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Abstract

Principal Component Analysis (PCA) method has been applied to determine the compositions of concentration
induced metachromatic species of the cyanine dye Stains-all (Stal) in aqueous triton X-100 micellar medium. In
different environments Stal shows a number of blue shifted peaks such as at 575, 535, 510, 470 nm etc. Among them
we have been able to identify without any ambiguity the peaks at 575, 535 and 510 nm that have been assigned to
the monomer, dimer and trimer of the dye. The molar absorption coefficient spectra of the individual species have
also been determined. The equilibrium constant between monomer, dimer and trimer has also been calculated and
found to be 7.17. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyanine dyes find their wide applications in
photographic film [1], laser technology [2], stain-
ing of substrates and membranes [3] as well as in
biomedicine [4] and as an antioxidant for protect-
ing polymers [5]. The cyanine dyes in general
show strong aggregating tendency in aqueous
medium but in micellar and alcoholic media they
remain in monomeric form even at appreciable
concentration. In the latter media they show a

strong absorption band with a vibrational shoul-
der in the blue region of the main peak. From
extensive theoretical and experimental works [6–
10] it has been established that the cyanines in
their monomeric forms, with no bulky substituent
in the methine chain adopt all-trans configuration.
Rotation about C–C bond of the methine chain
results in a number of cis configurations depend-
ing upon the length of the methine chain. Com-
puter modeling [8] shows that all-trans
configuration has the minimum energy; and
among the cis-isomers only mono cis-form has
the lowest energy, but higher than all-trans form
by a few kcal mol−1. The all-trans form is almost
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planar while mono-cis form is non-planar. The
aggregation of the planar dyes results blue shifted
metachromasia [11,12] and that of non-planar
dyes gives red shifted J-band [13,14] in the visible
region.

In this paper we report the absorption be-
haviour of a widely used cyanine dye Stains-all,
1-Ethyl-2-[3-(1-ethylnaphtho[1,2-d]thiazoline-2-
ylidene) - 2 - methylpropenyl]naphtho[1,2 - d]thiazo-
lium bromide (Stal), mainly used for staining pur-
pose. For example, it imparts blue colour in the
presence of Ca2+ binding proteins and red or
pink colour with other proteins [15–18]. In differ-
ent media this cyanine dye shows a number of the
blue shifted peaks and a single J band at 650 nm.
The dye shows its monomeric peak around 575
nm in micellar and alcoholic media; but in
aqueous medium it shows a broad peak around
526 nm with very weak broad peak at 610 nm,
indicating its strong aggregating tendency in
aqueous medium. Several authors [19,20], desig-
nated the blue shifted peaks at 535, 510, 470 nm,
etc. as b, g, d etc. We try to find out the actual
compositions of the species showing the blue
shifted peaks by applying a very powerful
method, Principal Component Analysis method
[21]. Many authors successfully applied this
method [22–24] for determining the composition
as well as molar absorption coefficient spectra of
different absorbing species in equilibrium.

2. Experimental

The dye Stains-all and triton X-100 (t-
Octylphenoxypolyethoxyethanol) from Sigma
Chemical Co. were used as received. A stock
solution of Stains-all (0.35 mM) was prepared by
dissolving 2.0 mg dye in 2.0 ml of methanol,
making up to volume 10 ml with distilled water,
and stored in the dark. Stock triton X-100 (5.0
mM) (cmc 0.24 mM) was prepared in water. A
Shimadzu spectrophotometer (UV-160 A model)
was used to record the absorption spectra of the
experimental solutions at 25°C (laboratory tem-
perature) using quartz cuvette of 0.20 cm path
length. Stains-all has high tendency to be ad-
sorbed on glass wares, so concentrations of the

experimental solutions were corrected. It has been
found that Stains-all perfectly obey Beer’s law in
(75%, v/v) ethanol at least up to (10.0 mM) and
has the molar absorption coefficient value of
11.59×104 mol−1 dm3 cm−1 at lmax (575 nm).
Thus, the more accurate concentration of the dye
depicting an observed spectrum was estimated
from the absorbance at 575 nm of 1.0 ml portion
of the solution (pipetted from the cuvette after
recording each spectrum) diluted with 3.0 ml
ethanol.

3. Extended PCA method

The method is presented here briefly, for detail
see Takatsuki and Yamaoka [21], and Mandal
and Pal [24]. Initially, from a set of m observed
overlapping spectra an input data matrix d of the
order (m×n) is constructed with the absorbance
data at n selected wavelengths. For a system of
p-absorbing components the matrix d can be ex-
pressed, according to Beer’s law, as:

d=c×o (1)

where c and o are concentration and molar ab-
sorption coefficient matrices of the orders (m×p)

and (p×n) respectively; the element cij of c
denotes equilibrium concentration of the jth com-
ponent in the ith solution, and that of o i.e., oij is
the molar absorption coefficient of the ith compo-
nent at the jth wavelength. In most cases, c and o

are unknown.
A second matrix oa, called apparent molar ab-

sorption coefficient matrix, is constructed by di-
viding the individual rows of the matrix d with the
initial concentrations of a particular absorbing
component. The product (oa%×oa) is then diago-
nalised [25] to obtain n eigenvalues and n eigen-
vectors (oa% is the transpose of oa). A comparison
of the relative magnitudes of the eigenvalues
shows that p-eigenvalues become significant, and
hence the corresponding p-eigenvectors are con-
sidered as the fundamental and common to all m
observed spectra. With the p-eigenvectors another
matrix e of the order (p×n) is constructed and
then used to express d, oa and o matrices as:
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d= f×e (2)

oa= l×e (3)

o= t×e (4)

where f and l are combination coefficient matrices
of the orders (m×p) and t is a transformation
matrix of the order (p×p). Thus, from Eqs. (1),
(2) and (4) we have,

c= f× t−1 (5)

The matrices f and l are calculated [24] by the
following relations:

f= (d×e%)×r−1 (6)

l= (oa×e%)×r−1 (7)

where r= (e×e%) and e% is the transpose of e. The
row elements of l satisfy a common equation
which is also satisfied by the row elements of t.
Hence, using the common equation derived from
l, the elements of the matrix t is searched or
determined iteratively using simultaneously the
possible equilibrium schemes for the system of
absorbing components. In every iteration a new
reasonable t matrix satisfying the equation of l is
constructed and used to get c and o matrices (Eqs.
(4) and (5)) as well as m equilibrium constants
corresponding to m experimental solutions. To
monitor the iteration the m equilibrium constants
are then used to calculate the coefficient of varia-
tion S defined by:

S=

!�1
m
� %

m

i=1

(ki−k)2"1/2

k
(8)

where k is average of m equilibrium constants.
For correct equilibrium schemes and t matrix, S
value is minimized (zero or near to zero) as well
as all the elements of c and o become positive, but
for improper equilibrium schemes or incorrect t
matrices S values do not minimise.

4. Results and discussion

Fig. 1 summarises the molar absorption coeffi-
cient spectra of Stal in water (A) and in the
presence of 1.0 mM triton X-100 (TX) with in-

creasing concentration of Stal (B�F). 1.0 mM
TX was used here for preparing micellar medium
in which Stal remains in its monomeric form as
shown by the spectrum B. The spectrum B shows
monomer peak at 575 nm with a vibronic shoul-
der around 540 nm. A comparison of the spectra
A and B indicates that Stal remains in the aggre-
gated form in water but the aggregation is dis-
rupted by the micelles of the TX. With increasing
Stal concentration in TX medium the absorption
at 575 nm gradually decreases with a congruent
rise in the absorbance in the blue region indicat-
ing the formation of different aggregated ab-
sorbing species. The addition of appropriate
amount of alcohol or excess TX solution to the
experimental solution showing metachromasia
gives pure monomer spectrum, which proves that
the formation of blue shifted metachromatic spe-
cies is simply an aggregation phenomenon. It is
well known that the shift of the lmax depends
upon the mode of aggregation as well as on the
number of monomers aggregated; planar dyes
such as acridine orange, methylene blue etc. ag-
gregate in a stacked manner and exhibit blue
shifted metachromasia [11,12], whereas non-pla-

Fig. 1. Molar absorption coefficient spectra of 2.0 mM Stal in
water (A); and 4.30, 27.80, 33.53, 43.85 and 54.45 mM Stal in
presence of 1.0 mM TX (B–F).
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nar dyes such as pseudoisocyanine suffers aggre-
gation in a staggered way producing red shifted J
band [13,14]. The depiction of blue shifted
metachromasia in TX medium by Stal indicates
that it also forms stacked aggregates of all-trans
form (planar); because cis-forms of Stal are non-
planar and hence cannot depict metachromasia.
For the determination of the composition of the
metachromatic aggregate(s), we then apply PCA
method discussed earlier to the spectra B�F
(Fig. 1). For this a data matrix d is constructed,
which contains five rows corresponding to the
spectra B–F in Fig. 1 each containing 51 experi-
mental optical density data at 51 selected wave
lengths from 480 to 630 nm at 3 nm intervals. The
corresponding apparent molar absorption coeffi-
cient matrix oa was obtained by dividing the rows
of d matrix by the respective analytical dye con-
centrations. The diagonalisation [25] of the
product (oa%×oa) yields 51 eigenvalues and 51
eigenvectors. The inspection of the eigenvalues
shows that among the four largest eigenvalues
(e.g., 1.049×1012, 4.987×1010, 1.266×109,
1.162×104) only three are significant confirming
the coexistence of the three different absorbing
species in equilibrium. One of the three species
must be the monomer and the others are two
aggregates of Stal irrespective of counter ions and
TX. The eigenvectors corresponding to the three
significant eigenvalues are shown in Fig. 2. These
eigenvectors were then used to compute the coeffi-
cient matrices f and l using the Eqs. (6) and (7),
respectively. The row elements of the matrix l
obey the following equation of a plane:

0.4341478x+0.1845606y+0.3728591z

=1.7322432 (9)

where x, y and z are the elements of the first,
second and third columns of l. Here, the elements
of the first row of the desired matrix t of the type
(3×3) is known [21,24]. The elements of the
second and third rows of t are then determined by
iteration assuming the following equilibrium
schemes:
1. nStal=Staln k1= [Staln ]/[Stal]n

2. Staln+Stal=Staln+1

k2= [Staln+1]/{[Stal][Staln ]}

Fig. 2. A–C; Eigenvectors corresponding to the significant
eigenvalues of 1.049×1012, 4.987×1010 and 1.266×109, re-
spectively

From Schemes (I) and (II) we have,

k=k1/k2= [Staln ]2[Stal]/{[Stal]n[Staln+1]}

where n is the stoichiometric coefficient. All the
PCA criteria are simultaneously satisfied only for
n=2 and for the following t matrix:

t=Ã
Æ

È

5.2227
3.6641
3.4066

−2.1794
−0.3279
3.3318

−0.6081
0.5424

−0.9715
Ã
Ç

É
×105

The S value and the equilibrium constant (Eq.
(8)) for the spectra C to F come to be 0.0251 and
7.17, respectively. The question of equilibrium
constant for the spectrum B does not arise be-
cause it represents the pure monomeric spectrum
of the dye. As here n=2, so it may be concluded
that the metachromatic species are dimer and
trimer of Stal (see equilibrium Schemes I and II).
As the matrix t is now known, using Eqs. (4) and
(5) the matrices c and o are then computed. The
plot of the row elements of the matrix o against
wave length is shown in Fig. 3. The spectrum (A)
of this figure is identical with that of B of Fig. 1
as expected. The dimer spectrum B in Fig. 3
shows a strong peak at 535 nm and a broad peak
at 575 nm; this is due to in-phase and out-of-
phase oscillations of the transition dipoles of the
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Fig. 3. Computed pure molar absorption coefficient spectra of
monomeric, A; dimeric, B; and trimeric Stal, C.
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