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Dye-Surfactant Interaction in Submicellar Concentration Range
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Interactions of cationic dyes, viz., phenosafranine (PSF), safranine O (SFO) and safranine T (SFT) with
anionic surfactants, viz., sodium dodecyl sulfate (SDS) and sodium octyl sulfate (SOS) in submicellar concentra-
tion ranges have been investigated spectroscopically. The interaction has been shown to be an induced protona-

tion of the dye in the dye-surfactant ion pair.

Even though the opposite charges on the dye and the surfactant are

the primary requirements for the ion pair formation, it is the hydrophobicity of the surfactant as well as of the dye

which induces the protonation.

The spectroscopic and thermodynamic parameters show that the orders of

effectiveness of the dyes and the surfactants for the interaction are, SFO>SFT>PSF and SDS>>SOS.

There has been an increasing interest in the study of
interaction of dyes with surfactants as the knowledge of
dye-surfactant interaction is of great value in under-
standing the chemical equilibrium, mechanism and
kinetics of surfactant sensitized color and fluorescence
reactions.!) Many researchers had noticed the change
in color of the ionic dyes when they were dissolved in
oppositely charged ionic micelles.!7120  Most of the pre-
vious studies on dye-surfactant interactions are carried
out with the concentration of the surfactants above the
critical micellar concentration, cmc, and the color
changes have been explained on the basis of the interac-
tion between the surfactant micelles and the dyes and
the equilibrium between conjugate acid and base forms
of the dye. However, there is not much information
available regarding the nature and mechanism of the
interaction between dyes and surfactants when the con-
centrations of the surfactants are much below the cmc.
Therefore, it was thought worthwhile to carry out
systematic spectroscopic and thermodynamic investiga-
tions in order to understand the nature of this interac-
tion between ionic dyes and oppositely charged surfac-
tants of very low concentrations, i.e., far below their
cmc. The dyes chosen for such studies were phenosaf-
ranine (PSF), safranine O (SFO), and safranine T (SFT)
(all phenazinium dyes), and the surfactants were sodium
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dodecyl sulfate (SDS) and sodium octyl sulfate (SOS),
both are anionic surfactants.

Experimental

Phenosafranine, (3,7-diamino-5-phenylphenazinium chlo-
ride), and safranine O (3,7-diamino-2,8-dimethyl-S-phenyl-
phenazinium chloride) were Sigma products and safranine
T (3,6-diamino-2,7-dimethyl-5-phenylphenazinium chloride)
was a Fluka product. They were recrystallized twice from
water-ethanol mixture before use. Sodium dodecyl sulfate
and sodium octyl sulfate were obtained from Aldrich and
Eastman Kodak Company, respectively. The surfactants
were stirred overnight in ether and recrystallized from ethanol.
Triply distilled water was used as solvent. The electronic
absorption spectra were recorded with a Hitachi-330 spectro-
photometer using a matched pair of 1 cm path length cells in a
thermostated cell holder. The temperatures were maintained
within £0.1 K.

Results and Discussion

PSF-SDS. The electronic absorption spectra of
phenosafranine alone and in the presence of varying
concentrations of SDS (much below the cmc) in aque-
ous solutions are shown in Figs. la and 1b. In visible
region, PSF has an absorption band with Amn.x=520 nm.
We did not observe any change either in the Amax Or in
molar absorptivity with the variation in concentration
of PSF in the range of 1X10% M to 1X10~* M (1 M=1
moldm™3). In addition, the absence of any significant
variation in the spectral character with the variation in
temperature (between 283.15 to 318.15 K) indicates that
the dye is (probably) in the monomeric form in the
experimental range of the concentration. As the con-
centration of SDS is slowly increased from ca. 1.6X10
M (the lowest concentration at which there was detecta-
ble decrease/increase in absorbance of PSF bands) to
ca. 3X1073 M, the Amax of PSF band gradually shifted
from 520 to 528 nm with a gradual decrease in intensity
of the Amax band, accompanied by an increase in absor-
bance in the longer wavelength region of ca. 550 to ca.
700 nm. The red shift of the PSF band from 520 to 528
nm can be attributed partly to a change in the environ-
ment of the chromophore of PSF and partly to the
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Fig. la. Effect of variation in concentration of SDS
on the spectra of PSF: [PSF]=2.13X10-5 M;
[SDSTX104 M=(1) 0.00, (2) 1.66, (3) 1.94, (4) 2.77, (5)
3.18, (6) 4.43; O--O--O, difference spectra of (6) and
1).

overlapping of the 520 nm band with the new band in
the longer wavelength region. The enhancement in the
absorbance on the higher wavelength side of the PSF
band is quite pronounced and increases with the
increase in the concentration of SDS. No maximum
was observed in the absorption curves for the mixtures,
but inspection of the differences in absorbances of the
PSF bands in the presence and absence of SDS reveals
that the difference passes through a maximum at 582
nm. It can be seen from Fig. la, that increasing the
concentration of SDS upto ca. 4X10~¢ M, for a fixed
concentration of PSF of 2.13X10-5 M, gives a series of
spectra that go through a sharp isosbestic point at 550
nm (Table 1). It is quite interesting to note that the
spectra of PSF in low concentration of SDS are similar
to those of PSF in strong acidic media of varying
concentrations of acid (Fig. 2). Gopidas and Kamat!3

700

Fig. 1b. Effect of variation in concentration of SDS
on the spectra of PSF: [PSF]=2.20X10-5 M;
[SDS]X10% M=(1) 0.00, (2) 2.21, (3) 4.37, (4) 5.83, (5)
9.30, (6) 13.90.
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Fig. 2. Effect of H2SOs4 on the spectra of PSF:
[PSF]=1.60X10-5 M; (1) without acid, (2) to (6) with
increasing [H2SO4], (2) pH 1.2, (6) 96% H2SOy4.

Table 1. Spectral Properties of Phenazinium Dyes and Their Protonated Ion Pairs (Complexes)
with SDS and SOS in Submicellar Concentration Ranges at 298.15 K

Amax Of dye  &max Of dye Aiso

Eiso

Amax of complex &max Of complex

Dye Surfactant

(D) nm (£50) m2M—! (£1)nm (£100) m2M—!  (+2)nm  (£100) m2M-
PSF  SDS 520 3600 550 1250 582 2250
PSF  SOS 520 3600 540 1970 565 2280
SFO  SOS 520 3700 545 1310 576 2380
SFT  SOS 520 2900 548 1230 580 2150
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had reported that PSF* in 2 M HCI has absorption
band at 580 nm which can be attributed to HPSF2+,
We have noticed that with the increase in concentration
of strong acids, e.g., HoSO4, HCIOq4 etc., PSF gave rise
to three bands viz., at 580, 625, and 690 nm. Similarly,
with the increase of BFs in ether the absorption maxima
of PSF were at 578, 622, and 688 nm successively. The
appearance of a new band at ca. 582 nm, which increases
with the increase in concentration of SDS (upto ca.
3X10~3 M) and decreases with increase in temperature,
and the presence of an isosbestic point are indicatives of
the presence of an equilibrium between the free PSF,
SDS and “complexed PSF” (an interaction product of
PSF and submicellar SDS).

When the concentration of SDS was increased above
ca. 1.2X1073 M, the nature of the spectra had changed.
The spectra were no longer passing through the isosbes-
tic point. It is quite interesting to note that when the
concentration of SDS were increased from ca. 3X1073 to
ca. 5.8X1073 M the absorbance around 582 nm had
started decreasing (Fig. 3) and at the same time new
bands started appearing at 520 and 505 nm. The band
at 582 nm had completely disappeared at ca. 5X10=2 M
of SDS, whereas, the intensities of 520 and 505 nm
bands continued to increase till the concentration of
SDS had reached ca. 5.8X1073 M and at this concentra-
tion of SDS both the bands merged with one another
resulting in a Amax at 510 nm. The decrease in intensity
of 582 nm band and the increase in intensities of 520 and
505 nm bands can be attributed to the formation of
higher order aggregates of the cationic dye (facilitated
by the surfactant) at the cost of the monomeric dye-
submicellar surfactant complex. With the increase in
concentration of SDS above cmc (which is found to be
ca. 6X1073 M in presence of 2.2X10-5 M PSF), the 520
nm band shifts to higher wavelength, 531 nm (¢=4550
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Fig. 3. Variation of optical density of PSF-SDS sys-
tem with concentration of SDS at various wave-
lengths: [PSF]=2.20X10-% M; &, 2=520 nm; O, 1=
531 nm; OJ, A=582 nm.
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m2 M~1), which is attributed to the association of the dye
with the surfactant micelles. There was hardly any
change in the position and intensity of this band with
further addition of SDS.

The color change observed in many dyes on the
addition of very small amount of oppositely charged
surfactant has been attributed to ion pair formation,*
dye-surfactant salt formation,® the formation of dye
dimer or higher aggregates,1¥ micelle and mixed micelle
formation,51 etc. However, Lewis'® had pointed out
that the ion pair formation, a phenomenon in itself (like
PSF*SDS™), does not alter the spectral absorption of
the associated ions. Moreover, in the case of cationic
dyes, like phenazinium and thiazinium dyes, the dimer-
izations are known to cause hypsochromic shifts in the
spectra.161”  Therefore, the band at ca. 582 nm, which
is at longer wavelength, is not due to dimeric “species”
of the dye. The formation of mixed micelle or dye-rich
induced micelle, which is expected to provide a rela-
tively less polar environment to the chromophore,
should lead to a hypsochromic shift; whereas in the
present case a bathochromic shift by ca. 60 nm has
been observed. Diaz-Garcia et al.,!) citing various
researchers, have pointed out how the studies and basic
knowledge (available so far) on micellar interactions
may be contradictory and insufficient to permit a clear
choice between different possible interpretations of dye-
surfactant interactions.

We did not observe any interaction of the phenazi-
nium dyes with N-hexadecylpyridinium chloride (a cat-
ionic surfactant) and Triton X 100, (CHs)sCCH.C-
(CH3)2CsH4(OCH2CHz3)100H (a nonionic surfactant) in
the submicellar concentration range. This indicates
that the opposite charge on the dye and the surfactant is
the primary requirement for this interaction. There-
fore, it can be suggested that as the oppositely charged
ions, viz., PSF* and SDS~, come closer to each other
due to electrostatic attraction, the hydrophobic nature
of the large organic ions and hydrogen-bonded water
structure enforce them to form closely associated ion
pairs, PSF*SDS~.41819  The role of hydrophobic force
is clear from the fact that the addition of NasSO4 does
not change the electronic spectra of PSF. This water-
structure enforced ion pair poorly soluble (com-
pared to the free ions) in water due to hydrophobicity?
and that is what has been observed in the present case.
The slight scattering of light from the solutions and
slight sticking of solid mass to the surface of the cell are
indications of the lower solubility of the ion pairs.

Thus, it is clear that some more change, in addition to
the ion-pair formation, has to occur to the chromophore
to effect the large shift of the absorption band.
Gopidas and Kamat!® reported that PSF gets proton-
ated and gives a band at 583 nm when it is bound to
H*-Nafion, a polymer which exhibits a strong acidic
environment to the dye in aqueous solution.?? We
have seen that the PSF absorption band remained
unperturbed even on lowering of the pH of the aqueous
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PSF solution till 1.2.  Only below pH 1.2, the 580 nm
band of PSF appears. On the other hand, in the entire
experimental submicellar concentration range of SDS,
the pH’s of the aqueous SDS solutions were found to be
ca. 6.5. Therefore, it can be said that the 582 nm band
of PSF in submicellar SDS may also be due to the
protonated PSF, viz., HPSF2?*  caused by a strong
acidic environment exhibited by monomeric SDS™
bound to PSF* in the hydrophobic ion pair of
PSF*SDS~. If protonation is a part of the interaction,
the interaction should be favored by lower pH. Unfor-
tunately, we could not study the effect of pH as SDS is
hydrolyzed in acidic medium (which is quite appreciable
at the low experimental concentrations of SDS) and is
precipitated out in basic medium. Moreover, use of
buffer may affect the dye-surfactant interaction as a
result of the interaction of the buffer constituents with
the dye or surfactant.2V

The protonation can be explained in terms of the
Hamaker constant.’® The Hamaker constant Higs for
the dispersion/hydrophobic interaction between the
species, viz., PSF*, 1, and SDS™, 2, in water, 3, can be
represented as

Hio3= Hi2 — (Hist+ Heos— Has). (1)

Water tries to retain its ordered structure and due to the
hydrophobic repulsion between PSF* and water, and
SDS~ and water, the terms His and Has are very low
compared to Hss and this makes the Hamaker constant
very high. The value of Hi2s becomes so high that it is
enough to induce protonation of the dye. The proton-
ation stabilizes the ion paired system as the ionic
hydrogen bonds are stronger than hydrogen bonds
between neutral molecules by about an order.22  After
protonation, due to the stronger interaction of the
ammonium ion of the protonated dye, HPSF2*, with
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water, the ion pair is more stabilized. The addition of
NazSO4 to PSF in water does not affect the spectra of
PSF as there is no hydrophobic ion pairing and hence
no hydrophobic force induced protonation taking place.

Determination of Equilibrium Constant. The inter-
action of PSF* with SDS~ in aqueous medium can be
represented by:

K.
PSF*+SDS™+ H* <= HPSF?*SDS~ 2
or

e [HPSF2*SDS)
© [PSF*J[SDS-JH*]
The pH of the mixed solution (i.e., of PSF and SDS)
remained 6.5 (within the submicellar experimental con-
centration range of SDS). Therefore, assuming that

[H*] virtually remains constant, the above equation can
be written as:

©)

[HPSF2+SDS™]
K.=K.[H]=—————— ()
[PSF*][SDS™]

Using the Ketelaar’s?®) equation

[Dlo 1 1
= + )

d—dy e—¢o K(ec—¢0)[STo
one can obtain the equilibrium constant, K.. Here d

and d are the observed optical densities of the dye in the
presence and in the absence of the surfactant, & and &
are the molar extinction coefficients of the dye in the
free and the associated (viz., HPSF2*SDS™) forms, and
[D]o and [S]o are the initial concentration of the dye and
the surfactant, respectively.

The plots of [PSF]o/ (d—db) vs. (1/[SDS]o) for various
temperatures yielded straight lines in a wide range of the
concentration of SDS. Deviations from the straight
lines were observed towards higher concentrations of

Table 2. Equilibrium Constants and the Other Thermodynamic Parameters of the Submicellar
Interaction Product of Phenazinium Dyes and Anionic Surfactants
Temp K K" —AG —AH AS
Dye Surfactant
M-1 M-2 kJ M1 kJ M1 JM-1K-1
288.15 670 2.1X10° 51.5
PSF SDS 298.15 380 1.2X10° 51.8 38.0 46.4
308.15 210 6.6X108 52.0
288.15 13.3 2.1X107 40.4
PSF SOS 298.15 10.2 1.6X107 41.2 20.7 72.5
308.15 7.8 1.2X107 41.8
288.15 28.8 4.6X107 42.2
SFO SOS 298.15 23.8 3.8X107 43.2 21.2 73.5
308.15 16.2 2.6X107 43.7
288.15 19.4 3.1X107 41.3
SFT SOS 298.15 15.3 2.4X107 42.1 21.7 73.0
308.15 10.1 1.6X107 42.5

a) Error limit=+20 M~! for SDS and 0.6 M~ for SOS. b) Error limit=%1.5X107” M2 for

SDS and £2X10¢ M2 for SOS.
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SDS which was due to the disappearance of the proto-
nated ion pairs as a result of solubilization of the dye by
mixed micelle or micelle formation.®

It is quite interesting that the molar extinction coeffi-
cient of HPSF2+SDS™, (at Amax=582 nm) is found to be
2250 m2 M1, which is very close to the molar extinction
coefficient of 2260 m2M~1 of HPSF2+ at 580 nm (in
aqueous acids). The apparent equilibrium constant,
K., obtained from the plot of [PSF]o/(d—db) vs. 1/
[SDS]o, were found to be 670, 380, and 210 dm3 M~ at
288.15, 298.15, and 308.15 K, respectively. These high
values of the apparent equilibrium constants are com-
parable to those reported for the interaction of cationic
dyes with large organic anions.24

The true equilibrium constant, K. (where K. =K./
[H*]), along with the thermodynamic parameters are
given in Table 2. The high values of the AH and AS
can be attributed to the formation of ionic hydrogen
bonds involving the resulting ammonium ions.22 The
positive entropy suggests that the free dye and surfac-
tant ions are more ordered than the protonated ion pair
in water due to the tendency of water to retain its
ordered structure. Here it can be mentioned that sim-
ilar observations, i.e., positive entropy changes in case
of hydrophobic interactions, have been reported?25:26)
earlier.

PSF-SOS. SOS has a shorter hydrocarbon chain than
SDS and therefore it is expected to show weaker inter-
action with PSF (due to lesser hydrophobicity)?” than
that of SDS. The electronic absorption spectra of PSF
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Fig. 4. Effect of variation in concentration of SOS on
the spectra of PSF: [PSF]=2.20X10-5 M; [SOS]X103
M=(1) 0.00, (2) 2.21, (3) 4.42, (4) 6.63, (5) 8.84, (6)
11.10, (7) 17.70, (8) 22.10; O---O---0O, difference spec-
tra of (8) and (1).
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in aqueous media—with (from 2.21X1073 to 2.21X10~2
M) and without SOS are given in Fig. 4. The spectral
behaviors of PSF in SOS are similar to those of PSF in
SDS. The Zis, and the Amax (from the difference in the
spectral absorbance) were found to be at 540 and 565
nm, respectively. For a fixed concentration of PSF
(2.20X10-5 M), the absorbance at 565 nm increases with
the increase in concentration of SOS and the absor-
bance reaches a maximum value at ca. 2.5X1072 M of
SOS, and then started decreasing. At the same time
the intensity of the 520 nm band started increasing with
a slight shift of 520 nm band to longer wavelength. At
and above 1.4X10-! M of SOS, the absorbances of 565,
520, and 531 nm bands remained almost constant. The
breaks in the plots of absorbance vs. concentration of
SOS are at ca. 1.4X107! M indicate that the cmc of
SOS, in the presence of ca. 9X10¢ M PSF, is ca.
1.4X1071 M. The lower Amax of PSF-SOS interaction
product compared to the Am.. of the singly protonated
PSF indicates that in this case the transfer of the proton
to the dye may not be as complete as in the case of PSF-
SDS, i.e., in the former the situation may be interme-
diate between complete proton transfer from solvent to
the dye and hydrogen bonding between the solvent
water and the dye.

The equilibrium constants and the thermodynamic
parameters were determined at pH 6.2 (the pH of the
SOS solutions in the experimental concentration range
of SOS below cmc) using Egs. 4 and 5, and the results
are summarized in Table 2. From the equilibrium
constants and the other thermodynamic parameters it is
evident that the interaction of PSF with SOS is much
weaker compared to that with SDS.  The slightly lower
value of AS for PSF-SDS may be due to more ordering
of the protonated ion pair in water, as SOS is relatively
less hydrophobic compared to SDS.

Degree of Interaction. As a complementary to the
equilibrium constants, we have examined the degree of
interaction of PSF with SDS and SOS about the inter-
action in the entire submicellar concentration range.
The degree of interaction was determined using Klotz
equation,?®

a = (&app—ec)/ (€0—¢c), (6)

where « is the fraction of the free dye, and eapp is the
apparent molar extinction coefficient. The values of &
for the interaction products were obtained from the
Ketelaar’s plots.

The degree of bound PSF vs. concentration of surfac-
tants is shown in Fig. 5. It can be seen from the figure
that the fraction of PSF bound to SDS is much larger
compared to that bound to SOS, which implies that the
interaction of PSF with SDS is much stronger com-
pared to that with SOS. The fraction of hydrophobic-
force-induced-protonated ion pairs increases upto a cer-
tain concentration of the surfactant (ca. 3X10=3 M for
SDS and ca. 2.5X10~2 M for SOS), then starts decreas-
ing with the increase in concentration of the surfactant
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Fig. 5. Fraction of bound PSF vs. concentration of
surfactant: [PSF]=2.20X10-5 M; 0, SDS; O, SOS.

till it becomes nearly zero at ca. 6X1073 and ca. 1.4X
10~ M of SDS and SOS respectively.

SFO-SOS and SFT-SOS. SFO is a 2,8-dimethyl
derivative of phenosafranine and SFT is a positional
isomer of SFO. Both of these dyes have absorption
maxima at 520 nm in the visible range. The spectral
changes in the aqueous solutions of SFO and SFT on
addition of SOS were similar to those of PSF-SDS and
PSF-SOS. The spectra of SFO and SFT alone and in
presence of SOS in the submicellar concentration range
of SOS passed through isosbestic points at 545 and 548
nm, respectively. The Amax’s of the protonated ion
pairs, viz., HSFO2+SOS~ and HSFT?*SOS™ have been
found (from difference spectra) to be 576 and 580 nm,
respectively.

The K. and K. of SFO-SOS and SFT-SOS systems
were determined using Eq. 5, and the results along with
the thermodynamic parameters are summarized in
Table 2. From the table it can be seen that the submi-
cellar interactions of SOS with SFO and SFT are
stronger than that with PSF. This can be understood
from the presence of two additional methyl groups in
SFO and SFT over PSF, which makes the former two
slightly more hydrophobic than the latter. The amino
and methyl groups which are at 7- and 8-positions in
SFO are at 6- and 7-positions in SFT. The difference
in the strength of the interaction of SFO and SFT with
SOS may be due to difference in basicities, and the
unequal steric hindrance experienced by the amino
groups at 7-position in SFO and at 6-position in SFT.

PSF, SFO and SFT, being cationic dyes,did not show
any interaction with N-hexadecylpyridinium chloride, a
cationic surfactant, even above the cmc, as expected.
On the other hand, the visible absorption spectra of
PSF, SFO and SFT in Triton X 100, a nonionic surfac-
tant, show that there is interaction between these dyes
and Triton X 100. From the spectral behavior, it is
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clear that there is no indication of induced protonation.
This again supports the fact that hydrophobic ion pair
formation and hence the opposite charges on the dye
and the surfactant are the primary requisites for the
hydrophobic force induced protonation. The appear-
ance of new absorption bands at ca. 537 nm with clear
isosbestic points for all the three dyes, on addition of the
surfactant, clearly indicates the presence of an equilib-
rium, and the equilibrium constants were determined
using Eq. 5. The equilibrium constants for SFO, SFT,
and PSF with the surfactant were 400, 380, and 155
dm3 M1, respectively, at 298.15 K.  The strength of the
interaction of the dyes with Triton X 100 varies in the
order, SFO>SFT>PSF. This trend goes in parallel to
that of the dyes with SOS. The values of K. for the
formation of protonated ion pairs of the phenazinium
dyes with the two anionic surfactants are of the order of
107 to 10°. These high values can be compared with the
equilibrium constant of the order of 108 for the depro-
tonation of Methyl Orange by octadecyltrimethylam-
monium bromide.2?

Conclusion

Our experimental results indicate that the cationic
dyes, viz., PSF, SFO, and SFT interact strongly with
anionic surfactants even when the concentrations of the
surfactants are very low (far below the cmc). Opposite
charges on the dye and the surfactant are the primary
requirements for the ion pair formation, and this proc-
ess is facilitated by the hydrophobic forces. The inter-
action product is a protonated ion pair induced by
hydrophobic force. From the present study, it can be
concluded that the hydrophobicity of the surfactant
plays an important role in the ion pair formation as well
as in induced protonation of the dye in the ion pair.
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