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FORMATION OF trans-2-[4-(DIMETHYLAMINO)STYRYL]-3-ETHYL-1,3-BENZOTHIAZOLIUM 
PERCHLORATE DIMERS IN THE PRESENCE OF SODIUM POLYSTYRENE SULFONATE
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The spectral properties of a novel thiofl avin T derivative, trans-2-[4-(dimethylamino)styryl]-3-ethyl-1,3-
benzothiazolium perchlorate (DMASEBT), were studied in aqueous solutions in the presence of sodium polystyrene 
sulfonate (SPS). It was shown that SPS either could interact with dye monomers or initiate the formation of 
non-fl uorescent dye dimers depending on the concentration ratio of dye and polyelectrolyte. DMASEBT dimer 
formation in the presence of SPS produced a hypsochromic shift by 40 nm in the absorption spectrum and quenched 
fl uorescence. A bathochromic shift of the absorption spectrum and an increase of the fl uorescence intensity by an 
order of magnitude were observed if DMASEBT monomers interacted with SPS. Quantum-chemical analysis found 
that sandwich dimers (H-aggregates) were most stable. A comparison of DMASEBT spectra in the presence of SPS 
and amyloid fi brils showed that DMASEBT molecules were incorporated into amyloid fi brils as monomers. The 
spectral changes associated with this incorporation could not be explained by the formation of dye aggregates.
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Introduction. The fl uorescent probe thiofl avin T (ThT) is widely used to detect and study amyloid fi brils (AF) [1–6]. 
ThT is thought to bind in a specifi c manner to AF so that its emission intensity increases by 2–3 orders of magnitude [1, 
2]. Dyes based on ThT derivatives that are highly sensitive to AF and have absorption and fl uorescence spectra in the long-
wavelength region are especially interesting for studying amyloidosis in living cells and tissues. Light scattering by fi brils 
in solution can be reduced signifi cantly (in in vitro experiments) and absorption and fl uorescence of biological tissues (in 
in vivo experiments) can be avoided by using such dyes as probes. One such ThT analog is trans-2-[4-(dimethylamino)
styryl]-3-ethyl-1,3-benzothiazolium perchlorate (DMASEBT) [7]. DMASEBT, like ThT, is cationic in aqueous solution at 
pH 3–9 and has a longer bridge joining the benzene and benzothiazole rings. The absorption and fl uorescence spectra of 
DMASEBT in aqueous solution at pH 6.0 are shifted by ~100 nm to longer wavelength as compared with spectra of ThT in 
aqueous solutions [7]. The fl uorescence quantum yield of DMASEBT increased signifi cantly if the solution viscosity was 
increased [7, 8]. This was explained by a decrease of the rate constant for the transition into a nonfl uorescent excited state 
with twisted intramolecular charge transfer (TICT) due to hindered rotation of the aromatic rings relative to each other in 
the excited state in a viscous medium. Spectral properties allowed DMASEBT to be classifi ed as a molecular rotor [8–11].

Quantum-chemical calculations of DMASEBT showed [7, 8] that it was practically fl at in the ground state whereas 
ThT in the ground state has an energy minimum corresponding to an angle of ~37o between the planes of the aromatic rings 
[12, 13]. A twisted molecular structure in which the angle between the planes of the aromatic rings was 90o was energetically 
most favorable in the excited state. The transition into a state with such a structure was associated with redistribution of 
electron density in the excited state so that the wave functions in the ground and excited states became localized on different 
molecular fragments and overlapped little. As a result, the nonfl uorescent TICT state was formed [7, 8]. The signifi cant 
increase of DMASEBT fl uorescence intensity in the presence of AF was explained, like for ThT, by incorporation into 
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the rigid β-folded fi bril structure [7, 14]. Torsional rotation of the aromatic rings relative to each other was prevented by 
incorporation of the probe molecules into the long striations of the β-folded sheet [15] that were formed by amino-acid 
side groups. As a result, the rate constant for the transition into the TICT state decreased dramatically so that the probe 
fl uorescence intensity increased. However, the incorporation mechanism of ThT and its analogs into AF and the stoichiometry 
of the dye–AF complex are still actively discussed. In particular, several researchers consider that ThT is incorporated into 
fi brils as dimers, excimers, and even micelles [16–19]. The spectral properties of dye monomers, dimers, or other aggregates 
must be determined in order to establish the form of ThT or its derivatives that is incorporated into AF. The studies of the 
concentrated solutions that are usually used for these purposes are complicated by internal fi lter effects.

It seemed interesting to use polyelectrolytes as model systems because several dyes (acridine orange, methylene 
blue, rhodamine 6G, etc.) were observed to aggregate during reactions with polyelectrolytes [20–22]. Therefore, studies 
of the aggregation of DMASEBT dye in model systems and its spectral properties in the aggregate form in solution and 
incorporated into ordered structures are interesting. Aggregation of ThT caused an insignifi cant shift to shorter wavelength 
in the absorption spectrum [23] whereas analogous processes alter considerably the absorption spectra of ThT derivatives. In 
several instances, polyelectrolytes initiated AF growth during their preparation [24, 25]. Therefore, possible effects associated 
with the interaction of ThT and its derivatives with polyelectrolytes must be addressed during studies of such AF.

Herein, results from studies of the spectral properties of a novel ThT derivative, DMASEBT, in the presence of the 
polyelectrolyte sodium polystyrene sulfonate (SPS), which enhances signifi cantly dye aggregation, are presented.

                                                              DMASEBT                                                     SPS

It was shown that two forms of DMASEBT (monomer and dimer), the spectral properties of which differed 
considerably, could interact with SPS, depending on the concentration ratio of dye and polyelectrolyte. A comparison of 
the spectral properties of DMASEBT in the presence of SPS and AF led to the conclusion that the bathochromic shift of the 
absorption spectrum and the signifi cant increase of DMASEBT fl uorescence intensity in the presence of AF (also observed 
for ThT) resulted from incorporation of dye monomers into the rigid AF structure.

Experimental. The novel dye DMASEBT was synthesized at the Department of Laser Physics and Spectroscopy, 
Belarusian State University. The purity and homogeneity of the compound and the lack of impurities were confi rmed by 
chromatography–mass-spectroscopy. The polyelectrolyte was SPS (Sigma-Aldrich, USA) of molecular mass 70,000 g/mol 
that did not absorb or fl uoresce in the working spectral range and did not scatter light. The –SO3Na group of the polyelectrolyte 
dissociated in aqueous solution to form negatively charged −

3–SO  and free Na+.
Absorption spectra were recorded using a Specord 200 spectrophotometer (Carl Zeiss, Germany); fl uorescence 

spectra, an SM 2203 spectrofl uorometer (Solar, Belarus). All spectra were measured in aqueous solutions at pH 6.0.
Quantum-chemical calculations of the DMASEBT dimer structure and energy were performed using the Firefl y 8.0.1 

program [26]. The geometry of the dimer in the ground state was optimized using density-functional theory (DFT) [27] with 
dispersion corrections (Grimme correction) [28]. The Becke–Lee–Yang–Parr (B3LYP) functional [29, 30] and split-valence 
basis set 3-21G [31] were used. All dimer confi gurations were calculated in the gas phase without electromagnetic fi elds.

Results and Discussion. DMASEBT spectral properties in the presence of SPS. The absorption spectrum maximum in 
an aqueous solution of DMASEBT (10 μM) was situated at λ = 514 nm; the fl uorescence spectrum maximum, 597 nm (Fig. 1a,
spectrum 1) [7]. The absorption spectrum and fl uorescence intensity changed signifi cantly after SPS polyelectrolyte was added 
to a solution of DMASEBT. Thus, the dye absorption spectrum underwent a hypsochromic shift (maximum shifted from 500 
to 475 nm) and changed shape and the absorption maximum became slightly weaker as the SPS concentration was increased 
from 0 to 12·10–9 M. The fl uorescence intensity decreased by an order of magnitude without changing shape (Fig. 1a).
Increasing the SPS concentration further led to a bathochromic shift of the absorption spectrum and an increase of the 
optical density (Fig. 1b). The spectral maximum was located at λ = 540 nm for CSPS = 2.4·10–6 M. Its shape was similar to 
that of the spectrum without polyelectrolyte whereas the fl uorescence intensity was an order of magnitude greater (Fig. 1b, 



919

spectra 14). Thus, both a hypsochromic shift of the absorption spectrum with a signifi cant shape change and a bathochromic 
shift with a practically unchanged shape could be observed depending on the SPS concentration. It is noteworthy that these 
spectral changes occurred not at specifi c SPS concentrations but at certain [ −

3SO ]/[DMASEBT] ratios. Calculations showed 
that each polyelectrolyte −

3SO  group corresponded to ~2.5 DMASEBT molecules for dye concentration C0 = 10 μM and 
polyelectrolyte CSPS = 12·10–9 M, i.e., [SO3

–]/[DMASEBT] = 0.4 (Fig. 1a, spectrum 8). The quantity [ −
3SO ]/[DMASEBT] ≈ 70 

for C0 = 10 μM and CSPS = 2.4·10–6 M (Fig. 1b, spectrum 14).
Let us suppose that the described spectral changes at nanomolar polyelectrolyte concentrations were due in this 

instance to the formation of DMASEBT aggregates after the reaction with negatively charged polyelectrolyte SO3
– groups 

because the number of dye molecules was more than twice the amount of SO3
– groups. Therefore, the conditions were 

conducive for accumulation of DMASEBT cations near the negatively charged SPS sulfonates. The increased fl uorescence 
intensity of DMASEBT in the presence of micromolar SPS concentrations was explained by the fact that torsional rotation 
of the rotor molecular fragments relative to each other was hindered after the reaction with the sulfonates. Therefore, the 
rate constant of the transition into the nonfl uorescent TICT state decreased. Thus, it is thought that the polyelectrolyte at 
low [ −

3SO ]/[DMASEBT] ratios initiated the formation of DMASEBT aggregates whereas dye monomers reacted with the 
polyelectrolyte at high [ −

3SO ]/[DMASEBT] ratios.
Formation of DMASEBY dimers at low [SO3

–]/[DMASEBT] ratios. As shown above, each polyelectrolyte −
3SO  

group at nanomolar PSP concentrations had more than two DMASEBT dye molecules available. Therefore, the conditions 
were amenable for several dye molecules to react in the vicinity of −

3SO  groups and to form aggregates. The reaction of dye 
monomers with SPS was improbable at low [ −

3SO ]/[DMASEBT] ratios. In this instance, it could be written:

 nDMASEBT ↔ DMASEBTn .  (1)

The aggregation constant could be determined using the expression:

 Kagg = Cagg / f
nC  ,  (2)

where Cagg is the concentration of dye aggregates; Cf, the concentration of free dye molecules. Recalling that the total dye 
solution concentration is C0 = Cf + nCagg, we have:

 Kagg = (C0 – Cf) / f
nnC .  (3)

Fig. 1. Absorption and fl uorescence spectra of an aqueous solution (10 μM) of DMASEBT 
with sodium polystyrene sulfonate concentrations 0 (1), 1 (2), 2 (3), 3 (4), 4 (5), 6 (6), 8 (7), 
and 12 nM (8) (a) and 0.1 (1), 0.2 (2), 0.3 (3), 0.4 (4), 0.6 (5), 0.8 (6), 1.0 (7), 1.2 (8), 1.4 (9), 
1.6 (10), 1.8 (11), 2.0 (12), 2.2 (13), and 2.4 μM (14); λex = 470 (a) and 500 nm (b).
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By taking the logarithm of Eq. (3), we obtain

 log (C0 – Cf) = n log Cf + log (nKagg) .  (4)

Solution absorption spectra were measured at various dye concentrations and constant polyelectrolyte concentration 
in order to determine the aggregation order n (Fig. 2). Two series of experiments at polyelectrolyte concentrations 4.5·10–9 
and 6.0·10–9 M were conducted. The obtained spectra were approximated by the sum of two logarithmic functions that 
described absorption spectra of the free molecules and aggregates. Spectral parameters of free molecules were obtained by 
approximating the logarithmic function of the absorption spectrum without SPS solution. Concentration Cf was determined 
from the optical density at 500 nm with extinction εf(500) = 9800 L·mol–1·cm–1.

According to Eq. (4), the slope of a plot of log (C0 – Cf) as a function of log Cf (Fig. 2, inset) was equal to the 
aggregation order n, the value of which was 2.10 ± 0.09 and 1.97 ± 0.02 for SPS concentrations of 4.5·10–9 and 6.0·10–9 M, 
respectively. The results indicated that the DMASEBT aggregates with nanomolar SPS concentrations were dimers. It could 
be confi rmed that the formation of DMASEBT dimers led to fl uorescence quenching because the fl uorescence intensity 
decreased at nanomolar SPS concentrations (Fig. 1a).

Structure and photophysical properties of DMASEBT dimers. A series of quantum-chemical calculations with two 
DMASEBT molecules in different spatial orientations relative to each other was performed in order to determine possible 
structures of the DMASEBT dimer. The examined dimer structures were a sandwich structure with parallel and antiparallel 
molecular orientations (Fig. 3a and 3b); a head–tail structure in which the molecules were arranged one after another in a 
line; and a structure in which the molecules were oriented perpendicular to each other with respect to the long axes. The 
dimer ground-state energy E was calculated as a function of the distance r between the molecules in order to determine the 
stabilities of the examined DMASEBT dimer structures. It was found that the dimer sandwich structure was the most stable 
because the functions E(r) for it had the deepest energy minimum (Fig. 3c). A similar dependence was obtained earlier for 
the ThT dimer [23].

The hypsochromic shift of the dye absorption spectrum and the fl uorescence quenching after dimer formation could 
be explained by an exciton model [32, 33]. According to the model, dimer formation caused splitting of the excited S1 state 
with energy E1 into two exciton states S–1 and S+1 with energies E–1 and E+1, where E–1 < E1 and E +1 > E1. A transition 
into the S+1 state occurred upon photoexcitation of the sandwich dimer (H-aggregate [34]) because the transition into the 
S–1 state was forbidden. In this instance, the transition energy was signifi cantly greater than that for exciting the monomer. 
This was refl ected in the hypsochromic shift of the absorption spectrum. The excited S+1 state was deactivated by a non-
radiative transition into the S–1 state, after which a non-radiative transition into the S0 ground state occurred. Therefore, 
fl uorescence quenching occurred for the H-aggregates. On this basis, it was hypothesized that DMASEBT formed sandwich 
dimers (H-aggregates) at nanomolar SPS concentrations.

Fig. 2. Absorption spectra of an aqueous solution of DMASEBT in the presence of 
4.5·10–9 M sodium polystyrene sulfonate at dye concentrations 1 (1), 2 (2), 3 (3), 4 (4),
5 (5), 6 (6), and 7 μM (7); in the inset, log (C0 – C f) as a function of log Cf for DMASEBT 
in the presence of sodium polystyrene sulfonate at 4.5·10–9 (□) and 6.0·10–9 M (○).
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Quantum-chemical calculations showed previously that the oscillator strength of the S1 → S0 transition was close 
to unity for DMASEBT in a planar conformation [7, 8]. The molecule converted into the nonfl uorescent TICT state, for 
which the oscillator strength was zero, as a result of torsional relaxation in the excited state that was associated with 
rotation of the aromatic rings relative to each other. Thus, the molecule had a twisted structure in which the planes of the 
aromatic rings were perpendicular. However, geometry optimization of the DMASEBT dimer in the S–1 state showed that 
its structure was close to that in the S0 state. In this instance, the rings did not undergo torsional rotation with respect 
to each other because the other molecule contained in the dimer prevented such rotation. The oscillator strength of the 
S–1 → S0 transition was ~10–3 although the molecules were practically planar. Such low oscillator strength showed that 
this transition was forbidden. This agreed with the exciton model of the H-aggregate. Thus, fl uorescence quenching of 

Fig. 3. Optimized geometries of the DMASEBT H-aggregate (dimer) in parallel (a) and 
antiparallel (b) orientations; ground-state dimer energy as a function of distance between 
molecules for various structural types (arrows show the mutual placement of molecules 
in the dimer; the lowest energy of the dimer is taken as zero energy).

Fig. 4. Model of the interaction of DMASEBT molecules with sodium polystyrene 
sulfonate for various [ −

3SO ]/[DMASEBT] ratios.
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DMASEBT H-aggregates was related not to torsional relaxation of the molecules into the nonfl uorescent TICT state but 
to the low oscillator strength.

The following model for the reaction of DMASEBT with SPS was proposed based on the results (Fig. 4). The number 
of −

3SO  groups was signifi cantly greater than that of dye molecules at high [ −
3SO ]/[DMASEBT] ratios (>1.0). Therefore, 

the latter reacted with the polyelectrolyte as monomers (Fig. 4a). When the dye concentration increased, the number of −
3SO  

groups became less than that of DMASEBT molecules and the probability of forming nonfl uorescent dye dimers increased 
(Fig. 4b). If [ −

3SO ]/[DMASEBT] < 0.5, then almost all dye molecules reacted as dimers with −
3SO  groups (Fig. 4c).

It was shown earlier [14] that incorporation of DMASEBT into AF produced a bathochromic shift (by ~50 nm) of 
the absorption spectrum, an insignifi cant (3 nm) bathochromic shift of the fl uorescence spectrum, and an increase of the 
fl uorescence intensity (with AF, 0.2 mg/mL) by two orders of magnitude over that in aqueous solution. However, as shown 
above, the spectral changes are different for DMASEBT dimers, namely, a hypsochromic shift of the absorption spectrum 
by ~40 nm and considerable fl uorescence quenching are observed. It was assumed based on the results that DMASEBT 
molecules were incorporated into AF as monomers. Similar spectral changes were characteristic of ThT after incorporation 
into AF. It was assumed that ThT molecules were incorporated into AF as the monomer because the ThT and DMASEBT 
molecules were structurally and spectrally (except for their positions) similar. Other models proposed by other researchers for 
ThT incorporation into AF (as dimers, excimers, and micelles [16–19]) are considered erroneous.

Conclusions. The polyelectrolyte SPS had a signifi cant effect on the spectral properties of aqueous solutions of 
a novel ThT derivative, i.e., the dye DMASEBT. SPS reacted with DMASEBT as monomers and dimers (H-aggregates) 
depending on the [ −

3SO ]/[DMASEBT] ratio. The spectral properties of these two dye forms differed considerably. The 
formation of DMASEBT dimers caused by the presence of SPS in the solution was associated with a hypsochromic shift 
by ~40 nm of the absorption spectrum and signifi cant fl uorescence quenching whereas DMASEBT in the presence of AF 
in aqueous solution caused a bathochromic shift by ~50 nm and a considerable increase of the dye fl uorescence intensity. It 
was concluded based on the results that DMASEBT molecules were incorporated as monomers into AF. It was shown that 
aggregation of ionic dyes at low (micromolar) concentrations where the optical density of the solutions was low could be 
studied if polyelectrolytes were used.
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