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Abstract 

Novel applications of organic dyes and vast opportunities for their molecular tailoring keep focus of scientific 

community on the issues of symmetry breaking in the systems having different location of uncompensated 

charge, which has tremendous impact on photoluminescent properties of the dyes. In this paper, we provide 

distinctive experimental evidences of three relaxation paths (one symmetrical and two unsymmetrical) of 

excited states by analysis of lifetime and spectra of time-resolved fluorescence at low temperature with strong 

support of quantum-chemical modeling. Importantly, the studied cyanine dye (astraphloxin) in aqueous 

solution has two different unsymmetrical relaxation paths of excites states in the polymethinic and donor-

acceptor polyenic forms, where the last form strongly diminishes in less polar media. The experimental and 

computational results provide essential fundamental knowledge of molecular electronic relaxations 

substantially affected by matrix rigidity and polarity for design and photonic applications of elongated π-

electronic systems. 
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Introduction 

Well-known polymethine dyes, discovered in the middle of the XIX century, continue to hold an actual 

fascination of scientific community owing to their unique photonic and sensing properties.1-3 Particular 

prominence is gained by nitrogen containing polymethines, cyanine dyes.1-6 At present time, these dyes have 

found the renewal of interest for near-infrared (NIR) applications in bio-imaging, nonlinear optics, and design 

of advanced photonic materials.4-6 In the general form, ionic polymethine dyes have a positive (or negative) 

charge delocalized between two electron-donating (or electron-accepting) terminal groups (TGs) via an odd 

number of sp2-hybridising carbon atoms, as it is presented by formula 1: 

 

TG+/- – (CH = CH)i – CH = TG                             1 

 

where i is a number of vinylene groups (−CH=CH−).1,4 The conjugated chain of carbon atoms between TGs 

forms a polymethine chain. Therein, the presence of an extensive -electron system provides a comparatively 

low energy of the first electron transition between the frontier levels and hence the absorption/fluorescence in 

UV, visible, and NIR spectral ranges. Another feature of such ionic linear systems is a considerable 

redistribution of the electronic densities at the carbon atoms in the polymethine chain upon excitation that 

gives the large-scale transition dipole moment and hence a high intensity of the long wavelength spectral 

band.1,4 

Cyanine dyes became a prefect modelling system for photonic applications due to the existing 

knowledge on the systems.1,4,5 The lengthening of polymethine chain in such dyes (1) by increasing i to i+1 

regularly shifts the spectral band to longer wavelengths on approximately 100 nm.4 The shift is 

complemented by broadening of the typical cyanine band with a sharp narrow maximum, whereas a new 

broad shoulder appears at the short wavelength side.7,8 Comprehensive spectral and quantum-chemical 

investigations have helped to establish that this phenomenon is associated with coexisting of two different 

forms of the dye having the long chain: with symmetrical and unsymmetrical charge distributions along the 

polymethine chain.4,7-13 Such mobility of the electronic charge distribution has been explained by a soliton 

conception.7-17 According to this conception, the charge in the collective -electron systems produces a 

solitonic wave of partial charges, so that the charges at neighboring carbon atoms of the polymethine chain 

alternate considerably. Importantly, it was shown that the soliton is located in the center of an ionic linear 

unsubstituted conjugated system, although any TGs could cause the movement of solitonic wave to one of the 

chain ends when the crucial number of vinylene groups in the polymethine chain is achieved.7-17 In the case 

of unsymmetrical distribution of the electron density, the unsymmetrical form appears having an additional 

wide spectral band in the short wavelength region.4 
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The symmetry breaking appears not only in the ground state (S0), but also in the first excited state 

(S1). Detailed evidences for a ‘two-state two-mode’ model in polymethine cyanines were reported.18 It was 

shown that upon excitation to S1 state, the dye molecule follows a path with two different vibrational modes 

populated sequentially. The first vibrational mode is fully symmetric and relaxes originally planar system out 

of the Franck-Condon (FC) region through skeletal stretching oscillations. However the second vibrational 

mode is asymmetric with predominant torsional motions around one of the central double bonds of the 

system.18 As a consequence of above two-mode vibrations, the system translates into 90° twisted 

configuration, which cannot be observed by steady state fluorescence at room temperature. This way, the 

second relaxation path is connected with the symmetry breaking, similarly to the ground-state symmetry-

broken polymethine dyes (1) containing crucial number of vinylene groups, i, in the chain. In our group 

earlier paper,19 the existence of one unsymmetrical relaxation path for symmetrical polymethine dyes was 

confirmed experimentally by the low temperature time-dependent fluorescence, where conformational 

transformations are impossible due to rigidization (freezing) of solvent matrix. 

Theoretical and computational considerations of two relaxation paths (two modes)18 have been 

performed for symmetrical polymethine dyes with simplest TGs only (having one -electron center and -

N(CH3)2 groups), whereas a lot of polymethine dyes contains complex heterocycles with extensive 

conjugated system.11,18-20 In addition, the importance of uncompensated charge location (solitonic wave) 

should be considered. As a rule, chemists draw molecular structures of ionic polymethine dyes by a 

resonance structure with localization of the total positive or negative charge at one of the TGs. For example, 

formula 1 represents the first TG that is treated as an acceptor group, whereas the second TG (with the same 

chemical constitution) referred as a donor group; and the polymethine chain is treated as a polyene. At the 

same time, the polymethine dye of unsymmetrical form could be also presented by the unsymmetrical 

resonance structure with location of charge at any carbon atom in the chain, for example, by formula 2: 

 

TG – +/-CH = CH – (CH = CH)i-1 – CH = TG                            2 

 

One can suppose that similar two unsymmetrical forms (with location of the total charge mainly on the 

TG or the chain) could be found in the excited state. There are no comprehensive studies evidencing the 

above model of various unsymmetrical relaxation paths of the excited states in polymethine molecules. In 

this paper, we present the results of systematic study of different relaxation paths in the excited state for 

cyanine dye, astraphloxin (AF), in water by time-resolved spectroscopy and by quantum-chemical modeling. 

Our results provide comprehensive evidences of different unsymmetrical relaxation paths of excites states in 

the polymethinic and polyenic forms due to unique combination of modelled systems and employed 

experimental methodology. The results evidencing various relaxation pathways with change of lifetimes, 

spectra, and molecular structures could be applied for design of novel photonic molecular systems. 
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2. Materials and methodology 

2.1 Materials 

The cationic cyanine dye, astraphloxin (AF), was obtained from the Institute of Organic Chemistry (NASU, 

Ukraine); its chemical formula is pictured in Figure 1a. AF purity of 98% was determined by liquid 

chromatography and mass spectrometry (LC-MS). AF has been studied as a model representative of the 

trimethine polymethine dyes exhibiting highly intensive and selective band in the visible part of the 

absorption and fluorescence spectra. The advantage of AF is relatively simple molecular structure for 

quantum-chemical modelling, good solubility in water serving as a highly polar medium, and efficient trans-

cis21 isomerization. AF molecule dissociates in the water on the positively charged conjugated part with π-

electron system and negatively charged counter-ion (Cl-), and main spectral properties of the dye are 

determined by its conjugated part. 

Sodium dodecyl sulfonate (SDS) and 4-cyano-4′-pentyl-biphenyl (5CB) were purchased from Sigma-

Aldrich and Merck, respectively (purity of both ca. 99%). SDS was admixed to aqueous solutions of AF (10-6 

M) at micellar concentration (0.01 M being above critical micelle concentration (CMC) of 8 mM22,23). Above 

CMC, SDS molecules form micelle around cyanine molecule in aqueous solution,24 with polar sulfonate 

groups tending to face outer surface and neutral part burying inside (see the scheme in Figure 1b). In 

addition, a SDS anion is a potential replacement of the AF counter-ion. The formation of micelles around AF 

was observed in our previous work.25 SDS, 5CB and chloroform were chosen for study of local 

microenvironment (viscosity, polarity, etc.) around AF affecting internal motions and electronic properties of 

the studied molecule. 

 

 

Figure 1. (a) Chemical formula of AF dye; (b) schematic illustration for the interaction of AF with SDS 

forming micelle around the dye. 

 

2.2 Quantum-chemical modeling 

The quantum-chemical calculations were performed by the Gaussian03 package.26 The counter ion (Cl–) has 

been omitted at the calculations, so far as we have studied solutions of AF at very low concentrations, where 
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counter ion does not influence strongly on electron structure of the main chromophore. The optimized 

molecular geometry of the all-trans conjugated part of AF was obtained by the DFT//CAM-B3LYP/6-31(d,p) 

method. The characteristics of the electron transitions were calculated by both non-empirical TD DFT//CAM-

B3LYP/6-31(d,p) and semi-empirical ZINDO/S (overlap weighting factor, OWF, equal to 0.40; 25 lowest 

single excited configurations) methods. Of course, there is no perfect coinciding of the calculated and 

experimental data that is typical for polymethine dyes.27-29 However the modelling substantially supplements 

the experimental analysis of electron transitions and relaxation paths in the AF molecule. 

 

2.3 Experimental section 

The absorption spectra were measured with a Lambda 1050 UV/VIS/NIR spectrometer (Perkin Elmer). The 

steady state fluorescence emission spectra were measured with USB2000+UV-VIS-ES spectrometer via 

600µm optical fiber and with excitation of LLS-270 light-emitting diode (all Ocean Optics B.V.). The time-

resolved fluorescence (time-resolved photoluminescence - TRPL) decays and time-resolved emission spectra 

(TRES) were measured with a LifeSpec II spectrofluorometer (Edinburgh Instruments Ltd) employing Time 

Correlated Single Photon Counting (TCSPC) with excitation by a picosecond pulse diode laser at wavelength 

λEX = 405 nm and pulse duration 40 ps (EPL-405). TRES are spectral dependencies of fluorescence vs. 

various emission wavelengths (λEM) or emission wavenumbers (νEM) at specific delay time, td. Our spectral 

studies for fluorescence at various wavelengths of excitation (λEX) have shown that fluorescence spectra of 

AF at low concentration (10-6 M) are independent of λEX in UV range.6,25 

The lifetime data were obtained from exponential fitting of the fluorescence decays via FAST 

(Fluorescence Analysis Software Technology) and F900 software packages (both Edinburgh Instruments Ltd) 

taking into account Instrument Response Functions (IRF). Obtained experimental decays of fluorescence are 

fitted with multi-exponential model by formula 3 30 

𝐼(𝑡)  = ∑ 𝛼𝑖exp (−𝑡/𝜏𝑖)𝑚
𝑖=1                          (3) 

where the sum of pre-exponential factors (αi) is normalized to unity (Σαi = 1) and τi are measured lifetimes of 

fluorescence. The m is a number of lifetime components (or number of exponents in the fitting), and in our 

experiments m was determined via sophisticated statistical analysis of lifetimes from the FAST program. The 

precision of fitted lifetimes for single or two-exponents was determined limiting the outcomes of fittings with 

χ2 in the range of 0.90–1.60, whereas for three-exponential fitting we considered results with χ2 from 0.95 to 

1.05. For fitted decays and TRES delay times, the count start (or maximum position of scattered laser pulse) 

was shifted to zero. According to the theory,30 lifetime of an excited molecular state in absence of 

nonradiative processes, τ0, is defined by formula 4 





v

dvv
Gvn m

)(
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3-29

0


                          (4) 

where n is refractive index of the medium, νm is mean wavenumber of the absorption band in cm-1, ε(ν) is 
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absorption coefficient, and G is degree of degeneracy of the given state, equal to one for fluorescence. The 

presence of nonradiative processes is defined by the quantum yield of fluorescence, Q, and one obtains τi = 

Q × τ0. Therefore, comprehensive analysis of time-resolved fluorescence has to be aligned with study of the 

quantum yield and absorption coefficient, which in turn depend on oscillator strength and environment of the 

molecules. 

 

 

3. Results and Discussion 

3.1 Electron and geometrical structure of AF molecule 

The optimized spatial conformation of the conjugated part of all-trans AF conformer is presented in the 

Figure 2. One can see that all-trans AF molecule is practically planar, only 6 methyl groups (CH3) are out-of-

plane of the conjugated part of the conformer. Because of the polymethine chain is a main focus of our 

studies, we have analyzed closely the calculated parameters of carbon atoms neighboring and belonging to 

the chain (Figure 3, top inset). 

 

 

Figure 2. Spatial constitution of AF conjugated part in all-trans conformation. 

 

 

All calculated parameters for AF (Figure 3), such as atomic charges, q, bond lengths, l, and bond orders, 

p, for both ground and excited states are characteristic for the polymethine dyes (see, for example, our 

previous results4). Therein, the optimized lengths of the carbon-carbon bonds (l) in S0 of open polymethine 

chain are equalized (Figure 3b). Besides, the relatively high bond orders (p) are also practically equalized 

(Figure 3c). As a result, the barriers of conformational transformations in AF polymethine chain should be 

reasonably high, and possible cis-conformers or/and di-cis-conformers are practically absent (they are not 

spectrally observed, for example in NMR spectra4). In contrast to the equalized bonds, the atomic charges 

(q) in the open polymethine chain are substantially alternated (Figure 3a) that has been confirmed 

experimentally4 by NMR spectroscopy. Importantly, the relatively large positive charges are located on the 

carbon atoms of terminal heterocycles adjacent to the nitrogen atoms, because of the substantial polarization 
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of the NC bond. According to the calculations, the heterocyclic nitrogen atoms bear substantial negative 

charges (equal to – 0.578). 
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Figure 3. Atomic charges, q, (a), bond lengths, l, (b), and bond orders, p, (c) in polymethine chain (see 

inset at the top) of AF in ground (S0 - black) and Frank-Condon (FC) excited (S1 - red) state, where the 

numeration includes the carbon atoms of the TG connected to the polymethine chain. l in excited state (b) 

are obtained for relaxed excited state by optimization. 

 

 

3.2 Changes of electron structure upon excitation 

As a rule, the excitation of dye molecule by a quantum of light is accompanied by a substantial redistribution 

of the electronic occupancies at atoms and bonds in the dye chromophore.1,31 For AF, we will limit ourselves 

to the first electron transition, as far as it is the initial state for the fluorescence emission. The alternations of 

the atomic charges (q) and bond orders (p) in the polymethine chain of the AF dye upon the first Frank-

Condon (FC) excited state (S1) are presented in the Figure 3a and 3c, respectively. It should be mentioned that 

first electron transition occurs without change of equilibrium molecular geometry.30 Therefore, the bond 
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lengths remain practically the same in both ground and FC excited state (Figure 3b). However, the excitation 

results in a small decrease of the bonds orders along the polymethine chain (Figure 3c). Essentially, the 

charges on carbon atoms undergo substantial alternations (Figure 3a), so the positive charge at the chain 

center (meso-position) reverses its sign and becomes negative. In turn, this results in change of a dipole 

moment of the molecule upon excitation influencing its solvation and other properties. 

 

3.3 Electron transitions and frontier molecular orbitals 

The shape of some molecular orbitals (MOs) closest to the energy gap and the excited configurations 

involved these MOs are pictured in the Figure 4, whereas characteristics of 6 lowest electron transitions are 

summarized in Table 1. Both frontier MOs (HOMO and LUMO) are substantially localized on the carbon 

atoms of the polymethine chain, and, in addition, some frontier and nearest MOs are delocalized along both 

polymethine chain and/or indolenine TGs (Figure 4). The symmetries of MOs alternate by-turn. Although, 

the HOMO-2 and HOMO-3 are located mainly on benzene rings of the TGs and might be treated as local 

MOs; they are practically degenerated. The results show that the first 5 electron transitions (S0  S1, …, 

S0  S5) correspond to electron transfers from 5 highest occupied orbitals to the same LUMO, and only sixth 

transition, S0S6, involves the HOMO and next vacant unoccupied MO (LUMO+1). 

 

 

 

Figure 4. Frontier and nearest MOs as well as electron transitions between them in AF 
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Table 1. Calculated characteristics of the six lowest transitions in AF (TD DFT and ZINDO/S methods) 

Transition 

(Figure 4) 
Symmetry 

TD DFT ZINDO/S* Main configuration 

with CI coefficient 

(in parentheses) 

wavenumber, 

cm-1 (nm) 

oscillator 

strength 

wavenumber, 

cm-1 (nm) 

oscillator 

strength 

S0  S1 A1  B1 23923 (418) 1.401 18248 (548) 0.969 HOMO  LUMO (0.99) 

S0  S2 A1  B1 34722 (288) 0.009 23256 (430) 0.042 HOMO-1  LUMO (0.97) 

S0  S3 A1  A1 37879 (264) 0.029 - - HOMO-2  LUMO (0.91) 

S0  S4 A1  B1 38168 (262) 0.031 - - HOMO-3  LUMO (0.90) 

S0  S5 A1  A1 41152 (243) 0.072 - - HOMO-4  LUMO (0.93) 

S0  S6 A1  B1 43103 (232) 0.046 - - HOMO  LUMO+1 (0.72) 

* ZINDO/S: OWF = 0.40; 25 lowest single excited configurations. 

 

Similarly to other cationic polymethine dyes, the first transition, S0  S1, in the AF has a large 

oscillator strength that is in a good agreement with the high intensity of the long wavelength band in the 

absorption spectra of such dyes.1,4,31 The next transitions have very low oscillator strengths and hence 

practically do not appear in the absorption spectra. 

 

3.4 Absorption and steady state fluorescence spectra 

The absorption spectrum of the aqueous solution of molecular AF (trans-isomer) at room temperature (Figure 

5) has an intensive long wavelength band with the maximum at 18520 cm-1 (540 nm). The spectral band in 

the absorption spectrum corresponds to the first electronic transition involving the HOMO  LUMO of 

opposite symmetries (S0  S1, Table 1), which is antisymmetric (A1  B1) and hence is polarized along the 

polymethine chain.31 As we have seen, the oscillator strength of the long wavelength transition is the highest 

in comparison with higher-order excited electronic transitions in the spectrum (Table 1). At the short 

wavelength side, there is a weak shoulder at 19650 cm-1 (509 nm) that is associated with the vibrational 

transitions. The broken-symmetry states contribute in the range of the vibrational transitions for molecules 

with long polymethine chain emitting in NIR range,4,12,13 which is not the case of AF. The study of absorption 

spectra of the AF in water solution at various concentrations has shown that the formation of dimers and H-

aggregates is possible only at concentrations ca. 10-2 mol/L.6,32 We suppose that the spatial hindrances created 

by bulk methyl (CH3) groups and/or out-of-plane molecular structure (see Figure 2) with possibility of slight 

rotational fluctuations of its TGs limit the minimum distance between AF molecules and hence prevent the 

aggregation at low concentrations. One notes that the spectral shoulder with the peak at 19650 cm-1(509 nm) 

[shifted hypsochromically on 1130 cm-1 relatively to the maximum at 18520 cm-1 (540 nm)] does not 
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correspond to the second electronic transition, S0  S2. Hence the shoulder is associated with the first 

vibrational 01` transition that is a typical for most of cyanine dyes.4 
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Figure 5. Molecular absorption spectra for aqueous solutions of neat AF (1), mixtures of AF with SDS (5) 

and solutions of AF in 5CB (6). Steady state fluorescence spectra (λEX = 270 nm) for aqueous solutions of 

neat AF (2-4), mixtures of AF with SDS (7,8) and solutions of AF in 5CB (9) at 300 K (2,7,9), 77 K (3,8), 

and 4.2 K (4). 

 

 

Comparison of the experimental absorption spectrum in the Figure 5 with calculated data in the Table 1 

reveals that there is appreciable divergence between the calculated and experimental positions of the long 

wavelength band maximum. This is a typical drawback of the TD DFT method for the calculations of 

polymethine dyes.27-29 In fact, the calculations by semi-empirical ZINDO/S gives the absorption maximum at 

481 nm in standard version and at 548 nm upon applied parameter of OWF = 0.4 and 25 single excited 

configurations (Table 1). Thus, the semi-empirical calculations show precise nature of the electron transitions 

(including frontier MOs distributions, energy, and oscillator strength). 

The steady state fluorescence maximum for aqueous solution of AF at room temperature is at 

17860 cm-1 (560 nm) (Figure 5, curve 2) with relatively low quantum yield ( 0.03). The low quantum yield 

of fluorescence is related to efficient trans-cis transformations of AF upon unsymmetrical path of 
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radiationless relaxation.18,24 At the low temperature (77 and 4.2К), the fluorescence band maximum of AF is 

redshifted to 17610 cm-1 (568 nm), as well as the spectral band becomes more narrow (Figure 5, curves 3,4). 

Importantly, that the quantum yield at the low temperatures is much higher (approximately 1). At low 

temperatures, the AF molecule in the frozen solution become rigid, hence structural difficulties arise for 

trans-cis isomerization responsible on radiationless relaxation. Such quantum yield enhancement due to the 

rigidization effect was also observed for other polymethine dyes.3,24,33 

To study the effect of environment on relaxation paths for excited states, we have considered AF 

enclosed by SDS micelle (see Figure 1b) as the system of the same dye molecule having a local non-polar 

medium around. The absorption and steady state fluorescence spectra for the mixture of AF with SDS at 

micellar concentration in water are presented in Figure 5 (curves 5,7,8). The absorption maximum for the 

mixture at 18180 cm-1 (550 nm) is 340 cm-1 redshifted due to the presence of SDS around AF in water 

(Figure 5, curves 1,5). The fluorescence maximum of the mixture at 300 K is 320 cm-1 redshifted to 17540 

cm-1 (570 nm) comparing to the maximum of neat AF (Figure 5, curves 2,7). We relate such redshifts to local 

change of relative electrical permittivity around AF and potential conformational constraints due to the 

presence of micelle. However complementary measurements of AF in non-polar chloroform solution gives 

even stronger redshift (500 cm-1) of absorption maximum up to 18020 cm-1 (555 nm) with the fluorescence 

peak position at 17540 cm-1 (570 nm) same as AF with SDS. Thus the local change of polarity has dominant 

contribution to the redshifts of the spectra in the SDS presence. In addition, the fluorescence intensity 

increases in 3 times upon formation of SDS micelles around AF and even slightly more for the AF in non-

polar chloroform. However at low temperatures, the fluorescence maxima (and spectral shapes) of neat AF 

and mixture of AF with SDS are practically the same peaking at 17610 cm-1 (568 nm) (Figure 5, curves 

3,4,8). Spectrally, rigidization of aqueous medium at low temperature makes systems of both AF enclosed by 

polar water and non-polar shell of SDS micelle very similar. Here, we revealed that there are same relaxation 

pathways in the frozen matrixes regardless of their polarity. Nevertheless, the difference of these two systems 

at low temperatures has been observed in time-resolved fluorescence and will be discussed below. 

To prove the effect of rigid environment regardless its temperature, we have introduced AF molecules 

into highly viscous matrix of 5CB liquid crystal. 5CB at room temperature is more rigid and less polar than 

water medium.34 The quantum yield of AF in 5CB is close to 1. The absorption and fluorescence maximum 

for neat AF in isotropic 5CB matrix at 18100 cm-1 (552 nm) and 17320 cm-1 (577 nm) at 300 K, respectively 

(Figure 5, curves 6,9). This results in 420 cm-1 absorption redshift and 540 cm-1 fluorescence redshift in 

comparison to the spectra of neat AF in water. We relate the redshifts to low polarity and conformational 

constraints of 5CB. Comparison of absorption spectra for all studied systems (Figure 5) shows that except the 

redshifts the 19340 cm-1 (517 nm) shoulder is considerably elevated for AF with SDS (Figure 5, curve 5) 

evidencing a specific interaction between the dye and SDS, potentially it could be a case displayed in Figure 

1b or a very weak H-aggregation of AF by SDS molecule. Thus, the results evidence that in the highly 
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viscous medium of 5CB as well as low temperature rotational trans-cis isomerization is highly obstructed 

preventing radiationless pathways for excited state relaxation. 

 

3.5 Time-resolved fluorescence decays 

The knowledge of time-resolved fluorescence features is very advantageous for all studied systems as it helps 

to analyze the lifetimes and to estimate spectral contributions from each relaxation pathway with determined 

lifetime. Therefore, to examine comprehensively the change of fluorescence spectra at matrix rigidification 

and polarity alternation the fluorescence decay kinetics were analyzed (Figure 6). All kinetics with only 

exception for AF at 77 K in water (Figure 6c) were well fitted with one or two exponents. The FAST 

statistical analysis of decays for AF at 77 K in water helped to reveal that these kinetics are best fitted with 

three exponential components. The lifetimes determined from the Figure 6 by exponential fitting decays as 

well as FAST intervals of lifetime distributions are summarized in the Table 2. 

At room temperature, AF molecule is characterized not only by the low quantum yield ( 0.03), but 

also by short lifetime – approximately 40 ps (curve 1 in Figure 6a). Thus, non-rigid form of aqueous matrix 

allowing trans-cis isomerization of AF not only leads to a low quantum yield of fluorescence, but also to a 

very short lifetimes. The introduction of the SDS micelles into AF molecular solution (with quantum yield 

rise up to approx. 0.09) increases lifetime to 120 ps (curve 2 in Figure 6a), whereas the lifetime of AF in 5CB 

(with quantum yield reaching 1) increases considerably – up to 2.5 ns (Figure 6b). Thus, we can clearly see 

that at the matrix rigidification results in increase of lifetime and quantum yield of fluorescence. Fitting of AF 

in non-polar chloroform with lifetime of 270 ps, we have evidenced an increase of lifetime due to lowering 

polarity of environment, which could be a result of the excited state stabilization by non-polar medium.35  

However the most interesting result was observed for fluorescence decays at low temperatures. The 

kinetic fluorescence decay of neat AF (Figure 6c) is well fitted by 3-exponential function with τ1, τ2, τ3, 

whereas kinetics for the mixture of AF with SDS are fitted by 2-exponential function with τ1, τ2. The lifetime 

analysis (Table 2) shows that the systems of AF with SDS and AF in 5CB have no long time component (τ3) 

in the range of 3.5-10 ns. In addition, the pre-exponential factor for the slow (τ2) component of AF in SDS 

micelles is α2 = 0.86, which is even higher than the sum of the α2 and α3 for neat AF (in the range of 0.71-

0.81). Matrix rigidity at 77 K for both systems is practically the same, and the obvious difference is local 

polarity of medium around. Therefore, non-polar medium of SDS results in two radiative pathways with 

considerable predominance of the slow (τ2) component. Essentially, in highly polar medium of water, at least 

three radiative pathways have been revealed for excited state relaxation in AF molecule: fast – τ1 ranging 

from tens to hundreds ps, intermediate – τ2 in the range of 1-3 ns, and slow – τ3 exceeding 3 ns. The last (τ3) 

radiative pathway is definitely induced by the polar environment of AF molecule. 
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Figure 6. Time-resolved fluorescence decays (λEX = 405 nm) for aqueous solutions of AF  

(a – curve 1 (λEM = 560 nm); c – curves 1 (λEM = 570 nm) and 2 (λEM = 615 nm)), 

mixtures of AF with SDS (a – curve 2 (λEM = 572 nm); d – curves 1 (λEM = 560 nm) and 2 (λEM = 600 nm)), 

chloroform solutions of AF (b – curve 1 (λEM = 590 nm)), AF in 5CB (b – curve 2 (λEM = 578 nm)), and 

Instrument Response Functions (IRF) − (a-d – curve 3) at 300 K (a,b) and 77 K (c,d). 
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Table 2. Lifetimes of fluorescence for AF in water, chloroform, 5CB, and aqueous mixtures of AF with SDS 

obtained from exponential fitting of TCSPC decays taking into account Instrument Response Function (IRF) 

and considering intervals of lifetime distributions from FAST software analysis. 

 
νEM, cm-1 

(λEM, nm) 

τ1, ps 

(α1) 

τ2, ns 

(α2) 

τ3, ns 

(α3) 
χ2 

FAST distribution 

τ1, ps τ2, ns τ3, ns 

AF, 

300 K  

17857 

(560) 
40 - - 

1.12 

(Fig. 6a) 
30-50 - - 

AF with 

SDS, 300 K 

17482 

(572) 
120 - - 

1.22 

(Fig. 6a) 
100-200 - - 

AF in CHCl3,  

300 K 

16950 

(590) 
270 - - 

1.16 

(Fig. 6b) 
200-350 - - 

AF in 5CB, 

300 K 

17301 

(578) 
- 2.50 - 

1.54 

(Fig. 6b) 
- 2.0-3.0 - 

AF, 

77 K 

17543 

(570) 
160 

(0.29) 
1.68 

(0.36) 
3.53 

(0.35) 

1.04 

(Fig. 6c) 
150-300 1.5-2.6 3.5-10 

16260 

(615) 
210 

(0.19) 
1.60 

(0.45) 
4.05 

(0.36) 

0.95 

(Fig. 6c) 

AF with 

SDS, 77 K 

16667 

(600) 
440 

(0.14) 
2.56 

(0.86) 
- 

1.15 

(Fig. 6d) 
200-600 2.0-3.0 - 

 

 

 

3.6 Time-Resolved (fluorescence) Emission Spectra (TRES) 

More details about possible relaxation paths were obtained from analysis of TRES with different delay times 

(td). Particular importance for us is an analysis of three (lifetime) component TRES of neat AF at low 

temperature. In the Figure 7, TRES for neat AF at 77 К are presented in short (Figure 7a) and long (Figure 

7b) td intervals. One can see that for initial increase of td the fluorescence spectra become narrower and the 

maximum redshifts from 17615 to 17550 cm-1 (from 568 to 570 nm). The fast component quickly descents 

with increase of td, and the bands with longer (ns) lifetimes (τ2 and τ3) prevail in the spectra. An increase of td 

from 1.2 to 14.85 ns is accompanied with the additional redshift from 17550 to 17360 cm-1 (from 570 to 576 

nm) and considerable band widening (Figure 7b). The wider spectral bands are mostly resulted from 

increased contribution of the slow component (τ3), which is connected to presence of polar medium around. 

The widening of bands in TRES helped to consider a donor-acceptor nature of the slow (τ3) component. 

Differential TRES analysis for AF at 77 K has allowed us to fit all the spectra in Figure 7 with 

superposition of three spectral components constituting: fast (τ1 = 150-300 ps), intermediate (τ2 = 1.5-2.6 ns), 

and slow (τ3 = 3.5-10 ns) components. The spectral shape of the fast (τ1) and intermediate (τ2) components is 

obtained from differential TRES (curve 6, Figure 7a and curve 7, Figure 7b), whereas the slow (τ3) spectral 

component is practically represented by fluorescence spectra with td at 10 ns and more (curve 6, Figure 7b). 

The differential spectra do not reflect the precise spectral dependence, but allow us to estimate the 

fluorescence maxima (𝜆𝑚𝑎𝑥
𝐹𝐿 ) and Stokes shifts for different decay times. According to the Figure 7, the 𝜆𝑚𝑎𝑥

𝐹𝐿  

of the fast component (τ1) is 17750 cm-1 (563 nm), the peak of intermediate component (τ2) is 17600 cm-1 (568 
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nm), and the 𝜆𝑚𝑎𝑥
𝐹𝐿  of slow component (τ3) is 17360 cm-1 (576 nm). This way, we able to calculate the 

difference of Stokes shifts (Δ) between the components: Δ = 150 cm-1 between τ1 and τ2 components, and Δ = 

390 cm-1 between τ1 and τ3 components. 
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Figure 7. Normalized TRES for aqueous solution of AF at 77 К at td = 0-1200 ps (a) and 0-14.85 ns (b).  

The differential TRES correspond to fast (τ1) and intermediate (τ2) spectral components (Table 2). 

(a) The fast component (curve 6) obtained by subtraction from the zero-delay (curve 1) of the 300 ps delayed 

spectrum (curve 2) normalized to a sum of αi for τ2 and τ3: 0.36 + 0.35 = 0.71 (Table 2). 

(b) The intermediate spectral component (curve 7) obtained by subtraction from the 1.65 ns delayed spectrum 

(curve 2) of the 9.9 ns delay spectrum (curve 5) normalized to a factor of e-1.65/3.5 = 0.62. 

Such normalization is justified by the fact that at 1.65 ns the fast component (τ1) is negligibly small, and slow 

(τ3 = 3.5 ns) component is lowered by e-1.65/3.5 = 0.62, respectively. 

 

 

 

TRES analysis for AF with SDS is simplified due to the presence of two lifetime components and a 

very small shift between fast (τ1) and slow (τ2) spectral components. The 𝜆𝑚𝑎𝑥
𝐹𝐿  of the fast spectral component 

(τ1 = 200-600 ps) is 17800 cm-1 (562 nm), whereas the slow TRES spectrum (τ2 = 2.0-3.0 ns) has peak at 

17570 cm-1 (569 nm). It should be noted that the peak of the slow component practically does not shift with 

td. The Stokes shifts difference is Δ = 180 cm-1, which in addition to same time scale of τ2 = 2-3 ns (Table 2) 

also confirms our assignment of slow (τ2) spectral component in AF with SDS and intermediate (τ2) spectral 
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component in AF to the same relaxation pathway. Thus, TRES analysis for the low temperature 

measurements supports the outcomes of fluorescence decays fitting that showed three radiative pathways for 

excited state relaxation in highly polar medium of water and two pathways in the non-polar shell of SDS 

micelles. 

 

3.7 Possible relaxation paths: lifetimes and quantum-chemical model 

Analysis of lifetimes and TRES spectra for AF molecule allows us to propose a general diagrammatic scheme 

for relaxation paths of the excited states. The proposed energy diagram does not reflect all photonic processes 

in the molecule, but gives a comprehensive overview of fluorescent relaxation paths in cyanine dyes (Figure 

8). After absorption of light with high enough energy, very fast sub-picosecond vibrational relaxation18 

occurs to the lowest non equilibrium FC excited state with energy E+
FC (the dashed curve represents E+

FC 

influenced by frozen solvation shell at low temperature, e.g. 77 K). E+
FC state characterizes ideal 

polymethinic structure of the molecule. In TRES spectra, fluorescence transition from E+
FC has short 

wavelength peak position and lifetime corresponding to the fast component with τ1 (30-600 ps). 
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Figure 8. The energy diagram for relaxation paths of the fluorescent excited states with different τi. 

E0 is ground state, E+
FC is non equilibrium FC excited state, E+

R is equilibrium excited symmetric state, E¯
PM 

and E¯
DA are excited states with broken symmetry of polymethinic and donor-acceptor polyenic nature, 

respectively. 

 

Besides the fluorescence from non-equilibrium E+
FC state with shortest lifetime, the excited AF 

molecule relaxes to lowest equilibrium excited E+
R state with ideal polymethinic structure as well (Figure 8). 

Fluorescence from the E+
R excited state with energy E+

R is very sensitive to solvent polarity. In the non-polar 
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medium like AF covered by SDS micelle shell, the relaxation from this state occurs with lifetime of τ+
2 in the 

range of 2-3 ns. Moreover, this transition is characterized as the intermediate spectral component having 

maximum at ca. 17570 cm-1 (569 nm), which practically does not change on delay times (td) in TRES 

measurements. In addition, this band is characteristic for all TRES regardless medium polarity. 

In the highly polar solvent like water, the symmetry breaking occurs, and hence excited AF molecule 

with ideal polymethinic structure relaxes to states featuring unsymmetrical charge distribution along 

polymethine chain – E¯
PM and E¯

DA (Figure 8). In case of the charge localization within polymethine chain, 

we still have a polymethinic system of E¯
PM state, where maximum charge alternation is located within the 

polymethine chain. The transitions from E¯
PM are characterized with fluorescence lifetime τ–2 and 

intermediate spectral component (Figure 7b). It should be noted that the τ–2 for polar medium of water is 

ranged within 1.5-2.6 ns (Table 2) being a bit faster than non-polar τ+
2 (2.0-3.0 ns). In TRES, the spectra 

depend on delay times (td) showing redshift of TRES maxima with an increase of td. The dependence of 

TRES on td is explained via variety of unsymmetrical charge distributions along polymethine chain. Similar 

unsymmetrical relaxation path was theoretically predicted earlier considering simplest terminal groups with 

one π-center (amino group, NH2).18 In AF molecule containing complex terminal groups with branched 

conjugated system, an additional excited state is possible, when total positive charge is located completely 

within one of the terminal indolenine residues. This way, AF molecule transforms from polymethine structure 

with symmetrical charge distribution (E+
R) or nonideal polymethine structure with weakly unsymmetrical 

charge distribution (E¯
PM) into unsymmetrical molecule with localization of charge on one of the nitrogen 

atoms of terminal groups (E¯
DA). Due to the localization of the positive charge on the nitrogen atom of 

cyanine molecule, a transition occurs from the polymethine to the polyene donor-acceptor molecular structure 

with a long fluorescent lifetime (τ3) being characteristic for neat AF in water medium only. Thus, the 

contributions of relaxation paths with different lifetime components strongly depend on the polarity of the 

surrounding media. 

According to the literature, symmetrical polymethine molecule upon excitation relaxes to the ground 

state by two different vibrational modes: (1) symmetrical path with equalized bond lengths and a symmetric 

charge distribution, and (2) non-symmetrical pathway.18-20 The second relaxation path is associated with the 

symmetry breaking, similarly to symmetry breaking in the ground state for the polymethine dyes (1) 

containing crucial number of vinylene groups, i, in the chain. For example, the unsymmetrical path is 

accompanied by unsymmetrical vibronical transformation along polymethine chain, so that the bond lengths 

alternation appears from one TG to another (so called polyenic form of donor-acceptor state). At the same 

time, an emergence of the lengthened bond naturally leads to a decrease of the barrier for rotational 

transformations, as it pictured in the Figure 9 for AF molecule. 
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Figure 9. Possible conformational transformations in the excited state of AF. 

 

The free molecular rotations occur in AF at room temperature, whereas it is impossible at low 

temperature and in the rigid matrix, like 5CB. Therein, we assume that only one symmetrical component of 

AF fluorescence is observed with relatively low conformational barriers at room temperature; its lifetime is in 

the range of 30 - 300 ps depending on the environment enclosing AF molecule. Thereafter, none 

unsymmetrical components should appear because of too low conformational barrier around lengthened 

carbon-carbon bond in the chain, thus they can rapidly transform in the radiationless forms. 

At the low temperature, the conformational transformations are restricted, hence the dye molecule in 

the excited state remains practically planar and can efficiently emit light involving unsymmetrical pathways, 

i.e. manifests itself in different fluorescence spectra and lifetimes. Indeed, at the low temperature, we 

observed enhanced quantum yield of fluorescence, redshifted spectra and two additional slow components of 

fluorescence with lifetimes (τ2 = 1.5 - 3.0 ns and τ3 = 3.5 - 10 ns) in comparison with room temperature 

measurements (Figures 5-7, Table 2). As a consequence of detailed analysis by TRES, we have seen not two 

forms (as was assumed earlier18,19) exist in the excited state, but three distinguishable forms with the different 

lifetimes and spectral shapes characterize fluorescent relaxation. Thus, the comparative analysis of TRES and 

quantum-chemical modelling reveal that there are three components in the excited state of AF in the water 

solution at low temperature indicating on three radiative relaxation paths. All three forms (one symmetrical 

and two unsymmetrical) differ from each other by their relaxed molecular geometry and charge distribution. 

Briefly, the features of the electron structure of these three possible components are presented in Figure 10 

and more detailed description of each path component including quantum-chemical modelling is following. 

 i) Symmetrical form (Figure 10a). The total positive charge of AF is delocalized mainly on the 

polymethine chain; it generates the wave of the partial alternated positive and negative charges at the 

neighboring carbon atoms (see, for example, the Figure 3a and our previous results4). State dipole 

moments (μ*) are relatively low and directed perpendicularly to the chromophore. Both TGs should 

be treated as donor residues because of the lone electron pair at the nitrogen atom. The bond lengths 

are equalized with slight alternation of its value from the chain center to TGs, so that the function of 

l = (-1)·(l - l+1), (where  is number of the bond) is zero in the middle of polymethine chain (see 
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the inset in Figure 10a). We propose call this form as symmetrical polymethinic state. The fast 

lifetime (τ1 = 30 - 600 ps) and short wavelength component of TRES correspond to this state. 

 

 

 

Figure 10. Electron structure of three components in the excited state of modelled polymethine chain. 

 

 

 ii) Unsymmetrical form 1 (Figure 10b). The total positive charge is also delocalized mainly in the 

polymethine chain, but the charge distribution is unsymmetrical, so that state dipole moments (μ*) 

are slightly inclined (for example, in Figure 10b to the right side) and somewhat higher than in 

symmetrical form. The bond lengths remain equalized, though the function l has its minimum close 

to one TG. We propose to call this form as unsymmetrical polymethinic state. The intermediate 

lifetime (τ2 = 1.5 - 3.0 ns) and intermediately redshifted peaks of fluorescence relate to above form. 

 iii) Unsymmetrical form 2 (Figure 10c).The positive charge is localized within one of the TGs; it is 

chemically presented by the formula with sign plus at the nitrogen atom. Hence, this positively 

charged TG should be treated as an acceptor, in contrast to another TG with the lone electron pair at 
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the nitrogen atom, which should be treated as a donor. The bond length alternation, l, reaches its 

maximum with the alternation amplitude being practically regular along whole polymethine chain. 

Regarding to the dipole moment of theis state, its direction coincides with the chain axis (see Figure 

10c). We propose to call this form as donor-acceptor polyenic state. Slow lifetime (τ3 = 3.5 - 10 ns) 

and strongly redshifted peaks of TRES are characteristic features of this state. 

 

Furthermore, we have a state with donor-acceptor properties as an analogue of merocyanines and 

radiation with long lifetimes of 3.5 - 10 ns, whereas the unsymmetrical polymethinic state corresponds to 

intermediate lifetimes in the range of 1.5 - 3.0 ns. We would like to underline that the donor-acceptor 

polyenic state is extremely sensitive to the solvent polarity. The AF molecules in 5CB or SDS micelles do not 

have a long lifetime component (Table 2) that can be explained via much lower polarity of local environment 

around AF in comparison to the highly polar water medium. In the less polar medium of 5CB or SDS 

micelles, nitrogen atoms do not participate in the alternation of the charges at the excitation of polymethine 

chain, and formation of donor-acceptor polyenic state is unlikely. 

 

Conclusions 

Thus, the performed photonic and quantum-chemical investigations show existence of three relaxation paths 

for symmetrical polymethine dyes in the excited state: one symmetrical path with a conservation of the 

symmetry for the electronic structure and two unsymmetrical paths with various symmetry breaking 

mechanisms. The first unsymmetrical mechanism results in the polymethinic state, whereas the second one 

leads to donor-acceptor polyenic state. All three components are experimentally revealed by time-resolved 

fluorescent spectroscopy at low temperatures in polar medium. The fluorescent paths differ by their lifetime 

and spectral shape (band maxima) as well as strongly depend on rigidity and polarity of environment. The 

studies reported here give a significantly increased fundamental understanding of molecular electronic 

relaxations, where high effect of matrix rigidity (viscosity) and polarity is present. There is considerable need 

for deep comprehension of ultrafast relaxations in such molecular systems in different environments, and we 

intend to continue such studies. In overall, the obtained results provide important knowledge for future design 

of novel photonic systems with potential application as ultrafast photonic systems,36 molecular sensors 

(including fluorescence ratiometry and/or lifetime (FLIM) imaging3), opto-electronic switches,8 photovoltaic 

composites, sophisticated molecular rotors, etc. 
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