nm. At higher con-
centration than CMC, for G—Cygdyes, the dimers solubilize

Surfactants
Q\/\/\/\/\ in the surfactant aggregates as monomers experiencing sim-

ilar absorption characteristics as that aFCy dyes. How-

The shifts in thevmay from zero [AOS] to 5.8 MM [AOS]
are 23, 29 and 32 nm foriCC3 and G; dyes, respectively.
Comparing with the.max values in various solvent$gble 1),
it can be proposed that, the solubilization sites fgrabd
Cs dyes are the outer and inner regions of the interface, re-
spectively, and g€dye occupies a site in between these two
regions. After complete micellization (J[AOS] > 1.2) thgax
of Cg—Cyp dyes are found to be the same as that gfige.
With increasing [AOS], thé.max Values increase to 485 nm
for C12—Cy dyes. In this condition, the peak due to dimer
(391 species) is not observed. This observation may infer
that G2, C14 and Gg dyes occupy slightly inner core of the
micelle with respect to the dyes having shorter alkyl chain.
However, for Gg dye the plot ofimax versus [AOS] is found
to be asymptoticKig. 1(d)). ThermaxVvalue immediately falls
from 420 to 395 nm at 2.3 mM of AOS and then remains con-
stant. It clearly suggests that the dimer gg@ye remains at

\/\/\/\/ ever, for G and Gg dyes, the peaks for dimers are found
to be retained after the addition of surfactant up to a certain
concentration (1.44 mM) and then at higher concentration of
Q\/\/\/\/\ surfactantthese dyes are found to be solubilized inthe micelle

as monomer.

Surfactants
O\/\/\/\/\ On addition of LABS a narrow turbidity zone is observed

for C1—Cyp dyes at low concentration of LABS. The turbidity

Scheme 2. Schematic representation of plane-to-plane staking of dyes toZON€ decreases with increasing alkyl chain length of the dyes.
form a H-aggregate. In the turbidity zone a red shift of absorption maxima with
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Fig. 2. Plot of [LABS] vS.Amax Of: (a) GG-NMey; (b) Cs-NMey; (c) Ci2-NMe; and (d) Gg-NMe; dyes.

peak broadeningis observed for&hd G dyes. A shoulder at
around 550 nm has been observed ferCs dyes. For @and

Ci0 dyes shoulders appear at 510 and 500 nm, respectively

The bathochromic shift in the turbid region may be attributed
to the formation of J-type stacking of the dyes. Similarly,

the hypsochromic band around 420 nm is due to the H-type

of aggregation. Thus, in the turbid zong-Cs dyes remain

in J-aggregated form, whereag é&nd G dyes remain both

in H- and slip in J/H aggregated forfi6]. With increas-
ing [LABS], after turbidity zone, the dyes solubilize into the
micelle as monomer. The dyes with alkyl chain longer than
Ci0 do not show any turbidity throughout the experimental
concentration of LABS.

All dyes C;—C;g experience a relatively more non-polar
environment in LABS micelle)(nax = 482—485 nm) as com-
pared to AOS micelle max = 473—485nm). In complete
micellized condition of LABS, with increasing hydropho-
bicity of the dye molecules, thenax increases sharply

Table 4
The E7(30) value of the probable solubilization site of dyes in various sur-
factants (above CMC) obtained frakgax values

Dyes (G,) Ci C GC Cs Cg Cio Ci2 Ciq4 Cie Cig
Er(30) AOS 569 531 52 52 52 52 51 511 511 506
LABS 524 51 49 49 49 49 48 484 50 50

at 582 nm with shoulder at 560 nm. Thgy, at 560 nm may

be attributed to the fluorescence emission from the excited
dimer species of the dyes, while the highegp, value may

be due to the monomer species. Addition of AOS does not
change the.gm of C1—Ci4 dyes. But for Gg and Gg dyes

on addition of AOS the shoulder at 560 nm vanishes and a
peak appears at 577nm up to 0.11 mM of AOS and then
shifts to 581 nm. With increasing [AOS], it experiences a
bathochromic shift up to 581 nm. The addition of LABS does
not effect thehem of C1—Cyo dyes. But for Go—Ci dyes a
hypsochromic shift of about 3—4 nm is observed. Above the

from C;—C3 dye (482—-486 nm) and remains almost constant CMC, the rem value (582—584 nm) does not change for all

(486—490 nm) upto ¢z dye. The decrease ipaxfor Cigand
Cis dyes up to 485 nm is assigned to the incompatibility of
alkyl chain of the dyes with alkyl chain of LABS. Whereas, in
AOS micelle the solubilization takes place up tg@ye, and
Cis dye remains in the bulk phase. By comparing thgx
values withET(30) parameters in various solvents the prob-

able solubilization site of dyes in various surfactants (above

CMC) have been proposeiigble 4.

3.2. Emission spectra

dyes.

3.2.1. Fluorescence intensity

All the dyes show weak fluorescent bands in the absence
of surfactant. On addition of AOS or LABS, the fluorescence
intensity increases sharply and then attains maximum after a
certain concentration of surfactafigs. 3 and 4

In the presence of AOS (5.8 mM) the fluorescence inten-
sity value of G—Cy» dyes is almost same and gradually de-
creases with increasing chain length of the dyes{C;s).
Butin case of LABS, with increasing chain length of the dyes

All the dyes show emission maxima at 580-582 nmin the (from C;—Cg) the intensity value increases from around 171

absence of surfactant. Howeverg@and Gg dyes show.gm

to 260 and after that remains constant up 1@ e, and then
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Fig. 3. Plot of [AOS] vs. fluorescence intensity of: (a3-NMey; (b) Cs-NMey; (c) C12-NMe; and (d) Gg-NMe; dyes.

againdecreaseto 112 foi§gand Ggdyes. The enhancement

dominates over monomeric form as shown from absorption

of the fluorescence intensity may be ascribed to the increasespectra.

in rigidity of the dye molecule due to increase hydrophobic

The plots of [surfactant] versus emission intensity

interaction with the surfactant. Conversely the decrease in(Figs. 3 and 3 for all the dyes show S-type curve. Two

intensity (Gg and Gg dyes both in AOS and LABS) may

break points at 0.5-0.9 and 1.78 mM of AOS are observed

be due to the orientation of the dye chromophore, which re- for C;—Cy» dyes in AOS micelle. Similarly, for LABS mi-
mains away from the micellar interface. The large decreasecelle two break points at 0.8—-1.3 and 1.7-2.06 are observed

in emission intensity for ¢ dye even up to 52 mM of AOS

for all dyes. It is again seen that the lower break point value

indicates the presence of dimeric form of the dye, which pre- remains constant up to;gdye and gradually increases to

Flu. Intensity —

200 *
150 4
100 -

50 4 .

250 1 . b e . .
200 + .
150 A -
100 A

50 1 .

100 4

200 4 .
150 4 .
100 4 .

50 A 2

(d)
[LABS] in mM—>

Fig. 4. Plot of [LABS] vs. fluorescence intensity of: (a3-BlMe3; (b) Cg-NMey; (c) C12-NMe; and (d) Gg-NMe; dyes.
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1.34 mM with increasing alkyl chain of the dye. However, 25— —m— AOS
the higher break point value initially decreases from-GCs ] —e— LABS
and than remains constant up te;Glye and than attains a e

value of 2.06 for G4—C1g dyes. These lower break points 205 i /

may be referred to as critical aggregation constant (CAC) : / \

/

and the higher break point may be the CMC of the surfac- 5| /

tant. The CMC of LABS has been reported to be 0.2mM. s J m

An increase in CMC of LABS has also been reported by £ ] / p_\
A

®
T Y

Nayyar and co-workers due to the presence of sodium oleate= -0

[17]. . *
From the emission intensity the aggregation number of * e \-\
the surfactant AOS and LABS are calculated by udttg i
(2) [18]. ]
Fo  [DyelN - S
e
|n_0:L, (l) NS . TR TSN FONELE FRN Y [N RN (L ER I DR N
F [S] — CAC 0 2 4 6 8 10 12 14 16 18 20
whereFg andF are the intensities at CAC of surfactant and Chain Length

at individual [surfactant] ([s]) above CAC, respectivélyis
the aggregation number. CAC for AOS and LABS are taken
from the lower break points, i.e. 0.580.2 and 0.84t 0.2,
respectively. The aggregation number for AOS and LABS are
found to be 30t 3.2 and 36t 4.3, respectively.

The binding constanKn, of the dyes which form a for C16 and Gg dyes may be attributed to the hydrophobic
dye—micelle complex (MD) have been determined. By as- effect.
suming that one dye molecule binds with one micelle:

Fig. 5. Plot of binding constant of dye with [chain length] in LABS and
AQCS surfactant.

Km
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