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ABSTRACT

Merocyanine 540 (M540) is famous dye that used in electronics and medicine. An important feature of the dye is a
significant intramolecular transfer of the electron density in the excited state. Experimentally was investigated the
electronic absorption and fluorescence spectra in different solvents M540. Electronic structure, spectra and rate constants
of photo-physical processes of an isolated molecule and its complexes with water molecules were calculated by INDO
method with spectroscopic parameterization.

Analysis of the results allowed establishing the effect of individual fragments and hydrogen bonds with water on the
electronic charge transfer between the terminal units in the state S;. Examination of photo-physical processes of
decomposition of the fluorescent state was showed that the intramolecular processes of decay of the S; state are not the
cause of the differences calculated and experimental fluorescence quantum yield. Consideration of trans-cis photo-
isomerization leads to the elimination of this non-compliance.

Keywords: Merocyanine 540, photo-physical processes, complexes with water, quantum-chemical calculations, trans-
cis photo-isomerization

1. INTRODUCTION

Merocyanine 540 (the name according to IUPAC rules is sodium 3-[(2Z)-2-[(Z)-4-(1,3-dibutyl-4,6-dioxo-2-
sulfanylidene-1,3-diazinan-5-ylidene)but-2-enylidene]-1,3-benzoxazol-3-yl]propane-1-sulfonate) is a well-known
organic dye that is used in different fields. Thus, in electronics it is used along with other merocyanine dyes in elements
of solar cells'”. However the main usage of merocyanine 540 is in medicine. It is widely used for indicator and
diagnostic purposes as fluorescent markers, in lipophilic and membrane probes’. Also, it applies for therapeutic purposes
as a photo-sensitizer in photo-dynamic therapy of malignant tumors, including blood diseases™. Moreover, merocyanine
540 is used as anti-virus agent’*, for example, its toxic activity against the virus of human immunodeficiency was shown’.

Merocyanine 540 (M540) is a typical representative of a class of merocyanine dyes with the significant transfer of
electron density between end fragments under excitation. Especially, this feature of the merocyanine 540 along with its
solvatochromic effects, determines its applications in electronics and medicine. In this connection, a comprehensive
study of the effectiveness and channels of intramolecular photo-processes in this molecule is an urgent task. Many
research works are dedicated to the investigation of spectral-luminescence properties of M540 in different solvents,
study of the generation of singlet oxygen, of the photo-chemical transformations, isomerization, and nonstationary
absorbance'®"”. Nevertheless, there are only a few theoretical quantum-chemical calculations of the molecules from the
class of merocyanine that is connected to the complexity of such systems.

In the connection with mentioned above, the aim of the present work was to investigate the features of electronic
structure, spectral-luminescence, proton-acceptor properties, and photo-physical processes of merocyanine 540 using the
methods of quantum chemistry in comparison with experimental data, and the study of the change of the effectiveness of
photo-processes during trans-cis isomerization.

2. EXPERIMENT AND CALCULATION

Experimental study of absorbance, fluorescence, and anisotropy of excitation of fluorescence (polarization spectra) was
performed on Spectrofluorimeter CM 2203 (Solar) and Spectrophotometer Cary 100 (Varian) at room temperature.
Quantum yield of fluorescence was measured in relation to rhodamine 6G in ethanol (®g=0,95) using standard
method'%.
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Quantum chemical calculations of spectra and rate constants of intramolecular photo-physical processes were conducted
via semi-empirical method with intermediate neglect of differential overlap (INDO) with spectroscopic parameterization
using a software package developed by V.Ya. Artyukhov'"”. The average length bonds and valence angels according to'*
were used for the calculation of the ground state and spectrum of absorbance. Molecule is non-planar due to excluding of
the right fragment (¢p=45°) from the molecular plane. During calculation of the spectrum of fluorescence changes in the
lengths of chemical bonds were taken into account by accounting of changes in the populations of the bonds in the
excited state in relation to the ground state according to Mulliken'. Using in the calculation the molecular geometry of
M540 optimized by B3LYP functional has not given the fundamental differences in the spectrum and nature of the
states. But there was a significant divergence with the experimental value of energy of electronic transitions forming the
absorption spectrum (more than by 3500 cm™ for the long-wavelength absorption band)'®.

3. EXPERIMENT AND CALCULATION

Merocyanine 540 is an ionic dye, and its electron spectrum observed in visible and UV ranges belongs to anion. That is
why the calculations were performed for this part of the molecule with the charge of q = —le (Figure 1). The specific
feature of the molecules of M540 is that they contain atoms with high electronic density (O, S, N, Figure 1) that create
proton-acceptor centers, and result in the appearance of proton-acceptor properties of the whole molecule. This feature of
M540 leads to its activity in intermolecular interactions with proton-donor solvents, and monomers of the molecule can
be detected in polar solvents. In non-polar solvents M540 forms dimers and more complicated aggregates of its
molecules®'’. That is why it is more logical to compare the results of calculations for monomer of M540 with
experimental spectra of absorbance and fluorescence in proton-donor solvents, for example, in water.
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Figure 1. Structural formulas of trans- (a) and cis- (b) isomers of merocyanine 540.

In the experimental absorbance spectrum of M540 in water the most intense band of absorbance is the band at longer
wavelengths with double-maxima (Figure 2).

The ratio between intensities of these maxima may differ depending on the concentration of the solution (Figure 2a,
curve I — 10 M and curve 2 — 10 M). Some authors®'® believe that the longer wavelengths maximum belongs to the
monomer, and the shorter wavelengths maximum — to the dimer. On our opinion the most likely nature of these maxima
is a result of the vibrational structure of the band of the single electron transfer. This is typical of many similar structure
symmetrical and asymmetrical molecules with ethylene chain. The half-width of the band (~ 4040 cm™) corresponds to
the usual half-width of the absorption band formed by one electronic transition, and the distance between the maxima
(Av = 1260 cm™) — to the oscillation frequency of C-C bonds of the polymethine chain (PC). In order to approve this
point of view we have calculated the spectrum of M540 dimer with "sandwich" geometry. Long molecular axes of the
molecules of trans-dimer, which are at a distance of 3.5 A, are antiparallel. Calculations have shown that the transition to
the state S| in the dimer is forbidden. The transition Sy — S, (nn*) is localized on the PC, as well as the transition
So — S; (nn*) of the monomer, but its intensity is more than 2 times higher than the intensity of the transition S; — S|
(nn*) in the monomer. The energy of the allowed transition Sy — S, (n*) in the dimer is 20920 cm™, the oscillator
strength is —2.7. Thus, the molar extinction coefficient of the "sandwich"-type dimer is almost an order of magnitude
must be greater than the experimentally observed. And the distance between the absorption bands of the monomer and
the dimer should exceed ~ 2000 cm™. The similar result of calculations was obtained previously for dimers of
thiacarbocyanine cations'”.
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Figure 2. Absorbance spectra (1, 1°) and fluorescence spectra (2) of M540 in water (a) and in glycerol (b).

Table 1. Calculated absorbance spectra for isomers of marocyanine 540.

E, E,
State cmen! f P State o f P
Trans-isomer Cis-isomer

Sy(mm) 18960 1.319 X Si(nm) 18490 1.139 X
Sy(nsstnm) 28790 | 0.102 X Sy(nsstnm) 28410 | 0.154 X
Si(nsstmm) 30700 | 0.008 X S3(ns6m) 30500 | 0.023 X
Sa(n7m) 31100 | 0.004 VA Sy(nsem) 30750 | 0.007 X
Ss5(nsem) 31290 | 0.004 Y, Z | Ss(o7m) 31110 10° Y
Se(n1.3m) 33120 | 10 Z Se(n147) 31900 | 10° Y
S(mm) 34150 | 0.008 X S7(o7m) 34010 | 0.009 Y
So(mm) 35330 | 0.119 Z Ss(mo) 34890 | 0.087 Y
Sia(nm) 38440 | 0.119 X Sia(nm) 38210 | 0.122 X
Si3(nm) 40104 | 0.152 X Si3(nm) 39880 | 0.140 X
S1s(mm) 41450 | 0.174 Y S(mm) 41320 | 0.109 Y
Sie(nm) 41640 | 0.068 X Sio(nr) 41700 | 0.217 XY
S1s(mm) 42430 | 0.140 Y Sro(mm) 42600 | 0.105 Y

Analysis of the calculations showed that the intensity of the long-wavelength absorption band of M540 is formed by one-
electron transition of mm*-type that is fully localized on the PC. This is typical for symmetric polymethines and
merocyanines'™'’. In order to test and refine the above interpretation of the absorption spectrum, we obtained the spectra
of anisotropy excitation of fluorescence (polarization spectra) that are sensitive to changes in the polarization of electron
transitions in the two solvents - water and glycerin. A wide plateau in the polarization spectrum in the range of ~500 -
350 nm correlates with the three lower electron transitions (S, — S-S5, see Table 1) having the same polarization. Low-
intense transitions into the states Sp — S; and Sy — S5 (Table 1), which are impossible to identify in the absorbance
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spectrum due to its proximity to the intense transition Sy — S, are detected as a minimum at 310 nm on the polarization
spectrum. Maximum of the polarization spectrum at ~ 285 nm is apparently formed by the forbidden S;—Ss transition,
and a minimum at ~ 255 nm probably relates to the electronic transitions Sy —S7 and Sy —Sy (Table 1).
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Figure 3. Polarization spectra of merocyanine 540 in water (1), and in glycerol (2).

Analysis of the electron density distribution in isolated isomers of M540 anion has shown that in the state S, the negative
charge (q = —le) is distributed substantially between the left and right end fragments (Table 2). In the left fragment the
negative charge is localized on the substituent in this fragment, and in the right fragment it is localized on the
heterocycle. PC carries a small positive charge. The electronic excitement of the state S; (nm*) increases the electron
density at the substituent, and the heterocycle of the left end fragment, and on the PC of trans-isomer due to the transfer
of the electron density from the heterocycle of right end fragment (Table 2).

Table 2. Electron density distribution on the fragments of the isomers of M540 and complex of trans-isomer M540 +7H,0
in ground and excited states.

State Left cycle Substituent in PC Right cycle | Substituent in Substituent in
the left cycle the right cycle 1 | the right cycle 2
Trans-isomer M540
So 0.230 -0.785 0.189 -0.952 0.155 0.156
Si(nm*) 0.139 -0.810 0.059 -0.714 0.157 0.159
Cis-isomer M540
So 0.223 -0.775 0.182 -0.911 0.144 0.141
Si(nm*) 0.044 -0.768 0.016 -0.619 0.156 0.161
Trans-isomer M540 +7 H,0
So 0.250 -0.773 0.207 -1.022 0.170 0.166
Si(nm*) 0.188 -0.761 0.032 -0.802 0.172 0.172

Considering the whole end fragments of the isolated molecule we can say that the right end fragment of M540 acts as a
donor, and the left — as an acceptor of electron density both in the ground and excited states. This situation is similar to
the cis- and trans-isomers.
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Proton-donor solvent the most strongly effects on the properties of the substituent of the left fragment of the molecule of
trans-isomer in the state S; (nn*), transforming it from the acceptor (isolated molecule) to a weak donor (a complex with
water). In general, the inclusion of water molecules into the analysis in principle does not change the overall picture of
the distribution of the electron charge in the ground state. However, it reduces the amount of charge transferred from the
right fragment to the left one in the excited state. Thus, in the complex the electron density on the PC increases in the
excited state to a greater extent due to the charge transfer from the right fragment.

In addition to the calculation of the spectrum of electronic excited states rate constants of photophysical processes were
calculated. They are necessary to assess the radiative properties of the molecule. Fig. 4 shows the calculated energy of
the lower electronically excited states, the rate constants of photophysical processes, and fluorescence quantum yields of
isomers of M540 and complex with water. According to the calculations, the rate constant of radiative decay (%) in
isomers and complex with water is (3.0+3.5)x10® ¢!, which is close to the value of &, obtained from the experimental
date'® —2,2x10% ¢
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Figure 4. Energy-level diagrams of electron excited states of the isomers of the isolated molecule of M540 — a, and of the
complex of trans-isomer M540 +7H,0 — b.

From nonradiative intramolecular processes in the trans-isomer the process of internal S;(nn*)—S, conversion (kyx) has
an advantage. Its effectiveness is several orders higher than the rate constant for intersystem crossing'’.

The process of the singlet-triplet conversion (ks7) in the trans-isomer of M540 performed in channel S)(nn*)— T (nr*).
The reason of the low value of kg7 constant is a large energy range between interacting singlet and triplet states (up to ~
10000 cm-1). An approval of the correctness of the calculation of kg value is an experimentally established fact®'’ of a
small quantum yield of the population of the state of 7j(nn*) at intramolecular channel (®r = 0.002-0.04). Thus,
according to the results of the calculation, radiative and non-radiative decay processes of fluorescent state in both
isomers M540 and its complex with water have the ratio of &, > kgx >> kgr And the calculated fluorescence quantum
yield is close to 1 (Fig. 4). That is not consistent with the experimental data according to which it varies from 0.04 (the
water) to 0.26 (toluene). For example, in an aqueous solution of M540 the quantum yield of fluorescence according to
our measurements is about 7%, which is consistent with data from other authors'®'".

Based on the fact that the rate constants of photo-physical processes obtained from the calculations are in accordance
with the experimental data, it may be suggested that in molecule M540 there should be additional channels of
deactivation of the fluorescent state. One of the most probable processes that significantly affect the fluorescence
quantum yield and is not considered in the calculations described above can be trans-cis photo-isomerization taking
place in state S)(nn*). For example, according to the research work®, the reaction rate constant of trans-cis photo-
isomerization of M540 reaches 3.6x10°c™, which is much superior to k.. Thus, an adequate consideration of this process
in the calculation can reduce the fluorescence quantum yield for about an order and bring it closer to the experimental

value.
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Preliminary analysis of the changes in the population of C-C bonds of PC at the excitation has identified the C-C bond of
the PC that is the most weakened under excitation. This bond is Cj,-Cy3 (Fig. 1), around which the rotation is possible.
The situation is similar in the case of complex trans-isomer with water (M540 + 7H,0).

Table 3. The energy of S state, the rate constant of the photo-physical processes, and the quantum yield of fluorescence
change at frans-cis photo-isomerization of M540 and of the complex of trans-isomer with water (M540+7H20).

0,° 0 40 60 80 100 120 140 160 180
M540
S, cm’! 18520 | 18160 | 16490 | 12820 | 11500 | 14640 | 16700 | 17600 | 18210
k,c! 3x10% | 3x10% | 2x10% | 2x107 | 2x10° | 7x10” | 2x10® | 2x10® | 3x10®
kg, ¢ 10’ 2x107 | 1x10% | 6x10% | 4x10® | 3x10® | 6x10” | 2x10’ 1x10’
kr, ¢! 4x10* | 4x10° | 2x10° | 1x10® | 3x10® | 2x10® | 9x10° | 9x10° | 3x10°
Ya 0.96 0.94 0.66 0.03 0.003 0.12 0.74 0.87 0.96
M540+7H,0
S, cm™! 19146 | 18830 | 17350 | 14140 | 13170 | 15840 | 17540 | 18290 | 18790
k,c! 3x10% | 3x10% | 2x10% | 3x107 | 3x10° | 8x10” | 2x10® | 3x10® | 3x10®
kg, ¢ 10’ 2x107 | 8x10" | 3x10® | 2x10® | 2x10% | 5x107 | 2x10’ 1x10’
kr, ¢! 5%x10* | 3x10° | 2x10° | 2x10% | 2x10® | 5x10” | 1x107 | 1x107 | 4x10°
Y 0.97 0.93 0.69 0.06 0.007 0.19 0.77 0.89 0.95

Simulation of the reaction of trans-cis photo-isomerization using INDO for monomer of M540 and its complex has
shown the following (Table 3). During the process of photoreaction not only lowering of the energy Sy—-S transition
occurs, but also the change of its orbital nature takes place. As a result of the rotation in the range of angles of ¢ = 80-
100° the fluorescence comes from a prohibited state no*-type. This reduces the efficiency of radiative decay by almost
two orders of magnitude, while the internal conversion efficiency is increased by the order, and intersystem crossing —
by two to four orders of magnitude. As a result, in this range of angles, the quantum yield decreases by 2 orders of
magnitude, approaching the experimental value (Table 3). Thus, theoretical study performed suggested that trans-cis
photo-isomerization can be the reason of the experimentally-observed low quantum yield of the fluorescence of M540.

It can be also assumed that the transfer of energy from the fluorescent state of M540 to the excited state of the singlet
oxygen can make the additional contribution to the non-radiative deactivation of electronic excitation energy at
deactivation of the state S;(nm*). A comparison of the energy of the singlet excited states of oxygen®™ (7870 cm’'('Z,
v=0), 13120 cm™ ('A,v=0) and 14530 cm™ ('A,v=1)) and the energy of the fluorescent state of M540 that changes in
trans-cis photo-isomerization (Table 3) shows that the singlet-singlet energy transfer is possible in all cases. However,
this assumption requires special examination.

It should be noticed that since, according to calculations, the spectra and efficiency of photo-physical processes,
including the fluorescence quantum yields, for the frans- and cis-isomers of M540 and its complex with water, are
similar (Table 1, Fig. 4), the isomers should be difficult to identify in the experiment.

4. ACKNOWLEDGMENTS

The work is performed within the state assignment of Russian Ministry of Education and Science (Assignment
#2014/223, Project code #1766).

Proc. of SPIE Vol. 9810 98100B-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/15/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



REFERENCES

[1] Sayama, K., Tsukagoshi, S., Mori, T., Hara, K., Ohga, Y., Shinpou, A., Abe, Y., Suga, S. and Arakawa, H.,
“Efficient sensitization of nanocrystalline TiO, films with cyanine and merocyanine organic dyes,” Solar Energy
Materials & Solar Cells 80, 47-71 (2003).

[2] Ang, P. G. P. and Sammels, A. F., “Conversion of solar energy to chemical and electrical energy,” US Patent
4125182 (1980).

[3] McEloy, L., Schlegel, R. A., Williamson, P. and Del Buono, B. J., “Merocyanine 540 as a flow cytometric probe of
membrane lipid organization in leukocytes,” J. Leukocyte Biology 44, 337-344 (1998).

[4] Anderson, G. S, Miyagi, K., Sampson, R. W. and Sieber F., “Anti-tumor effect of Merocyanine540-mediated
photochemotherapy combined with Edelfosine: potential implications for the ex vivo purging of hematopoietic stem
cell grafts from breast cancer patients,” J. Photochem. Photobiol. B. 68, 101-108 (2002).

[5] Pervaiz, S., Battaglino, M., Matthews, J. L. and Gulliya K. S., “Biodistribution and toxicity of photoproducts of
merocyanine 540,” Cancer Chemotherapy and Pharmacology. 31, 467-474 (1993).

[6] Hirpara, J. L., Seyed, M. A., Loh, K. W, Dong, H., Kini, R. M. and Pervaiz, S., “Induction of mitochondrial
permeability transition and cytochrome C release in the absence of caspase activation is insufficient for effective
apoptosis in human leukemia cells,” Blood. 5, 1733-1780 (2000).

[7] OBrien, J. M., Gaffney, D. K., Wang, T P. and Sieber F., “Merocyanine 540-sensitized photoinactivation of
enveloped viruses in blood products: site and mechanism of phototoxicityMerocyanine 540-sensitized
photoinactivation of enveloped,” Blood. 80, 277-285 (1992).

[8] Davila, J., Harriman, A. and Gullya K. S., “Photochemistry of merocyanine 540: the mechanism of
chemotherapeutic activity with cyanine dyes,” Photochem. Photobiol. 53, 1-11 (1991).

[9] Lum, L. G., Yamagami, M., Giddings, B. R., Joshi, L., Schober, S. L., Sensenbrenner, L. L. and Sieber, F., “The
Immunoregulatory Effects of Merocyanine 540 on In Vitro Human T- and B - Lymphocyte Functions,” Blood. 77,
2701-2706 (1991).

[10] Aramendia, P. F., Krieg, M., Nitsch, N. C., Bittersmann, and E. Braslavssky, S. E., “The photophysics of
merocyanine 540. A comparative study in ethanol and in liposomes,” Photochem. Photobiol. 48, 187-194(1988).
[11]Benniston, A. C., Gulliya, K. S. and Harriman, A., “Merocyanine 540 Solubilized as an Ion Pair with Cationic
Surfactant in Nonpolar Solvents: Spectral and Photochemical Properties,” J. Chem. Soc. Faraday Trans. 93, 2491-

2501 (1997).

[12]Levshin, L. V. and Saletskii, A. M., [Optical Methods of Research of Molecular Systems. Ch. 1. Molecular
Spectroscopy], MSU, Moscow, 320 (1994).

[13]Mayer, G.V., Artyukhov, V.Ya., Bazyl’, O.K., Kopylova T.N., Kuznetsova R.T., Rib N.R. and Sokolova L.V,
[Electronically Excited States and Photochemistry of Organic Compounds], Nauka, Novosibirsk, 232 (1997).

[14]Kitaigorodskii, A. 1., Zorkii, P. M. and Bel’skii, V.K., [The Structure of Organic Compounds: Structural
Investigation Data 1971-1973], Nauka, Moscow, 511 (1982).

[15]Mulliken, R. S., “Electronic Population Analysis on LCAO-MO Molecular Wave Functions. I,” J. Chem. Phys. 23,
1833-1840 (1955).

[16]Mandal, D., Pal, S. K., Sukul, D. and Bhattacharyya, K., “Photophssical Processes of Merocyanine 540 in Solutions
and in Organized Media,” J. Phys. Chem. A. 103, 8156-8159 (1999).

[17]1Bazyl’, O. K., Artyukhov, V. Ya. and Mayer G. V., “Photophysical processes in dimers of thiacarbocyanine
cations,” High Energy Chemistry 44, 113-120 (2010).

[18]Bazyl, O. K., Svetlichny, V. A., Artyukhov, V. Ya. and Ishchenko, A. A., “Electronic Structure and Intramolecular
Photophysical Processes of Cations of Symmetric Indopolycarbocyanine,” Opt. Spectroscopy. 105, 339-347 (2008).

[19]Kashapova, E. P., Bazyl’, O. K., Svetlichnyi, V. A., Ishchenko, A. A. and Kulich A. V. “Quantum-chemical study of
relation of spectral and luminescent properties of positively solvatochromic malononitrile-based merocyanine dyes
with their structure,” Opt. Spectroscopy. 110, 9-19 (2011).

[20]Muldahmetov, Z. M., Minaev, B. F. and Ketsle, G. A., [The optical and magnetic properties of the triplet state],
Nauka, Almaty, 263 (1983).

Proc. of SPIE Vol. 9810 98100B-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/15/2015 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



