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Effects of surfactants on the molecular
aggregation of squaraine dye Sq-2Me
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The influence of anionic surfactant, sodium dodecyl sulphate (SDS), and cationic one,
cetylpyridinium bromide (CPB), on aggregation behavior of squaraine dye Sq—2Me has
been studied in aqueous solutions by optical spectroscopy. It has been found that the
addition of surfactants at concentrations higher than critical micelle one cmrcyrexdemniurr
into a DMF-W (95 %) solution does not prevent the dye aggregation. The structure of
Sg—2Me aggregates formed in SDS and CPB micelles is discussed using the exciton theory.
The results show that the optical properties and the Sq—2Me aggregate structure can be
tuned using interaction with surfactant micelles of different nature.

B BoxHBIX pacTBOpax METOJAMH ONTHYECKOM CIEKTPOCKOIHNY M3YYEeHO BINSHIE aHUOHHO-
ro (momemuicyasdar HaTpus, SDS) u kKaruouHoro (umeruanupuauuauii 6pomuy, CPB) mosepx-
HocTHO-aKTuUBHEIX BemlecTs (IIAB) Ha arperanuio ckBapanmHoBoro kpacurens Sq—2Me. OGua-
py*KeHo, uTo mobGaBienue B 6uHapHblil pactBop JM®P-B (95 %) IIAB B KOHIIEHTPAIIUHU BHIIIIE
KPUTHYECKOM KOHI[EHTPAIMN MHUIEJJIO00PA30BAHNS HE IIPEIATCTBYEeT arperanuu KPacUTess.
Crpykrypa arperatoB Kpacureisa Sq—2Me, o6pasoBannbix B muneaax SDS u CPB, paccmar-
puBaeTci B paMKaX 3JKCUTOHHO Teopuu. IloJyueHHBIE pPe3YJbTATHI IIO3BOJISIOT CEJAaTh
BBIBOJ] O BO3MOJKHOCTHU YIIPaBJIeHUs CTPYKTypoil arperatoB Sq—2Me npu momormu ITAB pas-
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HOU XUMWYECKOI IIPUPOJHI.

Functional dyes, m-conjugated molecules
and chromophore based systems with new or
improved properties attract growing atten-
tion, because those can form integral parts
of modern electronic and photonic devices
[1]. Functional dyes are extremely impor-
tant in photon based technologies for opti-
cal data storage and communications [1, 2].
Squaraines are a class of cyanine dyes being
under intensive study, which are used for
various applications such as nonlinear op-
tics [3—5], photovoltaics [6], biological la-
beling [7-10], photodynamic therapy [11]
and as an exciton trap to study the excita-
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tion energy migration in luminescent or-
ganic nanoclusters [12]. Squaraines are
characterized by a donor-acceptor-donor
structure, showing an internal charge trans-
fer absorption and emission band. Such a
structure imparts hydrophobic properties to
a squaraine molecule [1, 2, 13]. The intra-
molecular charge transfer characteristics
combined with the extended p-electron
donor network results in high molar extine-
tion coefficient (g> 10° M lem™1) of
squaraines in the visible spectral region.
Most of those dyes emit in the far visible to
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the near IR spectral region and are photo-
stable.

The dye self-association in solutions, at
the solid-liquid interface or in organized
media such as Langmuir-Blodgett (LB) films
is an often observed phenomenon due to
strong intermolecular van der Waals-like
attractive forces between the molecules [14—
16]. There are two limiting types of aggre-
gates based on the orientation of transition
dipoles that exhibit distinct changes in the
absorption band as compared to the
monomeric substances [14-16]. The first
type is J-aggregate, with "head-to-tail”
transition dipole arrangement, which is
characterized by a sharp, strongly red-
shifted absorption band. The second type is
H-aggregate, characterized by a "head-to-
head” transition dipole arrangement and
showing a blue-shifted absorption as com-
pared to the monomer band [14-16]. The
correlation between spectral features and
the aggregate structure was considered
within the exciton model by Kasha [17] and
Kuhn [18]. In contrast to H-aggregates,
J-aggregates are fluorescent [17, 18]. It was
shown that squaraines can form different
kinds of aggregates (dimers, H-, and J-ag-
gregates), depending on the structure of
chromophores [14, 15].

Generally, molecular aggregation in a so-
lution in the form of dimers or higher ag-
gregates causes the dye fluorescence
quenching due to formation of non-fluores-
cent H-dimers and H-aggregates [16, 19].
As a rule, addition of surfactants to a dye
solution at a concentration exceeding the
critical micelle concentration (CMC) pre-
vents the dye aggregation due to the dye
solubilization with surfactant micelles [19—
21]. However, there are works describing
the opposite effect of surfactants on a dye
aggregation. It was found that the addition
of cationic surfactant cetylpyridinium bro-
mide (CPB) at concentrations exceeding the
CMC causes an increasing intensity of the
amphi-PIC J-aggregate absorption band and
its narrowing [21]. Recently, a strong ag-
gregation of cationic dye L-21 enhanced by
the cationic surfactant CPB at a concentra-
tion above the CMC has been reported [22].
The aggregation enhancement of numerous
cyanine dyes in solutions comprising CPB at
the surfactant concentration exceeding the
CMC and significant increase of J-aggregate
luminescence quantum yield was also ob-
served [22]. In this work, the effect of an-
ionic surfactant sodium dodecyl sulphate
(SDS) and cationic one cetylpyridinium bro-
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Fig. 1. Molecular structures of zwitterionic
squaraine dye Sq—2Me (a), sodium dodecyl
sulphate (b) and cetylpyridinium bromide (c).

mide on the aggregation of a zwitterionic
squaraine dye Sg—2Me (Fig. 1) in aqueous
solution has been studied.

Squaraine dye Sg—2Me was synthesized
by Dr.I.Borovoy (Institute for Scintillation
Materials, NAS of Ukraine). The dye purity
was controlled by thin layer chromatogra-
phy. The CPB and SDS surfactants were
purchased from Sigma-Aldrich and used
without additional purification. Organic sol-
vent dimethylformamide (DMF) (Sigma-
Aldrich) used to prepare the dye stock solu-
tion was of spectroscopic grade. To prepare
dye dimethylformamide-water (DMF -W) bi-
nary solutions with surfactants, doubly dis-
tilled water was used. The concentrations of
the surfactants in the solutions exceed their
CMC values (8108 M for SDS [24] and
6.2.1004 M for CPB [25]) being 11072 M
and 1-1073 M, respectively. The concentra-
tion of Sq—2Me in all solutions was 4.10°5 M.
The Sq—2Me stock solution of 1-1073 M con-
centration was prepared in DMF. To prepare
binary DMF-W dye solutions with different
water content (90 or 95 %) and surfactants,
the required amounts of the dye stock solu-
tion and surfactants (SDS or CPB) were
mixed in a flask. Then the required amount
of doubly distilled water was added.

Visible absorption spectra were regis-
tered using a USB4000 microspectrometer
(Ocean Optics, USA) supplied with an incan-
descent lamp. The solutions were placed
into a quartz cuvette of 2 mm optical
length. The luminescence spectra were re-
corded using a spectrofluorimeter on the
base of two grating monochromators MDR-
23 and a xenon lamp. One of the monochro-
mators was used to select a required wave-
length (FWHM ~ 0.5 nm), the other one was
used to collect the luminescence. All meas-
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Fig. 2. Absorption spectra of Sqg—2Me in DMF
(solid line), DMF-W (90 %) (dotted line) and
DMF-W (95 %) (dash-dotted line) binary so-
lutions. Dashed line is the luminescence spec-
trum of Sgq-2Me in DMF.

urements were done at 20°C at least in trip-
licate.

Absorption spectra of Sg-2Me in DMF
and DMF-W binary solutions are presented
in Fig. 2. The absorption spectrum in DMF
exhibits a monomer peak centered at A, =
636 nm (g = 2.5-10° M~lem~1) and a shoul-
der at 585 nm (A, uider/Amax = 0-2). In a
binary DMF-W (90 %) solution, the main
peak becomes weaker and blue-shifted (A,
= 622 nm) that points to the solvatochromic
effect [16, 19]. The ratio Ay, ider/Amax iD
such a solution is 0.4. The luminescence
intensity of Sg—2Me in a DMF-W (90 %)
solution decreases significantly (not pre-
sented). The increase of water content in
the binary solution up to 95 % causes a
remarkable transformation of the absorp-
tion spectrum (Fig. 2). The spectrum be-
comes very broad, the intensities of the
main peak and shoulder become equal and
inseparable. The appearance of a weak peak
at A,,,= 713 nm is also observed. The
luminescence of Sq—2Me in such a solution
with 95 % water content is not observed.
All these facts point to the dye aggregation
in the binary solution with high water con-
tent. We ascribe the main peak to the
monomer band and short- and long-wave-
length peaks to aggregates, the structure of
those is discussed below [17, 18].

The addition of surfactants (SDS or CPB)
at concentration above the CMC to a DMF-W
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Fig. 3. Absorption (dashed line) and lumines-
cence (solid line) spectra of Sgq—2Me in a
DMF-W (95 %) binary solution with SDS.

(95 %) binary solution causes a significant
transformation of the absorption spectra of
Sg—2Me and a luminescence appearance
(Fig. 3) that points to a strong interaction
between zwitterionic dye molecules and sur-
factant micelles. However, solubilization of
dye molecules with surfactant micelles does
not prevent totally the dye aggregation. As
is seen in Fig. 3, the absorption spectrum of
Sg—-2Me in a DMF-W (95 %) solution with
SDS (dashed line) consists of three bands
centered at 585, 630 and 718 nm, respec-
tively. The luminescence spectrum consist
of a band at A,,,, = 640 nm and a shoulder
at 719 nm (Fig. 3, solid line). The band at
630 nm in the absorption spectrum is the
Sg—-2Me monomer band red-shifted slightly
in nonpolar environment as compared to
that in a DMF-W (95 %) solution without
surfactant (Fig. 3). The consideration of
Sg—2Me absorption and luminescence spec-
tra allows us to ascribe the short-wave-
length and long-wavelength absorption
bands (with respect to the monomer one) to
the dye aggregates [17, 18]. It is known
that the dye aggregation results in a strong
coupling of the molecular transition dipoles,
i.e. the electrostatic interaction between
molecular transition dipoles of the chromo-
phores causes the splitting of energy levels
of the molecule excited states [17].
According to Kasha exciton theory [17],
depending on the relative spatial arrange-
ment of interacting molecules (parallel tran-
sition dipoles or in-line transition dipoles),
blue-shifted H-band or red-shifted J-band
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can be observed in the dye absorption spec-
trum. If the interacting molecules are in-
clined with respect to each other, two ab-
sorption bands (H- and J-band) appear in
the spectrum that points to the Davydov
splitting [17, 18, 26]. The ratio of their in-
tensities depends on the angle between the
molecules. The larger the angle, the more
intense the J-band is with respect to the
H-band [17, 18, 26]. So, the analysis of
relative intensity of the aggregate absorp-
tion bands can provide information about
the aggregate structure. Thus, we can as-
cribe the addition bands observed in the
absorption spectrum (Fig. 3) to H- and
J-splitting components of the dye dimer
formed by two Sg—2Me molecules in SDS
micelle. As the J-band intensity is much
higher than that of H-band, we can con-
clude that the angle between the dye mole-
cules forming the dimer is more than 90°.
Our conclusion concerning the dimer origin
of short-wavelength and long-wavelength
absorption bands is based also on the follow-
ing consideration. The concentration of
micelles [M] in the solution can be esti-
mated as [27]:

[surfactan] - CMC (1)

Nagg

[M] =

where [surfactant] is the total surfactant con-
centration; Nz, the surfactant aggregation
number (Ng., = 63 for SDS micelles [24]
and 122 for CPB micelles [28]).

The approximate number of dye mole-
cules (n) incorporated into a single micelle
can be estimated [27] as

[dye] (2)

"M

where [dye] is the dye concentration in the
solution.

For the solution with SDS micelles, [M] =
8.10°5 M, [dye] = 4-10°® M. So, we obtain
n=4/3 =1.33. In other words, one micelle
contains more than one dye molecule and
the formation of dye dimer in such a solu-
tion is possible. Moreover, the structure of
Sg-2Me molecule is favorable to the dye
aggregation [1, 2, 13]. However, the frac-
tion of micelles containing one dye molecule
is rather large. In the absorption spectrum
(Fig. 3), the band corresponding to the
monomer absorption is rather intense. In
the luminescence spectrum of Sg—-2Me in a
DMF-W (95 %) solution with SDS, the
monomer luminescence band (A, =
640 nm) is also intense (Fig. 3, solid line).
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Fig. 4. Absorption (dashed line) and lumines-
cence (solid line) spectra of Sgq—2Me in a
DMF-W (95 %) binary solution with CPB.

The shoulder at 719 nm (in resonance with
absorption J-splitting component) is also ob-
served in the luminescence spectrum; that is
evidence of the fact that the dimer formed
in SDS micelle possesses an inclined geome-
try (or a "herringbone” one) with a large
angle.

It is known that the J-band possesses the
exciton nature [29]. We can estimate the
exciton delocalization length wusing the
equation [30, 31]:

2
T A

where AvZ, and Av} are full widths at half-

maximum of monomer and J-aggregate ab-
sorption bands. Taking Av,zn =800 cm! and

Av?, =616 cm !, we obtain Nger ~ 2 mole-

cules that evidences also the dimeric nature
of J-band.

In a DMF-W (95 %) solution containing
CPB micelles, the absorption and lumines-
cence spectra of Sq—2Me differ from those
in a solution with SDS micelles (Fig. 4). The
absorption spectrum consists of two bands:
a low-intense monomer band (A,,, =
633 nm) and a very intense J-band centered
at 719 nm. That points to the fact that in
this solution, the dye is mainly in associ-
ated form. Indeed, for this solution, [M] =
3:107% M and n value obtained is about 183.
Thus, in a DMF-W solution containing CPB
micelles, a single micelle contains about 13

463



S.L.Yefimova et al. / Effects of surfactants on the ...

Sg-2Me dye molecules. That results in the
formation of a more extended aggregate
with J-type molecular packing (the H-band
is not observed, Fig. 4, dashed line). The
J-band is broader as compared to that in
the solution with SDS micelles (Av; =
854 em~! and 616 cm™!, respectively). The
J-band broadening in the solution with CPB
micelles can be explained by the formation
of J-type aggregates with different associa-
tion degree. In the luminescence spectrum,
the relative intensity of the monomer band
is decreased considerably, that is also an
evidence of the predominant dye aggrega-
tion in such a solution (Fig. 4, solid line).

To conclude, our investigations show
that the addition of a surfactant of differ-
ent nature (anionic or cationic) at concen-
trations above the CMC into a DMF-W
(95 %) binary solution does not prevent the
dye aggregation. In such solutions, Sg-2Me
dye aggregates formation has been revealed.
The structure of Sqg—2Me aggregates formed
in SDS and CPB micelles is different and
has been discussed using the exciton theory.
In a solution containing SDS micelles, the
Sg-2Me dye forms dimers of "herringbone”
geometry with a large angle, while in a so-
lution with CPB micelles, the formation of
more extended aggregates of J-type molecu-
lar packing with different association de-
gree is assumed.
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Bnaue moBepxHeBO-aKTHBHUX PEYOBHH
Ha MOJIEKYJSAPHY arperaiiro CKBapaiHOBOro 0apBHHUKA
Sg-2Me y BoaHHUX pO3YHMHAX

C.J1.€pimosa, I''1.I'ypanvuyr, A.C.JIec6€db, O.B.Copokin,
IO.B.Manwkin, 1.I0.Rypunvienko

VY BogHMX PO3UMHAX METOLAMM OIITUUYHOI CIEeKTPOCKOIIil BUBUEHO BILJIMB aHiOHHOI (Zome-
nuiacynbdar Hatpio, SDS) Ta KationHoi (mertuianipuzuniit 6pomin, CPB) moBepxHEBO-aKTUB-
uux peuoBuH (IIAP) ma arperamito ckBapainoBoro Gapsuura S0—2Me. Bceramosiewno, mio
nomaBaHHs y Oimapuuit posuna JM®-B (95 %) ITAP y koumeHnTparllii, BUIIiil 38 KPUTUYHY
KOHIIEHTpAIlil0 MiIleJIOyTBOpPeHHs, He IlepellKkojsKae arperanii 6apBHuka. CTpyKTypy arpe-
rariB 6apeanka Sq-2Me, mo yrBopoooThca y Mimenax ITAP, posrasiHyTo y paMKax €KCHUTOH-
Hoi Teopii. OrpuMani pesyabTaTy LO3BOJIAIOTH 3POOKTH BHCHOBOK, IO CTPYKTYPOIO arperaris
Sg—2Me moxkHa KepyBatu 3a momomoroo ITAP pisuoi ximiunoi Gymosu.
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