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We present the results of a study of the spectral luminescence properties of three groups of indotricarbocyan-
ine dyes, each of which is formed from compounds with the same cation and different anions. In high-polarity
solvents, in the absorption and emission spectra of the dyes we see one type of center; in low-polarity sol-
vents, due to the presence of different ionic forms of the dyes (free ions, contact ion pairs), we observe either
one type or two types of centers. By analysis of the luminescence of molecular oxygen in the 1.27 µm spectral
region, we determined the efficiency of photosensitization of 1O2 formation by dyes in deuterated solvents. We
have shown that in low-polarity solvents, the yield for singlet oxygen generation is higher for indotricarbocy-
anine dyes which are found in the contact ion pair state and which also contain a heavy atom (I) in the
anion. We have observed that an increase in the fraction of contact ion pairs in solution as the dye concen-
tration increases or when an additional salt is introduced leads to an increase in the quantum yield for gen-
eration of singlet oxygen. In polar deuterated acetonitrile, the counterion has no effect on the efficiency of
photosensitization of oxygen by the dyes.
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Introduction. Most polymethine dyes are salts whose molecules in solutions can be found in the form of an
equilibrium mixture of several types of ionic forms (free ions, contact and solvent-separated ion pairs) [1]. The equi-
librium between these forms is shifted toward an increase in the fraction of one form when the temperature and the
nature of the solvent are varied, when the anion is substituted, and when ionic and solvating additives are added to
the solution. The state of the ionic equilibrium in solutions has an effect on the processes of dissipation of the elec-
tronic excitation energy in the polymethine dye molecules. The fluorescence quantum yield and the fluorescence life-
time of the polymethine dye molecules decrease symbatically with strengthening of the anion-cation interactions [2, 3].
In the ion pairs, the probabilities of torsional vibrations in the polymethine chain are higher and the yield for photoi-
somerization of the molecules is higher; the degree of vibronic interactions and the probabilities of rotation about
bonds are higher as more stable ion pairs are formed [4–6].

Despite the significant number of publications devoted to study of the photophysical properties of polymethine
dyes in different types of solvents, due attention has not been paid to the effect of the state of ionic equilibria on the
efficiency of singlet oxygen generation by polymethine dyes. At the same time, such a study is important from both
a scientific and an applied viewpoint. The applied importance is due to prospects for using these dyes for photo-
chemotherapy of cancer and as biological fluorescent labels [7–9], and also because in biological structures, their mole-
cules are mainly found in the form of contact ion pairs [10]. In this case, the efficiency of polymethine dyes as
photosensitizers mainly depends on their capability for photoinduced generation of singlet oxygen [11]. For most or-
ganic solvents, at room temperature the rate of oxygen diffusion is such that the quantum efficiency of 1O2 generation
for complex organic molecules practically coincides with the yield for triplet state formation [12, 13]. Accordingly, the
results obtained are of interest for constructing a general picture of how photoprocesses occur in polymethine dye
molecules.
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Materials and Methods. As the objects of investigation, we selected already known and new indotricarbocy-
anine dyes, which were synthesized in the spectroscopy laboratory of the A. N. Sevchenko Institute of Applied Physi-
cal Problems. For these compounds, it has been found that they can photoactivate damage to cancer cells with high
efficiency [8]. The compound PD1(I) is the familiar symmetric tricarbocyanine dye HITCI [14], PD1(ClO4) is its cat-
ionic analog with the counterion ClO4

−; PD2(ClO4) and PD2(Br) are cationic analogs (with the anions ClO4
− and Br–)

of the dye with a 4-chloro-3,5-substituted heptamethine conjugation chain and N-modified indolenine hetero residues
[15]. As the solvents, we used deuterated chloroform, deuterated acetonitrile, chloroform, dichlorobenzene (DCB), etha-
nol, and methylene chloride.

The dye-sensitized luminescence spectra of singlet oxygen were recorded using a spectrometer based on an
MDR-23 monochromator and a G8370-01 (Hamamatsu) InGaAs photodetector. The photosensitizers were excited by
the emission from a semiconductor laser with λ = 740.7 nm. The quantum yield (B) for generation of singlet oxygen
(1O2) by the studied compounds was determined based on the directly measured quantum yield for dye-sensitized 1O2
luminescence (Φlum) and the relation in [16]: Φlum = Bτ0/τrad, where τ0 and τrad are the lifetime and radiative lifetime
of singlet oxygen. As the reference, we used the dye PD1, for which in deuterated chloroform Bref = 3.6% [17]. The
lifetime of singlet oxygen and the radiative lifetime 1O2 for the solvents used were taken from [18, 19].

The absorption spectra of the dyes were recorded using a PV 1251A spectrophotometer (SOLAR). The fluo-
rescence of the dye solutions were studied using a Fluorolog spectrofluorimeter. An upgrade of the control and detec-
tion system of the spectrofluorimeter included a time-correlated photon counting circuit in the instrument [20], which
made it possible to expand its functional capabilities. Replacing the continuous emission source (a xenon lamp) with
a pulsed source, we used the spectrometer to study the fluorescence decay kinetics of the dyes in the time interval
0.5–100 nsec.

Experimental Results. For all the polymethine dyes, in deuterated chloroform and deuterated acetonitrile for
excitation by light from a semiconductor laser (λlas = 740.7 nm), luminescence of singlet oxygen (1O2) was recorded
in the spectral range 1.2–1.4 µm. The position of the band with maximum at 1272 nm and its half-width were identical
for all the studied compounds. By comparing the intensities of singlet oxygen luminescence and taking into account the
number of absorbed photons at the excitation wavelength (λ = 740.7 nm) for the reference and the studied photosensi-
tizer, we determined the quantum yields for generation of 1O2 by a series of new polymethine dyes (Table 1).

TABLE 1. Yield for Singlet Oxygen Generation (B) by Polymethine Dyes in Deuterated Chloroform (CDCl3) and Deuterated
Acetonitrile (CD3CN)

Dye Anion Solvent Cdye, 106 M Csalt, 103 M λmax
abs , nm B⋅102

PD1 I– CDCl3 1.2 – 756 3.60

PD1 ClO4
− CDCl3 1.2 – 756 0.50 ± 0.10

PD2 ClO4
− CDCl3 1.2 – 785 15.2 ± 1.4

PD2 ClO4
− CDCl3 0.5 – 785 5.8 ± 0.8

PD2 Br– CDCl3 1.2 – 780 10.7 ± 0.9

PD3 BF4
− CDCl3 1.2 – 735 7.7 ± 0.7

PD3 BF4
− CDCl3 1.2 1.0 735 7.6 ± 0.7

PD3 Br– CDCl3 1.2 – 735 4.8 ± 0.5

PD3 Br– CDCl3 1.2 1.0 735 4.5 ± 0.5

PD3 I– CDCl3 1.2 – 735 6.1 ± 0.6

PD3 I– CDCl3 0.4 – 735 3.9 ± 0.4

PD3 I– CDCl3 1.2 1.0 735 7.2 ± 0.8

PD3 BF4
− CD3CH 1.2 – 714 0.5 ± 0.10

PD3 Br– CD3CH 1.2 – 714 0.5 ± 0.10

PD3 I– CD3CH 1.2 – 714 0.4 ± 0.10
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The quantum yield for singlet oxygen generation by the dyes in deuterated chloroform fluctuates within the
range 0.005–0.150 and depends on the concentration of the dye and the addition of an additional salt to the solution.
In order to make sure that it was possible to compare the values of the parameter B for the studied compounds, the
measurements were made for identical low dye concentrations. Significant differences were found for cationic analogs
of the dyes which differed by only the counterions. Thus for PD1 with counterion ClO4

−, the value of B is 7 times
lower than for the cationic analog of PD1 with the anion I–. For the other two groups of cationic analogs, the maxi-
mum value of B was obtained for the compounds with the anions ClO4

− or BF4
−. For the cationic analogs of PD2, the

yield for singlet oxygen formation for PD2(ClO4) is ≈3 times higher than for PD2(Br). Somewhat lower differences in
the parameter B are observed in the series of dyes PD3(I), PD3(Br), and PD3(BF4); the dye with the BF4

− counterion
has the maximum value of B. For the dye PD3(Br), the value of B is 1.6 times lower than for PD3(BF4); for the dye
PD3(I), it is 1.25 times lower than for PD3(BF4). At the same time, in polar deuterated acetonitrile, for dyes with
identical cations and different counterions, the quantum yields for singlet oxygen formation coincide (within the accu-
racy for determining this parameter). Thus for the group of dyes PD3 with anions I–, Br–, and BF4

−, the yield is
≈0.5%, while for the group PD1 with counterions I– and ClO4

−, the yield is 0.2%. We should note that in deuterated
acetonitrile, the quantum yield for singlet oxygen generation is about an order of magnitude lower than in deuterated
chloroform for most of the studied dyes.

We found that for a lower concentration of the dyes PD2(ClO4) and PD3(I) in low-polarity deuterated chlo-
roform, the yield for singlet oxygen generation is lower. Thus B for a concentration of 0.5⋅10–6 M for the dye
PD2(ClO4) is lower than for a concentration of 1.2⋅10–6 M by more than a factor of 2.6 (see Table 1). The values of
B differ somewhat less for the compound PD3 with the anion I–: for a solution with dye concentration 1.2⋅10–6 M,
the parameter B is ≈1.5 times higher than for a concentration of 0.4⋅10–6 M (Table 1). Analogous changes in the yield
for singlet oxygen generation occur when an additional salt is added to a solution of the dye PD3(I), which leads to
a shift of the ionic equilibrium toward a decrease in the fraction of free ions of the dye [3]. When tetrabutylam-
monium bromide is added to the dye solution at a concentration of 10–3 M, the yield increases by a factor of 1.2.
Moreover, when such an additive is added to solutions of the dyes PD3(BF4) or PD3(Br), the change in the value of
B is no greater than the measurement errors (Table 1). Typically the observed changes in the yield for generation of
singlet oxygen by the dyes are consistent with the differences in the spectral characteristics of the solutions. We car-
ried out an analysis of the state of the ionic equilibria of the dyes in different solvents by studying their spectral lu-
minescence properties. The spectral characteristics, the shape and position of the absorption and fluorescence spectra
for all the studied dyes in deuterated solvents match the analogous data for conventional solvents. In this case, the
photostability of the dyes in the deuterated solvents is more than an order of magnitude lower than for conventional

Fig. 1. Absorption spectra: 1) PD3(BF4), 2) PD3(I), 3) PD3(Br) (in deuterated
chloroform); 4) PD3(BF4), PD3(I), and PD3(Br) (in deuterated acetonitrile); 5)
PD1(ClO4) and PD1(I), 6) PD2(ClO4), 7) PD2(Br) (in deuterated chloroform);
8) PD1(ClO4) and PD1(I), 9) PD2(ClO4) and PD2(Br) (in deuterated acetoni-
trile).
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solvents [21]. Accordingly, in order to ensure the reliability of the results obtained in deuterated solvents during the
experiment, we monitored the dye concentrations and also repeated the measurements. Taking into account the above,
some of the spectral characteristics were studied using conventional solvents, in which the concentration and spectral
properties of the dyes did not change during the experiment.

In highly polar acetonitrile or ethanol, the absorption spectra of dyes with different anions matched in shape
and position when the concentration was varied from 10–7 to 10–5 M, and Beer’s law was followed. The fluorescence
spectra, the fluorescence quantum yield and lifetime, and also the degree of polarization for the dye solutions in ace-
tonitrile or ethanol match for each group of cationic analogs. The fluorescence decay kinetics for the dyes in such sol-
vents are represented by a single exponential, the fluorescence spectra do not depend on the wavelength of the exciting
light, its excitation spectra do not change with the detection wavelength and their shape matches the absorption spectra
of the dyes.

On going to low-polarity solvents (chloroform, methylene chloride, or dichlorobenzene), the spectral properties
of dyes PD3 and PD2 change significantly. In this case, a bathochromic shift occurs for the long-wavelength absorp-
tion band of the dyes and its half-width increases. The shape of the absorption band for dyes PD3(Br) and PD3(I) in
chloroform differs from the spectrum in acetonitrile by the presence of a shoulder at λ = 780 nm on the long-wave-
length edge of the spectrum. For the dye PD3(BF4) in the same region, we observe only a slight rise in the spectrum
(Fig. 1). For the second group of cationic analogs PD2(Br) and PD2(ClO4), more significant distortions of the absorp-
tion spectra occur on going to low-polarity solvents: two bands appear with maxima in the 785 nm and 735 nm re-
gions. For both groups of dyes, dilution of the solutions in deuterated chloroform leads to a decrease in the
contribution of the short-wavelength band to the overall absorption spectrum and an increase in the contribution of the
long-wavelength band (Fig. 2). Introducing the additional salt trimethylbenzylammonium bromide is accompanied by a
decrease in the contribution of the band with a maximum at λ = 780 nm in the absorption spectrum of dyes PD3 and
PD2, while for a salt concentration C = 10–3 M, the long-wavelength shoulder for PD3(Br) and PD3(I) at λ = 780 nm
does not appear (Fig. 3). In the case of the dye PD3(BF4), such a salt additive has practically no effect on the shape
of the absorption spectrum.

The shape of the fluorescence spectra for PD2 and PD3 in low-polarity solvents (chloroform, dichlorobenzene,
or methylene chloride) depends on the wavelength of the exciting light (Fig. 4). For excitation on the short-wavelength
edge of the absorption band for PD3 in chloroform, the half-width of the spectrum is ≈20 nm greater than for ethanol
or acetonitrile; on the long-wavelength edge of the spectrum, we observe a shoulder in the 800 nm region. On going
to excitation by light with λ = 760 nm, a fluorescence band appears with maximum at 795 nm (Fig. 4). For the PD2
dyes in chloroform, for excitation on the short-wavelength edge of the absorption band, two bands appear in the fluo-
rescence spectrum at 770 nm and 815 nm. For excitation in the region of the long-wavelength absorption band (λ =
780–785 nm), in the fluorescence spectra of PD2 a band appears with maximum at λ = 815 nm. For the dye
PD3(BF4) in chloroform, in the fluorescence spectra with excitation within the long-wavelength absorption band we do

Fig. 2. Absorption spectra of PD3(I) (1, 2) and PD2(Br) (3, 4) in deuterated
chloroform at a concentration of 1.2⋅10–6 M (1, 3) and 4.0⋅10–6 M (2, 4).

695



not observe any changes in the dependence on the excitation wavelength. In this case, the fluorescence excitation spec-
tra for the dyes PD2 and PD3 in chloroform depend to a significant extent on the detection wavelength. For detection
in the region of the short-wavelength edge of the fluorescence spectrum, a band appears in the fluorescence excitation
spectrum that is similar in shape and position to the absorption spectrum of the dye, while for detection on the long-
wavelength edge of the fluorescence spectrum, an additional intense band appears whose position coincides with the
longest-wavelength band (shoulder) in the absorption spectrum. This band has a higher relative intensity in the excita-
tion spectrum compared with the absorption spectrum, i.e., the shapes of the indicate spectra are significantly different
when detected on the long-wavelength edge of the fluorescence band. It is only for the dyes PD1(ClO4) and PD1(I)
that the absorption spectra depend weakly on the counterion; they have similar characteristics in low-polarity and high-
polarity solvents. The fluorescence spectra and fluorescence excitation spectra of these dyes do not depend on respec-
tively the excitation and detection wavelengths. The fluorescence quantum yields and lifetime are identical for
PD1(ClO4) and PD1(I) in chloroform (dichlorobenzene).

Discussion of Results. The spectral luminescence properties presented for the studied compounds in high-po-
larity acetonitrile and ethanol suggest that in such solvents, only one type of absorbing and fluorescent center appears
for each dye. In contrast, in low-polarity solvents, for compounds PD2 and PD3 two types of such centers appear for
each, which may be assigned to the different forms of ion pairs [1, 22]. The observed changes in the absorption spec-
tra of dyes PD2 and PD3 when their concentration increases indicate the existence in solutions of these dyes of an
equilibrium distribution of contact ion pairs and free ions [23]. Bands in the longer wavelength region correspond to
the latter in the absorption and fluorescence spectra and in the fluorescence excitation spectra. And the less significant
distortions of the absorption spectra due to dilution of the solutions or addition of salt additives, compared with the
changes in the fluorescence excitation spectra of the studied dyes, suggest that the fluorescence quantum yield is
higher for the longer wavelength centers. On the other hand, in deuterated chloroform, for dyes from the groups of
cationic analogs PD2 and PD3, the quantum yield for singlet oxygen generation is higher for compounds having ani-
ons which promote an increase in the fraction of contact ion pairs in solution. The most marked differences are ob-
served when comparing data for dyes PD2 with anions ClO4

− and Br–. In the absorption spectrum of PD2(ClO4) in
deuterated chloroform, the contribution of the band corresponding to the contact ion pairs is higher than for PD2(Br),
and consequently the fraction of contact ion pairs is more significant. The yield for singlet oxygen generation for
PD2(ClO4) in this case is ≈1.5 times higher than for PD2(Br). We should note that the exciting radiation from a semi-
conductor laser with λ = 740.7 nm falls within the absorption band for the contact ion pairs of the indicated dyes, the
maximum of which is located in the 735 nm region. An analogous correlation between the yield for 1O2 formation
and the increase in the fraction of contact ion pairs in the dye solutions is followed for the group of cationic analogs
PD3(BF4), PD3(B4), and PD3(I). Thus a decrease in the intensity of the long-wavelength shoulder in the absorption
spectrum on going from PD3(I) to PD3(Br4) and then to PD3(BF4), which indicates a decrease in the fraction of free
ions in solution, correlates with the increase in the value of B in this series of dyes (Table 1). Consequently, in the

Fig. 3. Absorption spectra in deuterated chloroform for PD3(I) (1, 2), PD3(Br)
(3, 4), PD3(BF4) (5, 6) when 10–3 M of the salt is added (2, 4, 5).
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groups of dyes PD2 and PD3 for states of the molecules in the form of contact ion pairs, the yield for singlet oxygen
generation is higher than for free ions.

With the aim of identifying the differences in ability to form singlet oxygen for a sensitizer with the same
structural formula but variation of the ratio of ionic forms of its molecules in solution, we measured B as the dye con-
centration changed and as ionic additives were added. The distortions of the absorption spectra and the changes in
other spectral characteristics of the dyes PD2 and PD3 as their concentration increases or when an additional salt is
introduced in both cases suggest a shift of the ionic equilibrium toward an increase in the fraction of contact ion pairs.
Accordingly, for more concentrated solutions of the cationic analogs PD2 and PD3, we obtained larger values of B
(see Table 1). From a formal standpoint, the observed increase in the quantum yield for singlet oxygen formation as
the sensitizer concentration increases was quite unexpected. This is associated with the fact that the rate constant for
quenching of 1O2 by polymethine dyes is close to the limiting value for diffusion-controlled reactions [24]. In fact, for
PD1(ClO4) and PD1(I), the rate constants for quenching 1O2 in acetonitrile, according to the data in [24], are (4.6 ±
0.1)⋅108 and (5.7 ± 0.1)⋅108 M–1⋅sec–1. In our case, for the maximum dye concentration 1.2⋅10–6 M, the probability of
quenching 1O2 should be on the order of 103 sec–1, which is comparable with quenching of 1O2 by deuterated chlo-
roform [18]. Therefore we may expect that as the dye concentration increases, the yield for singlet oxygen formation
will have a constant value until quenching of 1O2 by dye molecules begins to appear. Consequently, the observed in-
crease in B for a higher dye concentration does not fit within such a conceptual framework; we must take into account
the change in the ratio of the types of ionic forms of the dyes. In fact, the exciting radiation from a semiconductor
laser with λ = 740.7 nm falls within the band corresponding to absorption of contact ion pairs, and an increase in the
dye concentration promotes an increase in the contribution of this band to the absorption spectrum, i.e., the fraction of
contact ion pairs increases. Thus the observed increase in B with an increase in the dye concentration supports the idea
that the efficiency of singlet oxygen generation is higher for contact ion pairs than for free ions.

Like increasing the dye concentration, introducing an additional salt (tetrabutylammonium bromide, 10–3 M)
leads to an increase in the quantum yield for singlet oxygen generation by a factor of ≈1.2 for PD3(I) in deuterated
chloroform. Introducing this additive is accompanied by distortion of the absorption spectrum for PD3(I): the contribu-
tion of the band with maximum at λ = 780 nm decreases, which suggests an increase in the fraction of contact ion
pairs. On the other hand, in the case of PD3(BF4) or PD3(Br), such a salt additive does not lead to appreciable dis-
tortions in the spectral characteristics, and the values of the parameter B remain unchanged. Thus the constancy of the
fraction of contact pairs for PD3(BF4) and PD3(Br) on addition of 10–3 M of a salt is consistent with the absence of
changes in the quantum yield for singlet oxygen generation.

In the series of studied compounds, the data on the ability to generate singlet oxygen for cationic analogs of
the dye PD1 with counterions I– and ClO4

− stand out. For this pair of dyes, the absorption and fluorescence spectra in

Fig. 4. Absorption spectra (1, 1′); fluorescence spectra for λex = 730 (2), 720
(2′), 760 (3), 790 (3′) nm; fluorescence excitation spectra for λdet = 785 (4),
815 (5), 764 (4′), 825 (5′) nm for the dye PD3(Br) in chloroform (a) and in
dichlorobenzene (b).

697



low-polarity solvents and in acetonitrile (ethanol) are practically the same in shape and position, and the fluorescence
quantum yields and lifetime coincide for them (see Table 2). The small half-width of the absorption spectrum for the
dyes PD1(I) and PD1(ClO4) in chloroform and the monoexponential character of the fluorescence decay kinetics sug-
gest a single absorbing and emitting center. While the spectral fluorescence characteristics of the cationic analogs of
this compound match, the quantum yield for singlet oxygen generation for PD1(I) in deuterated chloroform is ≈7 times
higher than for PD1(ClO4) (Table 2). Moreover, in deuterated acetonitrile, the value of B is the same for both dyes,
and is less than half than the value for the dye with the anion ClO4

− in deuterated chloroform. We should note that
the quantum yield for singlet oxygen formation even in deuterated chloroform (~10–3) is comparable with the absolute
error in determination of the quantum yield or the fluorescence decay time for the dyes. Therefore together with such
a significant relative change in deuterated chloroform for the value of B on going from PD1(I) to PD1(ClO4), we do
not detect any differences in the values of the quantum yield or the fluorescence decay time for these compounds
(Table 2).

As shown in [25], the major mechanism for sensitization of oxygen by polymethine dyes is nonradiative trans-
fer of energy from the dye molecules in the triplet state. Accordingly, B is a parameter whose value is determined by
the yield for dye molecules going to the triplet state. When a heavy atom is present in the anion of the dye and when
its molecules in solution are found in the form of contact ion pairs, we may expect an increase in the probability of
intersystem crossing due to the external heavy atom effect [25]. In connection with the proximity of the cation and
anion in the contact pairs, such an effect should also be apparent for low dye concentrations. On the other hand, for
the same compound but under conditions when dissociation of the molecules to form ions occurs, the presence of
heavy atoms in the anion should not affect the probability of intersystem crossing for the same concentrations. We
should note that, according to the data in [25], the population of the triplet state for the dye PD1(I) in ethanol in-
creased markedly when an additional substance (potassium iodide) was added to the solution, but only when its con-
centration exceeded 10–2 M.

The results obtained in this work, taking into account the concentration of the solutions (10–6 M), suggest that
in low-polarity solvents, for an iodine-containing dye the efficiency of intersystem crossing is higher than for the dye
PD1(ClO4) and the yield for 1O2 generation is higher. Consequently, in such solvents we see an effect from the iodine
counterion, which is possible only when the anion is sufficiently close to the polymethine chain of the cation of the
dye. The latter statement is substantiated by the data for symmetric polymethine dyes in [26], where it is shown that
a significant increase (by more than a factor of 30) is observed in the yield for molecules going to the triplet state
when the hydrogen atom is substituted by an iodine atom in the meso position of the polymethine chain. Substitution
of iodine for a fluorine atom in the terminal groups of the cation of the dye leads to an increase in the population of
the triplet state by only a factor of ≈3. With this in mind, the coincidence of the yield for 1O2 generation for both
dyes in deuterated acetonitrile for the same concentration (10–6 M) suggests the lack of a heavy atom effect for the
anion and complete dissociation of the dye molecules to form free ions in a polar solvent. Consequently, for the dye
group PD1, for which one absorbing and fluorescing center appears, the differences in the quantum yield for singlet
oxygen generation in deuterochloroform are also due to the presence of the dye in solution in the form of contact ion
pairs. Note that in deuterated acetonitrile, the value of B for both dyes of the PD1 group is less than half the value

TABLE 2. Spectral Characteristics of the Dye PD1 with Different Anions in Solutions

Anion Solvent λmax
abs ∆λ1 ⁄ 2

abs λmax
FL λ1 ⁄ 2

FL τ ϕFL Φ B⋅102

ClO4
−

Deuterated chloroform 755 60 785 49 1.8 0.36 1.1⋅10−3 0.5

DCB 766 49 796 46 1.6 0.42 1.3⋅10–6 –

Ethanol 742 53 773 48 1.3 0.28 4.6⋅10–7 –

Deuterated acetonitrile 739 58 771 47 1.5 0.43 3.0⋅10–5 0.2

I–

Deuterated chloroform 755 63 785 49 1.8 0.36 3.1⋅10−4 3.6

DCB 766 49 796 46 1.6 0.42 3.1⋅10–5 –

Ethanol 742 53 773 48 1.3 0.28 4.7⋅10–7 –

Deuterated acetonitrile 739 58 771 47 1.5 0.43 3.0⋅10–5 0.2
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for the dye PD1(ClO4) in deuterated chloroform. Such a ratio of the values for this parameter is consistent with the
idea that the yield for singlet oxygen formation is higher for dye molecules in the form of contact ion pairs (in low-
polarity solvents) than for the free ions (in high-polarity solvents).

Conclusion. From the data obtained, it follows that cation-anion interactions in polymethine dye molecules in
solutions can have a significant effect on their ability to generate singlet oxygen. Higher values of the quantum yield
for singlet oxygen generation correspond to dyes with anions promoting an increase of the fraction of contact ion pairs
in solution. In this case, increasing the fraction of contact ion pairs by changing the concentration of the solutions or
introducing an additional salt leads to an increase in the quantum yield for singlet oxygen generation. In the case when
the dye is present in solution exclusively in the form of contact ion pairs, the yield for singlet oxygen formation is
higher when there is a heavy atom in the anion, due to enhancement of intersystem crossing (the heavy atom effect).
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