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The interaction between cationic dialkyloxacarbocyanine perchlorate (DiOC,) dyes with
different alkyl chain length and anionic surfactant sodium dodecylsulfate (SDS) has been
studied spectrophotometrically in aqueous solutions in surfactant pre- and post-micellar
concentrations (CMC). In aqueous solutions of DIOC, with SDS at SDS concentrations far
before the CMC, the formation of ion-pair complexes of 1:1 composition between dye
cations and surfactant anions has been revealed. Using absorption spectra of the dyes in
solutions at SDS concentration above the CMC, binding constants (K,) of the dyes to the
surfactant micelles and fraction of the dyes bound to the micelles (f,,;.) have been calcu-
lated by means of the Benesi-Hildebrand equation. It has been shown that binding of
oppositely charged dyes and surfactant micelles is controlled by both electrostatic and
hydrophobic forces. However, even a small increase in the dye alkyl chain length causes an
abrupt nonlinear increase of the f, ;. value that points to the fact that the hydrophobic
interactions plays a major role in the dye to micelle incorporation.

MeTomaMy CIEKTPOCKONMU B BOAHBIX PACTBOPAX KCCJEIOBAHBLI B3AMMOLEHCTBUS MEMKIY
KATHOHHBIMU KDAaCHTeIAMHU AUATKMIOKcaKapbonnanun-nepxaoparamu (AMOK,) ¢ pasiuunoi
IJIMHHOM yrJIeBOJOPOJHBLIX PAAUKAJIOB U AHWOHHBIM IIOBEPXHOCTHO-AaKTHBHBIM BeI[ECTBOM
(ITAB) pmomenmiacyabdarom narpusa (HOC), mpu KoHIeHTpanum MmocjeqHEro HUKe U BLIIIe
KPHTHYECKOH KOHIeHTpamuu murnennoobpasosarns (KKM). B Bogmeix pactsopax [uOK, c
HOC npu xomnenrpammu HAC mamuoro mmxe KKM mHabamomansocs o6pasoBaHHE KOMILIEKCOB
cocraBa 1:1 mexxay KartmoHoMm Kpacureiasd u aHmonom IIAB. M3 coeKTpoB IIOIJIOIIEHUS
Kpacurejeii B BOOZHBIX pacrBopax mnpu KoHieHtpanuu IIAB seime KMK, ¢ ucroab3oBanuem
ypaBHenuss Bememmu-I'mnbpgedpanga ompemeseHbl KOHCTAHTHI CBA3BIBAHUSA Kpacureneil ¢ Mu-
nemrnamu HAC (K,) u pgonu cesasamHBIX Kpacureneil (f,;.). IlokasaHo, uTo cBA3BIBAHHE
IIPOTHBOIIOJIOKHO 3apsKeHHbIX Kpacureasa u muiless [IAB ompemensiercsa Kak 9JeKTPOCTATH-
YEeCKUMM, TaK U TruapodoOHbIMU B3aumozelicTBuamu. OZHAKO TOT (PaxKT, 4TO maKe HebGOJIb-
1roe yBeJuuYeHue TuApodOOHOCTH KPACUTENS 34 CUeT YBEIHUYEeHHs AJINHBLI YIJI€BOJOPOTHOIO
paguKana IPUBOAUT K DPE3KOMY HelWHeHHOMY yBeIWdYeHWIO 3HAYeHHS f,;., CBUIETeIbCTBYeT
0 TOM, YTO KJIOUEBYIO POJIb UI'PAIOT rHAPO(POOHBIE B3auMOgeiicTBUA.
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Dye-surfactant interaction is considered
in numerous studies [1-14]. The surfactant
micelles containing polar and hydrophobic
fragments and being formed in solutions at
the surfactant concentration exceeding the
critical micelle concentration (CMC), are
considered to be simple model systems of
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biological membranes, because cell mem-
branes consist of surface-active components
(lipid bilayers) [15]. The micelles and other
colloidal and macromolecular systems have
been extensively employed as model systems
to investigate the effects of heterogeneous
environments and microenvironments on a
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Fig. 1. (a) Chemical structure of the DiOC,
dyes. R = C,Hg: 38,8'-diethyloxacarbocyanine
perchlorate (DiOC,), R = CgH,5: 8,8'-dihexy-
loxacarbocyanine perchlorate (DiOCg); R = CgH,q:
3,3'-dinonyloxacarbocyanine perchlorate;
R = C,gHs;:  8,8'-dioctadecyloxacarbocyanine
perchlorate (DiOC,g); (b) Structural formula
of surfactant sodium dodecylsulfate (SDS).

wide variety of reactions [16—20]. The
study of interactions between organic mole-
cules and surfactant micelles can help to
understand the complex processes of sub-
stance delivery and transport taking place
in various biological processes. Optical
analysis based on fluorescent labeling has
been extensively used to study these proc-
esses and organic fluorophors are used most
often for these purposes [21, 22]. There-
fore, studying the interaction between dyes
and surfactant micelles is also important
from this standpoint. For instance, it was
noted that the hydrophobicity of fluoro-
phors influences the efficiency of living cell
staining and tracing [23]. It was found that
less hydrophobic fluorophors bind less ef-
fectively to the cell organelles and can dif-
fuse into a cell cytoplasm during cell trac-
ing [23].

In this work, the interaction between a
series of cationic carbocyanine dyes (DiOC,)
with different alkyl chain length (Fig. 1)
and anionic surfactant sodium dodecylsul-
phate (SDS) has been studied in aqueous
solutions in pre- and post-micellar concen-
trations by means of spectroscopic measure-
ments. The method of continuous variations
was used to study the ion-pair complex for-
mation in pre-micellar range [10, 24]. The
binding constants and the fraction of dye
bound to SDS micelles in post-micellar
range were calculated using the Benesi-
Hildebrand equation [25-27] which can be
applied at high surfactant concentrations
[11, 12]. The effect of dye alkyl chain
length on binding constants of the cationic
dye to anionic SDS micelles has been stud-
ied. Carbocyanine dyes 3,3'-diethyloxacar-
bocyanine perchlorate (DiOC,), 3,3'-dihexy-
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Fig. 2. Effect of SDS on the absorbance of
DiOC, dye. The dye concentration in all solu-
tions is 2:107° M.

loxacarbocyanine perchlorate (DiOCg), 8,3'-di-
nonyloxacarbocyanine perchlorate (DiOCy),
and 3,3-dioctadecyloxacarbocyanine per-
chlorate (DiOC,g) were synthesized by
Dr.I.Borovoy (Institute for Scintillation Ma-
terials, NAS of Ukraine). The purity of the
dyes was controlled by thin layer chroma-
tography. The surfactant SDS was pur-
chased from Sigma Aldrich and used with-
out purification. Ethanol used to prepare
stock solutions of dyes and surfactants was
a spectroscopic grade product. To prepare
aqueous solution of the dyes with surfac-
tants for the investigations, doubly distilled
water was used. The surfactant concentra-
tion was varied in the concentration range
of 1107 M to 51072 M.

The stock solutions of each dye of 1-1073 M
concentration were prepared in ethanol.
Since the SDS concentration is varied in a
wide range, to prepare aqueous solutions
with small amount of SDS, a stock SDS
solution in ethanol of 11073 M was needed.
To prepare aqueous solutions of the dyes
with surfactant, the required amounts of
stock dye and SDS solutions in ethanol at a
certain ratio were placed in a flask and
ethanol was evaporated. Then the required
amount of doubly distilled water was added.

Visible absorption spectra were recorded
using a UV-Visible Spectrophotometer (Spe-
cord 200, Analytik, Jena) and a quartz cell
of 2 mm optical length. All measurements
were done at 20°C at least in triplicate.

The cationic dyes DiOC,, possess the same
chromophore fragment and differ in the
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Fig. 8. Absorption spectra of DIiOC, dye in
aqueous solutions at different surfactant con-
centrations: without SDS (solid line); 1-1073 M
(dashed line); 1-10702 M (dash-and-dotted
line). The dye concentration in all solutions is
2:10°5 M.

length of alkyl chains only (Fig. 1). The
alkyl chain length governs the dye hydro-
phobicity which increases with increasing
chain length.

At the work first stage, the interaction
of less hydrophobic dye DIiOC, with SDS
was studied in pre- and post-micellar re-
gions. For this purpose, the absorption spec-
tra of DIOC, were studied in aqueous solu-
tion with SDS at concentrations varied
from 1.107% M to 51072 M (Fig. 2). DiOC,
is a water-soluble organic dye. In aqueous
solutions, the Lambert-Beer law is wvalid in
the dye concentration range 1.1075-1.10"4 M.
In these experiments, the dye concentration
was 2:1075 M. The changes in the dye ab-
sorption were detected at X,,,, = 480 nm.

Fig. 2 shows that the curve of absorption
changes depending on the SDS concentra-
tion could be divided into three regions.
Within region I, which corresponds to the
SDS concentration from 1.10°% M to 1.1073 M,
the 480 nm absorption band intensity de-
creases gradually. At the same time, the
appearance of a new short-wavelength band
at 450 nm is observed (Fig. 3). The decrease
in the absorbance at 488 nm and the ap-
pearance of the new band at the surfactant
concentration below the CMC (for SDS,
CMC = 81073 M [28]) indicate the molecu-
lar complex formation between cationic dye
DiOC, and anionic surfactant molecules due
to electrostatic interaction [1, 10-13].
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Fig. 4. The Job’s plot of DIOC, and SDS at 20°C.

The reaction between the dye (D) and the
surfactant (S) can be described as an equi-
librium reaction:

xD+yS<D,S,.

The method of continuous variation, or
the Job’s method, is one of the most com-
mon techniques used in complex ion studies
[10, 24]. This method allows the stoichiomet-
ric composition of the complex to be deter-
mined. For this purpose, the mother aqueous
solutions of the dye C% and the surfactant
C% should be prepared in equal concentra-
tions. In our study, C% = C% = 1.107% M. The
mother solutions are mixed in varying vol-
ume ratios, but in such a way that the total
volume of each mixture remains the same x
volume units of the dye solution added to
(1—x) volume units of the surfactant solu-
tion (x<1) [10, 24]. A series of mixed solu-
tions is prepared and the absorbance (E) of
the each solution is measured. A Job’s plot
is obtained by plotting the corrected absor-
bance of each mixture AE versus the dye
volume fraction (x). The corrected absor-

bance can be calculated using the following
equation [10]:

— 0
AE = Eoyp, — epcplx,

(1)

where £pc)l is the absorbance of the dye

solution without surfactant (x = 1).

The volume ratio x that corresponds to
the minimum in the Job’s plot is the com-
bining ratio of surfactant and the dye in the
associate [10, 24].
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Fig. 5. (a) The change of DiOC, (W), DiOCg4 (®), DIOC, (#) and DiOC,g (O) absorbance as a function
of SDS concentration; (b) The Benesi-Hildebrand plots for DiOC, (m), DiOC4 (®), DIOCqy (#) and

DiOC,g (O) binding to SDS micelles.

The Job’s plot of DIOC, and SDS at 20°C
is presented in Fig. 4. The minimum at x = 0.5
means that 1:1 associates are formed. So,
we can conclude that the short-wavelength
absorption band formed in the solution at
the surfactant concentration far before the
CMC (region I) corresponds the dye-surfac-
tant complex formation  with 1:1
stoichiometry.

At the SDS concentrations 1.1073-1-1072 M
(Fig. 2, region II), a sharp increase of the
DiOC, absorption and a red shift of the ab-
sorption maximum to 488 nm with increas-
ing SDS concentration were observed that
points to the onset of the micelle formation
and the dye incorporation to SDS micelles
(Figs. 2, 3) [11, 29-32]. In region III corre-
sponding to the SDS concentrations from
11002 M to 51072 M, the absorbance of
DiOC, does not change, thus pointing that
all dye molecules are incorporated to surfac-
tant micelles (Fig. 2). The SDS concentra-
tion of 1-1073 M at which the sharp in-
crease in the dye absorption and the red
shift of the absorption maxima are observed
is considered as the CMC of SDS in an
aqueous solution in the presence of the dye
[11, 32]. The lower value of the CMC than
that obtained by other methods in pure
aqueous solutions (8-:1073 M [28]) is the re-
sult of dye-surfactant interactions. The
process of micelle formation is known to be
sensitive to small changes in ionic strength
of the aqueous solution [1, 28]. Additives,
such as alcohols, salts, organic molecules,
etc., can change the surfactant CMC value
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in solutions. In general, organic molecules
(or ions) tend to reduce the CMC [1, 28].
The CMC value obtained for SDS in the
aqueous solution in the presence of the dye
is in agreement with this statement.

At the second stage, the efficiency of the
dye-surfactant micelle interaction was stud-
ied depending on the dye hydrophobicity.

The dye-micelle interaction can be de-
scribed as an equilibrium reaction:

Kb
D+ M <=DM

where D, M and DM are the dye, micelle
and dye-micelle associate, respectively; K,
the binding constant. To determine K;, the
Benesi-Hildebrand equation in the following
modified form was used [10-12]:

Dy 1 1 (2)

= =+ .
Ay -A g, -5y Ky, —£)Cp,

m

where Dy is the total dye concentration in
the solutions (2-107° M); A and Ay, the dye
absorbance in the presence and absence of
SDS, respectively; g,, the dye molar extinec-
tion coefficient in aqueous solutions with-
out the surfactant; ¢,,, that of the dye fully
bound to the micelles; C,, is the concentra-
tion of the micellized surfactant ([surfac-
tant]-CMC). The plot of Dy/(Ag—A) against
1/C,, is linear, K, and ¢, can be obtained
from the line slope and intercept, respec-
tively.
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Since DiOCg, DIOCq and DiOC,g dyes pos-
sess hydrophobic properties, in pure aque-
ous solutions they form aggregates; the
SDS concentration of 1-1073 M was consid-
ered as the CMC for the solutions with all
dyes. To calculate the binding constants of
the dyes to SDS micelles, regions II and III
of the surfactant concentrations were ana-
lyzed for all dyes (Fig. 2).

For each dye, the 480 nm absorbance
changes depending on the SDS concentra-
tion were analyzed (Fig. 5a). For each dye,
the SDS concentration increasing from
11073 M to 5-1072 M causes an increase in
the dye absorbance and a red shift (to
488 nm) of the absorption maximum (Fig.
5a). The red shift of the absorption maxima
in a less polar medium is a direct indication
of the dye incorporation to SDS micelles [1,
11, 29-382]. The plot of Dy/(Ag—A) against
1/C,, was revealed to be linear for all dyes
(Fig. 5b). The K, and ¢, values obtained
using least square analysis are given in
Table. The K; value increases with increas-
ing alkyl chain length of the dye. In other
words, the alkyl chain length of the dye
molecule influences substantially the dye
binding to a surfactant micelle. The Cou-
lomb interactions between a positively
charged dye molecule and a negatively
charged SDS micelle do not play a major
role in the dye-micelle binding. Apparently,
their major function is to bring the dye
cation and the surfactant micelle close
enough at the process onset to enable the
action of hydrophobic interactions which
are finally responsible for the dye-micelle
binding [5]. As it seen from Table, the dye
with the longer alkyl chain (more hydropho-
bic) reveals a stronger trend to bind to a
surfactant micelle.

To estimate the efficiency of the dye-
micelle binding, the fraction of micellized
dye molecules (f,,;.) was calculated [7, 12]:

K,[M]

= 3
Fmie 1+ K,[MT (3)

f mic Ky
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Fig. 6. Dependences of f,;. (¢) and K, (O) on
the number of carbon atoms in dye alkyl
chains (C,).

where K, is the binding constant; [M], the
surfactant concentration at which the maxi-
mum number of dye molecules bind to the

micelles (51072 M). The obtained values are
listed in Table.

The dependences of obtained K, and f,;.
values on the dye alkyl chain length is pre-
sented in Fig. 6 which indicates the linear
dependence of K; on the number of hydro-
carbon atoms in alkyl chains of the dyes. At
the same time, the fraction of micellized
dye molecules (f,,;.) changes not linearly. In
a case of DIOC, (less hydrophobic dye), only
50 % of the dye are bound to the SDS
micelle. A small increase in the dye hydro-
phobicity results in a sharp increase of the
amount of bound dye (81 % for DiOCg) and
then the curve f,,;. vs C, reaches saturation
(Fig. 6). This indicates that in spite of Cou-
lumb interaction between the oppositely
charged dye and SDS micelle, the hydropho-
bic interactions play the major role in the
cationic dye-anionic micelle interaction.

To conclude, using absorption spectros-
copy, cationic dye-anionic surfactant inter-

Table. Spectroscopic properties of DIOC, dyes in aqueous solutions with SDS at 2938 K

Dye e, Ml.em! €y Mlem™! K, (M) Tmie
DiOC, 10500 52500 20 0.50
Di006 15000 31000 90 0.81
DiOCyq 8125 12000 120 0.86
DiOCy4 17000 41000 250 0.93

% g, values were calculated at surfactant concentration of 1.1073 M (CMC, "zero” point).
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actions have been studied in aqueous solu-
tions in surfactant pre- and post-micellar
concentration ranges. The addition of an-
ionic surfactant SDS into the DiOC, aque-
ous solution causes an essential changes in
the dye absorption spectra. At SDS concen-
trations far lower than the CMC, the forma-
tion of ion-pair complexes of 1:1 composition
between dye cations and surfactant anions
has been revealed. The SDS concentration in-
crease above the CMC results in increased
absorption intensity for all dyes and shift of
the absorption maxima toward longer wave-
lengths that are evidences of the dye incor-
poration into SDS micelles. It has been
found that the interaction of oppositely
charged dyes and surfactant micelles is con-
trolled by both electrostatic and hydropho-
bic interactions. The increase of the dye hy-
drophobicity due to lengthening alkyl chain
increases the trend to association, the K,
fmic values increase with increasing dye
alkyl chain length. For DiOC, dye with the
shortest alkyl chains, the electrostatic at-
traction between the dye and a micelle is
found to be not sufficient for effective
binding. In this case, only 50 % of the dye
molecules are incorporated into SDS
micelles. However, a small increase in the
dye alkyl chain length causes an abrupt
nonlinear increase of the f,;. value that
points to the fact that the hydrophobic in-
teractions play a major role in the dye-to-
micelle incorporation.
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CnexTpockomisa B3aeMoaiil Mik 0apBHHUKOM
Ta MOBEPXHEBO-AaKTHBHOI0 PEYOBHHOK Yy BOJTHHUX
PO3YMHAX 0 Ta MiCJd MilleJJOYTBOPEHHS

C.€pimosa

Metogamu onTmyHOI CHIEKTPOCKOIii y BOTZHUX pO3YMHAX MJOCHiJKEHO B3aEMOIiI0 MiiK
KaTioHHMMu GapBHMKAMH Iiankimokcakapbouiamin-mepxioparamu ([iOK,) 3 pismoio goBxu-
HOIO BYIJIEBOJAHEBUX PAAWKAJIB Ta AHIOHHOIO II0BEPXHEBO-aKTHUBHOIO peuouHo0 (IIAP) moxe-
nuicyiabdarom zHarpito (HAC) B KoHmenTpamii 0CTAHHBOIO HUMKUYE TA BUILE KPUTUYHOL KOH-
nenTpanii minenoyrsoperra (KKM). ¥V sogrux posummax [iOK, s HOC npu kommenrpamii
HOC mmxue KKM sapeecTpoBaHO yTBOPEHH:A KOMILIEKCiB ckjaaxy 1:1 mixk xariomom GapBHU-
Ka Ta amiomom ITAP. 3i cuekTpiB moriiuHaHHA 6apBHUKIB ¥ BOJHUX PO3UYMHAX IIPU KOHIIEHT-
pamii ITAP Bumi#i Bix KKM 38 BukopucranuaMm piBHAHHA Benemri-I'inpmedpanga oTpuMaHO
KOHCTaHTK 3B’aA3yBaHHA 6apBHUKIB 3 minmemamu HOC (K,) Ta dpaxnii sp’asanux 6apBHUKIB
(Fmic)- TIokasano, mo 3B’A3yBaHHA NPOTHJIEKHO 3apaaKeHux GapsHuKa ta IIAP symosieno
K eJEeKTPOCTATUUYHMMM, TaK 1 rigpodgobuumu B3aemoxiamu. Oxmak Toii (akT, 110 HABITH
HeBeJinKe 30iaplneHHs rizpodgobHocTi OapBHMKA 3a PAXYHOK 30i/bIIeHHS JOBKHUHHU BYIJEBO-
IHEBOI'0 PajuKaly IPU3BOAUTL I0 Pi8KOro HeJiHIAHOro 3poCTaHHS BEJIUYNHU fmic, CBiQUUTH
npo Te, 110 rigzpodobHi B3aemMomil BimirpaioTh KJIIOYOBY POJIb.
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