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Abstract

The monomer—dimer equilibria of Cibacron Blue F3GA (CB) and five other dyes (Levafix Brilliant Blue EB, Reactive
Scarlet 017, Methyl Orange, Basic Blue 3 and Chicago Blue Sky) have been investigated in water and in the presence of
KH,PO,. Aggregation of CB has been also examined in the presence of NaH,PO,, LiCl and KCl. When a new iterative
approach, based on non-linear least-square (NLLSQ) fitting procedure was applied, it was found that the dimerization
constants depend on the extension of organic molecules and the number of sulphonic groups. In the case of CB, cations had
a greater effect on the equilibrium than anions. Analysis of the calculated spectra for monomer and dimer of Basic Blue 3
after deconvolution allowed us to specify the geometry of the dimer. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

More than 100 commercial textile dyes have
been used in the past few years as synthetic affinity
ligands, including agents for separating and purify-
ing proteins through affinity chromatography. The
suitable synthetic dyes are able to separate diverse
classes of proteins, stable over a wide pH range,
exhibit minimal leakage, and can be autoclaved
[1,2].

Cibacron Blue F3GA (1) is the most often used
dye in the preparation of insoluble matrices for
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affinity chromatography of enzymes and proteins
and monitoring the alteration of proteins struc-
tures in solution [3-5]. While the protein—dye
binding equilibrium is frequently investigated
using spectrophotometric techniques to obtain
quantitative results, the aggregation of dye mol-
ecules can influence the results [6]. A study of the
interaction of dye 1 with glutamine syntetase in
aqueous solution [7] showed that certain features
in the difference spectra that were obtained at dif-
ferent dye concentrations might be due to a shift
in the equilibrium between monomers and dimers.
In addition, the aggregation of dye 1 has been
studied using MO calculations, but the calculated
spectra of the monomer and dimer exhibited
absorption bands that differed by 100-120 nm
relative to the experimental spectra [8].
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We recently determined the formation constants
for the Methyl Orange-human serum albumin
complexation and for the Levafix dye with human
and bovine serum albumine [9,10]. High dye—protein
concentration ratios were used in these studies, so
that dye stacking could have two significant effects
on the results obtained from spectral data. The first
arises from differences between the absorption
spectra of stacked and unstacked dye. The second
originates from the effects of stacking on the con-
centration of dye available for binding. To avoid
these problems we employed circular dichroism
because it is not sensitive to dye aggregation.

In this paper, we report the dimerization of
Cibacron Blue F3GA (1), Levafix Blue EB (2) and
Reactive Scarlet 017 (3) Methyl Orange (4), Basic
Bue 3 (5), and Chicago Blue Sky (6). Dye 1 and
other dyes of the Levafix series are often used in
affinity chromatography and have been used as
model compounds in equilibrium interactions with
albumine in aqueous solutions [1,10].
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2. Experimental section
2.1. Materials

CB (Fluka), Levafix Brilliant Blue EB (Bayer),
Reactive Scarlet 017 (ReAcna) were purified on
Sephadex LH-20 using MeOH/H,O (60/40 v/v)
[11]. The other dyes were purchased from Aldrich
Chemicals and recrystallised several times from
MeOH/H,O0 (60/40). Dye purity was confirmed by
elemental analysis and thin layer chromatography.
NaH,PO, and NaKH,PO,4 were purchased from
C. Erba (Italy).

2.2. Spectrophotometric measurements

Solutions of the dye were prepared in water,
with or without salt, at 10-12 different concentra-
tions (1x107%-1x10=2 M). UV/visible spectra
were recorded on a Perkin Elmer Lambda 2S or
on a thermostatted Cary 220 UV/visible spectro-
photometer, using 10-, 1-, 0.1- or 0.01-cm quartz
cells.
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2.3. Data fitting procedures

Sets of UV/visible absorption spectra were
measured in water at 25°C at various concentra-
tions. Almost 100 experimental points were re-
corded for each solution, with the absorbance
measured at 5 nm intervals over the 230-720 nm
range. The spectral changes were described by the
dimerization equilibrium shown in Eq. (1),

JM=1D (1)

and the association constant can be written as
shown in Eq. (2)

K, = [D)/[MT’ 2)

where [M] and [D] are the equilibrium concentra-
tions for the monomer and dimer, respectively,
when [dye]iow =[M]+ 2[D]. The molar absorptiv-
ities (&) of the solutions are the sum of the con-
tribution of monomer and dimer species:

exp = €1X1 +82/2(1 — X71) 3)

X being the molar fraction of the monomer.

The fitting of the overall set of data was opti-
mised by non-linear least square minimization of
the sum of the squared residuals of absorbances to
a model that accounts for dimer formation and
that is based on Eq. (1). Thus, the dimerization
constant (K,) and the absorbance spectrum of the
(at A; ... 4,,) are the fitting parameters. The stan-
dard deviations of the above parameters and their
correlation coefficients are included in the fitting
outputs. Even though the problem to be solved
seems straightforward, since only a single complex
needs to be taken into account, difficulties arise
from the small differences between the spectra of
M and D. Specific details concerning the exper-
imental approach have been published [12].

The data set for dye 1 in water consists of nearly
2500 experimental data points (absorbance values)
collected at 5 nm intervals from 230 to 720 nm, at
9 concentrations and 4 temperatures (10, 25, 50

and 70°C). In NaH,POy, solution 3500 data points
were collected. The fitting parameters were the
association constants and the molar absorptivities
for the monomer and dimer species. Similar data
sets were employed in the fitting procedure for dye
2, while more limited data sets were used in the
case of dye 1 in LiCl, NaH,PO, and KCI solu-
tions, and to treat the dimerization of dyes 3-6.

2.4. Deconvolution

To define the structure of dye 5 using exciton
theory [13,14], the calculated electronic spectra for
its monomeric and dimeric forms were resolved
into the constituent bands, assuming Gaussian
curves [15] for the individual bands, and using a
least squares fitting program [16].

3. Results and discussion
3.1. The method

In previous approaches, the molar absorptivities
of dye monomers and dimers had to be estimated
prior to determining aggregation constants. This
was achieved by direct extrapolation at the lowest
and highest attainable dye concentrations, re-
spectively [17,18]. According to the Hamada
approach, only the absorption spectrum of the
monomer is required for the calculation method
[19,20]. While iterative computer programs have
been used to determine monomer and dimer
absorptivities in the aggregation of arylazo-
naphthols [21], the absorption spectrum of the
dimer was obtained by fitting spectrophotometric
data at the wavelength in which the change in
extinction coefficient was the largest upon increas-
ing dye concentration. More reliable results were
obtained with a fitting program that uses data col-
lected at all wavelengths. In this case, K, was varied
as an arbitrary parameter until the value that gave
the smallest root-mean-square deviations of the
optical density data was obtained [22-24].

The computational approach used in the present
study has been applied successfully in the deter-
mination of thermodynamic and spectral com-
plexation parameters from overlapping bands



132 G. Alberghina et al. | Dyes and Pigments 46 (2000) 129-137

involving multiple interactions between Methyl
Orange and Levafix Blue EB and human serum
albumine [9,10]. It uses all absorption data col-
lected at various wavelengths and does not require
monomer or dimer absorptivities. The reproduci-
bility of the experimental curves can be observed
in Fig. 1.

The calculated association constants, AH; and
AS; are reported in Table 1, and Figs. 2-7 provide
examples of calculated spectra of monomers and
dimers of dyes 1-6.

The present results were obtained from an
experiment involving dyes 1 and 2, in which a
large set of data was recorded at different tem-
peratures, concentrations, optical path lenghts,
and wavelengths, using the least squares program.
The mean standard deviations of the fits were in

Absorbance

250 350 450 550 650 750
wl/nm

Absorbance

Fig. 1. (a) UV/ visible absorption spectra of dye (1) in water.
Computed (solid line) and experimental spectra for 50 puM,
d=1cm (W), 200 uM, d=0.5 cm (1), 2 mM, d=0.01 cm (@).
(b) UV/visible absorption spectra of dye (2) in water. Com-
puted (solid line) and experimental spectra for 300 pM, d=1
cm (), 158 uM, d=1cm (W), 15 M, d=2cm (A), 15.8 M,
d=2cm (O).

the range of 0.022-0.035 absorbance units, and the
calculated data were practically coincident with
experimental values (Fig. la and b), in spite of
small differences between the spectra of the
monomer and dimer [25].

3.2. Aggregation phenomena: Cibacron Blue
F3GA4 (1)

Spectrophotometric data and the van’t Hoff
equation were used to calculate the enthalpy
change (AH}). The standard Gibbs energy and
entropy changes were calculated using the well
known Eqs (4) and (5), the results of which are
provided in Table 1.

AG°=— RT In K, “4)

AS, = (AH: — AG®)/T )

The calculated enthalpy and entropy values are
in agreement with the values normally observed
for hydrogen bond formation, and are consistent
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Fig. 2. Monomer and dimer spectra of the dye (1) in water.
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Fig. 3. Monomer and dimer spectra of the dye (2) in water.
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Table 1

Aggregation constant of several dyes obtained through fitting approach to large visible spectrophotmetric data sets; the standard

deviations are reported in parentheses

Dye K;at 25°C AH; AS; Ambient
M~ (kcal mol~1) (e.u.)
1 2900 (500) ~10.9 (4.1) ~20.9 (5.1) Water
79 000 (11000) —13.4 (5.1) —22.4(6.3) NaH,PO,
37 000 (8000) KH,PO,
14 000 (2000) KCl
60 000 (8000) LiCl
2 485 (1) ~5.87(0.3) ~7.4(0.6) Water
6211 (4) 142 (0.4) ~30.4 (1.5) KH,PO,
3 1964 (196) Water
47 498 (3830) KH,PO,
4 97 (18) Water
371 (85) KH,PO,
5 369 (38) Water
502 (103) KH,PO,
6 2627 (77) Water
4637 (125) KH,PO,

with the values found for the association of similar
stuctures [26]. The enthalpy determination took
into consieration the sum of phenomena such as
the loss of hydrogen bonding, heat of dissociation
of dimers, and interaction energy. It also included
the heat of solution for monomers and dimers.
Various mechanisms [27] have been suggested to
explain the forces of attraction between dye ions
in solution. These aggregation phenomena have
been attributed to van der Waals forces, ion—
dipole and dipole—dipole interactions, and disper-
sion forces arising from delocalised 7 electrons.
The mutual repulsion forces are reduced by the
inclusion of the positively charged gegen ions, and
this effect is more favourable when salt is added
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Fig. 4. Monomer and dimer spectra of the dye (3) in water.

[25]. The degree to which these forces exist deter-
mines the equilibrium position for aggregate for-
mation, which also depends on the temperature
[28,29]. Results of prior studies, however, suggest
that the dye—dye interactions are not the major
driving force behind aggregation; instead, strong
water—water interactions tend to force the dyes
from solution, causing them to aggregate [30].
Recently, this explanation has been questioned
[31,32], due to evidence which strongly indicates
that water simply accommodates the apolar solute
in its original hydrogen-bonded network. Upon
increasing the molecular size or the concentration
of apolar solute molecules, the number of water
molecule is not sufficient to form a complete shell
of hydration, leading to the destruction of the
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Fig. 5. Monomer and dimer spectra of the dye (4) in water.
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Fig. 6. Deconvolved monomer (a) and dimer (b) spectra of the
dye (5) in water.
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Fig. 7. Monomer and dimer spectra of the dye (6) in water.

hydrogen-bonded network. In dilute solutions, the
entropy increase associated with aggregation is
insufficient to overcome the unfavourable enthal-
pic effect. In more concentrated solutions,
destruction of the shell of hydratation increases
the frequency of dye-dye contact, and the

tendency to form aggregates of two or more
molecules increases significantly [31].

The presence of isosbestic points in the spectra
of dye 1 (see Fig. 8, 25°C) indicates that only one
equilibrium is operating under the experimental
conditions employed. Satisfactory fitting results,
in terms of variance and standard deviations,
could not be obtained when higher aggregates
such as trimers and tetramers were considered, as
only complete divergence was observed. The cal-
culated spectra for dyes 1 and 2 (Figs. 2 and 3)
indicate that the aggregation process is character-
ized by a bathocromic shift in the absorption
maximum in the 550-650 nm region.

Exciton theory predicts the formation of two
bands for the dimer in the excited-state, due to
two possible arrangements (in-phase and out-of-
phase oscillation) of the transition dipoles of the
dimerized chromophore. The relative intensities
are a function of the angle between the transition
dipoles of the two monomers [20, 21]. Both bands
were observed when the molecular units were in
parallel planes (parallel plane dimer structure) or
in the same plane (oblique plane dimer structure)
rotated with an angle q between the planar axes.
When a red shift was observed on dimerization, a
linear head-to-tail or head-to-head arrangement of
monomers was observed, with an angle of 6=0°
and 6=180°, respectively, in the same plane [33].
An association between one or more sulphonate
groups and the electron-deficient amino group of
dye molecules can occur, causing limited stacking
contributions from the antraquinone moieties.
This conclusion is likely, in view of the dye 1 con-
formation obtained from semiempirical MO cal-
culations [8]. Calculations showed that the dye
molecule is far from planarity, occupying at least
three different planes, so that an efficient stacking
process can be ruled out.

In dimer formation, the mutual repulsive forces
are reduced by the inclusion of positively charged
gegen ions as well as by the addition of salts. As
shown in Table 1, dimerization constants in the
presence of 0.1 M salt solutions are larger than
those measured in their absence. The influence
of cation and anions on aggregations can be ac-
counted for by the effect of salt on hydrophobic
interactions, as proposed by Voet, who reported
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12000 ~

g(M'em™)

lyotropic numbers for different ions (7" values for
cations and N values for anions) [34]. Relatively
large T values and small N values correspond to a
large hydrophobic effect and favour dye aggrega-
tion [35]. It is apparent that Li* (7=115) is more
effective on dye aggregation than K* (7=75) and
H,PO; (N=8.2) is more effective than CIl—
(N=10). The value found for the KH,PO,4 dimer-
ization constant is in agreement with this finding.

3.3. Aggregation of dyes 2—6

The spectrum of the dye 4 dimer shows a 5-10
nm hypsochromic effect, while that for the dye 6
dimer shows a 5 nm bathochromic effect. For all
of these dyes the spectra of dimers also reflect a
hypocromic effect compared to the monomer.

590 640 690

Wiinm

Fig. 8. Visible absorption spectra of dye (1) at 25°C in water; in the insert is reported the log of concentrations.

Hypochromic and hypsochromic shifts were
observed with the Basic Blue 3 dimer.

Dyes 1, 3 and 6 are large organic molecules that
exhibited a high tendency to dimerise in aqueous
media, while smaller dyes 4 and 5 have aggrega-
tion constants that are an order of magnitude
lower. Dye 2 does not fit into the above categories,
because it is as large as dye 1 and has a lower
association constant. In this case, it is possible that
the methylene groups on each end of the sulpho-
phenyl moiety [36] increase the conformational
freedom of the molecule, resulting in a more com-
plex arrangement than in dye 1, making stacking
of the anthraquinone moieties more difficult.

Dyes 1-6 dimerise extensively in buffer solution,
with the level of dimerisation depending on the
presence of sulphonate groups, which are shielded

Table 2
Excitonic and structural parameters for the dimerisation of dye 5 in water (w) and in phosphate buffer (b)
VM fm VH A2l Ju il o (deg) R (A)
w 15 297 0.203 16 723 14 761 0.207 0.019 36 4.9
b 15297 0.193 16 737 15039 0.269 0.0691 31 5.1
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more effectively in saline solutions. The effect of
0.1 M KH,PO, on aggregation decreased in the
order: dyes 1 and 3 (3 sulphonate groups), dye 2 (2
sulphonate groups), dye 4 (1 sulphonate group)
and dye 5 (0 sulphonate groups). Dye 6, which has
4 sulphonate groups, does not fit this pattern,
probably because its stacking process involves
only the central -N=N-methoxyphenyl-methoxy-
phenyl-N=N- apolar moiety.

3.4. Basic Blue dimer stacking

According to exciton theory, when two dye
molecules form a dimer in a parallel plane struc-
ture, the absorption peak of the monomer is split
into two peaks, namely H and J bands (higher and
lower energy, respectively) [20]. This splitting is
related to the relative orientations of the two
molecules and to the distance between them.

Deconvolution of the calculated absorption
spectrum for monomer and dimer in water (Fig. 6)
and buffer permitted the calculation of parameters
vm (monomer peak, cm™!), f\y (monomer oscilla-
tor strength), vy (dimer H band, cm~!), v; (dimer
J band, ecm~") and fy, fy (H- and J-band oscillator
strengths), all of which are reported in Table 2.

According the parallel plane dimer model, justi-
fied by the planar geometry of the molecule, the
splitting (Av) between the H and J bands is Av
(ecm~!) = fla, R), because of dipole-dipole inter-
actions between the two molecules in the dimer
[21]. R (A) is the distance between the two mole-
cules and angle o depends on the orientation of
the adjacent molecules.

214 x 10'° (as a)f

A
Y VR3

(6)

The angle is determined from the relative oscil-
lator strengths of the split bands through Eq. (7):

o =2 tan” (v fi/vifi)'/? (7

Using Eq. (7) we determined that o=36° and
R=4.89 A. These values are in good agreement
with the data reported in literature for comparable
dimers [37-39]. For the dimer in 0.1 M phosphate
solution, we found that ¢« =31.3° and R=5.1 A.

The 5 A distance and 36° angle are consistent with
stacking of the aromatic moieties, which avoids
the steric repulsion normally caused by the die-
thylamino groups.
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