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The manifestation of ion pairs in the absorption and emission of fluorescence by symmetric indotricarbocyan-
ine dyes with the same cation and anions Br, I, and BF4 in ethanol, methylene chloride, and dichlorobenzene
has been investigated. It is shown that the formation of ion pairs on passing to low-polarity solvents, along
with the changes in the electronic absorption and emission spectra, manifests itself in the polarization and
fluorescence excitation spectra. We were the first to establish that the presence of an equilibrium mixture of
contact ion pairs and free ions in solutions has an effect on the position and probabilities of transitions not
only for the first but also for higher excited singlet states of the molecules of polymethine dyes. The formation
of ion pairs manifests itself more clearly when the spectral-luminescence properties of compounds in the
shortwave spectral region are analyzed. It has been established that marked changes arise in the absorption,
excitation, emission, and polarization fluorescence spectra, as well as in the lifetime and quantum yield of
fluorescence in this spectral region when the solvent is changed.
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Introduction. The interest shown by researchers on the photophysical properties of indotricarbocyanine dyes
is explained by the fact that polymethine dyes are widely used in photography [1] and in devices of quantum electron-
ics [2] and can be used as photosensitizers in the phototherapy of cancer [3–10]. In solutions cationic polymethine
dyes can be present as an equilibrium mixture of various ionic forms (free ions, contact and solvately separated ion
pairs) and incompletely ionized molecules [11–13]. The equilibrium between these forms can shift toward one of them
when the temperature, the solvent, or the anion are changed as well as when ionic and solvating additions are intro-
duced into the solution. The absorption spectrum of contact ion pairs in symmetric indotricarbocyanine polymethine
dyes in low-polarity solvents is shifted to the shortwave region as compared to the spectra of free ions in a dye and
solvately separated ion pairs, whose absorption spectra are practically identical. Various ionic forms of polymethine
dyes can fluoresce at room temperature. Their spectra differ markedly, which is why the position and shape of the
fluorescence spectrum of polymethine dyes in low-polarity media depend on the exiting radiation wavelength [14].

The ionic-equilibrium state of polymethine dyes in solutions substantially influences their photophysical prop-
erties [13–20]. The quantum yield and lifetime of fluorescence decrease symbatically as the anion-cation interactions
are enhanced [14–16], i.e., when the strength of the ion pairs in the polymethine dyes increases [12, 17]. The prob-
abilities of torsional vibrations in the polymethine chain and photoisomerization of molecules are increased in ion pairs
[18–20]. The stronger the ion pairs formed, the higher the influence of vibronic interactions and the probability of ro-
tation about the bonds. It should be emphasized that in all the works known to us, the spectral manifestation of vari-
ous ionic forms of polymethine dyes was detected only by their influence on the position of the first excited singlet
state and the probabilities of radiative and nonradiative transitions with the participation of this and triplet states of
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molecules. At the same time, the significant influence of the nature of the solvent on practically all the photophysical
properties of polymethine dyes can also manifest itself in the transitions of their molecules to higher electronic states.
The present work is devoted to investigating the manifestation of the formation of ion pairs in the absorption of po-
lymethine dyes in the shortwave region of the spectrum and in their spectral and polarization properties on excitation
in this spectral region.

Materials and Methods. As the main object of investigation, we have selected the symmetric cationic indotri-
carbocyanine dye TIKS [2]. Three compounds with anions I, Br, and BF4 (dyes PK1, PK2, and PK3, respectively)
have been synthesized on the basis of this dye cation. The synthesis was performed at the Spectroscopy Laboratory of
the A. N. Sevchenko Scientific-Research Institute of Applied Physical Problems (SRI APP). We investigated the spec-
tral-luminescence properties of the dyes in the different-polarity organic solvents purified in advance by the standard
methods [22].

Revised fluorescence, fluorescence excitation, and polarization spectra were recorded on a Fluorolog spec-
trofluorimeter of the Spex Company, and the absorption spectra were recorded on a PV 1251A spectrofluorimeter of
the Solar Company or on a Specord M40 spectrophotometer. The kinetics of fluorescence decay of the dyes was ana-
lyzed with the use of a pulsed spectrofluorimeter developed at the Spectroscopy Laboratory of the SRI APP [23], in
which time-correlated photon counting is realized. The luminescence characteristics of polymethine dyes are substan-
tially dependent on the temperature of the solution; because of this, all the samples were thermostated.

Results and Discussion. In the region of 300–900 nm, the absorption spectra of the compounds studied in
ethanol coincide in shape and position and the Beer law is fulfilled when their concentrations change from 10–7 to 10–

4 M. The fluorescence spectra, the quantum yield and lifetime of fluorescence, and the degree of fluorescence polari-
zation are the same for the ethanol solutions of all the three dyes (Table 1). The kinetics of their fluorescence decay
represents a single exponent. The fluorescence spectra of the polymethine dyes studied are independent of the exciting
radiation wavelength. The fluorescence excitation spectra do not change with the recording wavelength and their shape
coincides with the shape of the absorption spectra. These investigation data provide support for the view that an anion
in ethanol does not influence the main spectral-luminescence characteristics of the cationic polymethine dyes, in solu-
tion the dyes exist as completely dissociated free ions. On the other hand, these data point to the fact that one absorb-
ing and fluorescent center exists in a solution, i.e., the compounds studied have a fairly high purity.

The changeover from ethanol to nonpolar dyes — methylene chloride (MC) and dichlorobenzene (DCB) —
causes a bathochromic shift of the maximum of the longwave absorption band of the compounds studied and an in-
crease in its halfwidth (see Table 1). The changes in the spectral characteristics of the dyes in these low-polar solvents
are similar in character; this being so, we present the main illustration material for one on them (dichlorobenzene). The

TABLE 1. Spectral–Luminescent Properties of Dye in Different Media

Medium Ethanol DCB MC

Anion Br– I–
BF4

− Br– I–
BF4

− Br– I–
BF4

−

λmax
ab , nm 724 724 724 742 741 740 734 735 735

λmax
fl , nm 750 750 750 764 767 765 760 764 761

∆λ1 ⁄ 2
ab , nm  50  50  50  83  60  55  66  63  55

ϕfl (20oC)     0.22     0.22     0.22     0.45     0.42     0.38     0.20     0.19     0.18
P, %(15oC)   24.9   24.9   24.9   16.0   16.1   17.5    8.7    9.0    9.8
τ, nsec (20oC)    1.1    1.1    1.1    1.9    1.8    1.6    1.3    1.3    1.2

Note. Ccr = 10–6 M; λmax
fl  is the wavelength of the fluorescence maximum on excitation at λexc = 690 nm, λmax

ab  is

the wavelength of the absorption maximum, ϕfl is the quantum yield of fluorescence at λexc = 690 nm, P is the de-

gree of fluorescence polarization at λexc = λmax
ab  and λrec = λmax

fl , and τ is the lifetime of molecules in the first excited

singlet state at λrec = λmax
fl .
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shape of the absorption band of dyes PKI and PK2 in these solvents differs from that in ethanol by the arm on the
longwave edge at λ = 790 nm. Dye PK3 has only a small rise in this region (Fig. 1, curves 1–4). The optical density
of the solutions of the two first dyes in both low-polar solvents does not follow the Beer law when their concentration
changes. The contribution of the additional band to the integrated absorption spectrum increases when a solution is di-
luted. Thus, on dilution of a dichlorobenzene solution of dye PKI from C = 10–4 M to C = 10–7 M, the ratio of the
optical density at λ = 742 nm to that at λ = 790 nm decreases from 1.86 to 1.70. In this case, at λ = 785 nm in the
spectra there is an isobestic point. All this points to the fact that in a solution there exist two absorbing centers, the
contribution of which depends on the concentration. The introduction of thrimethylbenzylammonium chloride salt sol-
uble in an organic solvent increases the contribution of the band with a maximum at λ = 742 nm in the absorption
spectrum, and at a salt concentration C = 10–3 M the longwave arm at λ = 790 nm does not appear at all. The shape
of the absorption spectrum of the dyes in low-polarity solvents changes as the temperature increases. For example,
when PKI in dichlorobenzene is heated from 7 to 50oC, the width of the band at λ = 742 nm increases, the intensity
of absorption at its maximum decreases (Fig. 2b), and the absorption in the band at λ = 790 nm remains unchanged;
thus, the ratio between the optical densities at these wavelength decreases from 1.75 to 1.67 on heating. The shape of
the spectra is restored on subsequent cooling. The absorption spectra of dye PK2 experience similar temperature
changes.

The shape of the fluorescence spectra of PK1 and PK2 in low-polarity solvents depends on the exciting radia-
tion wavelength. On excitation at the maximum of the additional band (λ = 790 nm), in the fluorescence spectra of
both PK1 and PK2 there appears a band with a maximum at λ = 813 nm (Fig. 3b). For dye PK3 with anion BF4 in
dichlorobenzene and methylene chloride, excited in the longwave absorption band, we did not detect any changes in
their fluorescence spectra depending on the exiting radiation wavelength. In this case, it has been established that the
fluorescence excitation spectra of dyes PK1, PK2, and PK3 in these solvents are substantially dependent on the record-
ing wavelength. When recording is performed in the region of the longwave edge of the fluorescence spectrum, in the
excitation spectrum, along with the band corresponding to the maximum in the absorption spectrum, there appears one
more intense band whose position coincides with the additional maximum in the absorption spectrum (Fig. 3a). In this
case, the shape of the fluorescence excitation spectrum differs from the absorption spectrum; the additional band has a
higher relative intensity as compared to that in the absorption spectrum. For example, for dye PK1 in dichlorobenzene
the ratio between the maximum intensities is 1.75 for the absorption spectrum and 1.20 for the fluorescence excitation
spectrum, and for PK3 this ratio is 3.7 and 1.4, respectively. On heating, the relative contribution of the longwave
band to the integrated fluorescence excitation spectrum increases still further against the background of the total de-
crease in the intensity at each wavelength. For example, for PK1 (Fig. 2, curves 1 and 2) the ratio I742/I787 decreases
from 1.20 to 1.06 at 50oC, i.e., the ratio between the intensities at the maxima approaches unity. When the solutions
are cooled to the initial temperature, the shape of the spectra is restored. The decrease in the fluorescence intensity and

Fig. 1. Absorption (1–4) and polarization (2′–4′) spectra of dyes PK1(1, 4),
PK2 (2, 4), and PK3(3, 4) in DCB(1–3) and ethanol (4); 3′) PK1, PK2, and
PK3 in ethanol, λrec = 750 nm; 2′) PK1 in DCB, λrec = 764 nm; 4′) PK3 in
DCB, λrec = 764 nm; T = 15oC.
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in the optical density in the shortwave band with temperature and the constancy of the intensity of the longwave band
in the absorption spectrum testify that the molecules of the polymethine dyes studied do not form associates under
these conditions [24]. The results obtained point to the fact that in low-polarity solutions of the dyes studied there
exist two absorbing and fluorescent centers that can be assigned to different forms of ion pairs. The much smaller "de-
formations" of the absorption spectra in comparison with the changes in the fluorescence excitation spectra testify that
the quantum yield of fluorescence of the more longwave centers is higher than that of the shortwave centers and de-
creases to a lesser extent on heating. According to the data presented in [11, 12], the absorption spectrum of contact
ion pairs is shifted to the shortwave region as compared to the spectrum of free ions in a dye and solvately separated
ion pairs. The assignment of the shortwave centers of the compounds studied to the contact ion pairs conforms with
the fact that the quantum yield of fluorescence of the shortwave centers is lower and decreases more rapidly on heat-
ing as compared to that of the longwave centers. It should be noted that the probability of photoisomerization and tor-
sional vibrations in the polymethine chain in contact pairs is increased [18–20], which leads to a decreased quantum
yield of fluorescence. The quantum yield of fluorescence of contact ion pairs decreases also more markedly on heating,
since the processes of photoisomerization and internal conversion are more intensive in molecules that become more
free to rotate in the methine chain when the viscosity of a solution decreases [25]. In all probability, the centers with
more longwave bands in the absorption, fluorescence, and fluorescence excitation spectra are due to the presence of
free ions in a solution. This conclusion is supported by the fact that a change in the concentration of PK1 and PK2
causes changes in their absorption spectra which, according to [26], can take place only in the case where an equilib-
rium distribution of contact ion pairs and free ions exist in a solution.

A comparison of the luminescence characteristics of the compounds PK1, PK2, and PK3 studied points to the
formation of more close ion pairs and the enhancement of cation-anion interactions in this series. Actually, in the case
where low-polarity solvents were used, the largest values of the quantum yield and lifetime of fluorescence were de-
tected for PK1 — a compound that experiences the largest spectral changes when the solvent is changed (Table 1).
PK3 is characterized by small spectral changes and the smallest values of the quantum yield and lifetime of fluores-
cence. It is difficult to compare these parameters for PK2 and PK3 because of the ambiguity of the influence of the
structural features of the molecules of these compounds on their photophysical properties in low-polarity solvents. On
the one hand, the formation of ion pairs of indotricarbocyanine polymethine dyes with anion I in a low-polar medium
is favorable to the transformation into the triplet state [16, 20], and on the other the strength of the ion pairs in the
dye with anion BF4 is higher, which increases the probability of torsional vibrations in the polymethine chain [13].
Clearly, acceleration of any of these processes leads to a decrease in the quantum yield and lifetime of fluorescence.

Since the strength of the ion pairs depends on the anion and the solvent [11, 12], we have investigated the
spectral regularities of the dyes in mixtures of the low-polarity solvents with the highly polar ethanol. A small addition
(5%) of ethanol into a solution of PK1 in dichlorobenzene leads to the complete disappearance of the longwave arm

Fig. 2. Fluorescence excitation (1, 2) and absorption (1′, 2′) spectra of dye
PK1 in DCB at a temperature of the solution of 7(1, 1′) and 50oC (2, 2′);
λrec = 825 nm.

724



and an increase in the absorption coefficient at the maximum of the band. Depending on the amount of ethanol in the
mixture, there takes place a shift of the absorption maximum to the shortwave region and narrowing of the band. Even
at a 15% content of ethanol the maximum shifts by λ = 724 nm, i.e., its position coincides with the position of the
maximum in the absorption spectrum of pure ethanol. The change in the polarity of the solvent as a result of the in-
troduction of ethanol leads to the transformation of contact ions into solvately separated ions and then to the dissocia-
tion of the molecule into free ions [27]. In this case, the absorption band experiences a hypsochromic shift caused by
the increase in the polarity of the medium and the decrease in the bandwidth as a consequence of the disappearance
of the ion pairs.

Thus, the above results agree with the presently accepted notions of the form in which molecules of cationic
polymethine dyes exist in low-polarity solvents. In such media the dyes exist as an equilibrium distribution of contact
and free ions, and the strength of the ion pairs increases in the series PK1, PK2, and PK3.

We now consider the results of investigations of the manifestation of the formation of ion pairs in the short-
wave spectral region. A comparison of the absorption spectra of the compounds studied in the shortwave spectral re-
gion has shown that the spectra of the polymethine dyes in dichlorobenzene and methylene chloride differ markedly
from the spectra of the solutions of these dyes in ethanol. The absorption spectra of all the dyes change analogously
when the solvent is changed. The changeover to low-polarity solvents, as in the longwave region, causes a batho-
chromic shift of the maxima of the absorption bands (Fig. 1, curves 1–4). The maxima of the most intense bands are
positioned at λ = 442 and 375 nm for PK1 in dichlorobenzene and at λ = 435 and 360 nm for PK1 in ethanol. For
dyes in low-polarity solvents, the ratio between the intensities at the maxima of the bands in the shortwave region
changes; the most significant increase is observed at λ = 405 nm. On the whole, these solvents increase the contribu-
tion of the shortwave bands to the absorption spectrum of the polymethine dyes as compared to ethanol. The ratio of
the optical density in the shortwave bands to the density at the main maximum increases in the series of dyes PK3,
PK2 and PK1, i.e., as the strength of the ion pairs weakens. For example, the ratio between the optical densities at λ
= 442 nm and at the maximum of the longwave band is C0.12 for PK1 in dichlorobenzene and C0.07 for PK1 in
ethanol, i.e., it is 1.7 times larger in the first case. It should be noted that the changes arising in the absorption spectra
of PK3 when the solvent is changed are more marked, as compared to those in the longwave region.

The relatively short lifetime in the excited state and the low symmetry of the polymethine dye molecules
made it possible to record the polarization spectra of the dyes in dichlorobenzene and ethanol at 15oC. The polariza-
tion spectra of all the dyes in ethanol are identical, and the polarization spectra of the dyes in dichlorobenzene have a
similar structure and an equal number of maxima and minima (Fig. 1, curves 2′ – 4′). The absolute values of the de-
gree of fluorescence polarization at the extrema are somewhat larger for PK3 as compared to those of PK1 and PK2,

Fig. 3. Spectra of dye PK1 in DCB: a) fluorescence excitation at λrec = 764(1)
and 825 nm (2), fluorescence at λexc = 441 (3) and 412 nm (4); b) absorption
(1), fluorescence at λexc = 720 (2) and 790 nm (3), polarization at 15oC, λrec
= 764 (4) and 812 nm (5).
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which is explained most probably by a shorter lifetime of fluorescence of this compound. The position of the extrema
in the polarization spectra of the dyes correlates with the bands in the absorption spectrum, which makes it possible
to determine the bands in the shortwave region which correspond to the transition, at least, to four higher excited elec-
tronic states of the dye molecule. We call attention to the fact that, in the spectral range 550–400 nm, the shift of the
minima in the polarization spectra of all the polymethine dyes studied in dichlorobenzene relative to the position of
the minima in the polarization spectra of these dyes in ethanol was approximately equal to that for the corresponding
absorption bands. The shift in units of frequently is close to the change in the position of the most longwave absorp-
tion band. In the spectral range 400–325 nm, the extrema in the polarization spectra of the dyes in ethanol and of the
dyes in dichlorobenzene coincide (λ ≈ 365 nm), even though the shift of the band in the absorption spectra reaches
20 nm. It seems likely that the level corresponding to the extremum at λ C 365 nm does not shift when the solvent
is changed, and the change in the absorption spectrum in this region is due to the significant increase in the intensity
of absorption in dichlorobenzene in the band with λ C 405 nm.

We now analyze the fluorescence excitation spectra of the dyes studied in low-polarity solvents in the spectral
region corresponding to the shortwave absorption bands. In this region, the fluorescence excitation spectra of all the
dyes differ markedly from their absorption spectra. These distinctions are most marked in the spectra recorded at the
shortwave edge of the fluorescence band of the polymethine dyes (λ = 764 nm) (Fig. 3a). In these fluorescence exci-
tation spectra the bands are narrower and the ratio between the intensities at the maxima is different. For example, the
band at λ = 410 nm is practically invisible, and the band at λ = 475, on the contrary, is seen in the excitation spec-
trum. The band at λ = 441 nm is narrower and, in contrast to the corresponding absorption band, is the most intense
in the shortwave region of the spectrum. The excitation spectrum recorded at the longwave edge of the fluorescence
band (λ = 812 nm) is more similar in shape to the absorption spectra. A comparison of the excitation spectra at 7 and
50oC shows that their shapes are independent of the temperature in the case of recording in any region of the fluores-
cence band, except that the intensity of the signal decreases with increasing temperature at all the wavelengths. On
heating, the decrease in the intensity is larger for spectra recorded at λ = 764 than that for spectra recorded at λ =
812 nm (for example, for PK1 (Fig. 2, curves 1 and 2) the change in the intensities is larger by a factor of 1.15). The
absorption spectra in the shortwave region change insignificantly on heating from 7 to 50oC, which manifests itself as
a reversible decrease in the optical density at the maxima (by a factor of 1.02 for PK1 in dichlorobenzene (Fig. 2,
curves 1′ and 2′)). The absence of temperature "deformations" in the shape of the fluorescence excitation spectra points
to the fact that only two fluorescent centers exist in the samples whose temperature is changed. A smaller decrease in
the intensity of the excitation spectra of the longwave centers, as compared to that of the shortwave centers, with no
change in the shape points to the fact that their quantum yield of fluorescence decreases more slowly on heating.
Thus, the character of the temperature changes in the fluorescence excitation and absorption spectra conforms with the
regularities revealed in the case of excitation in the band corresponding to the S0–S1 transition.

Excitation in the shortwave absorption bands gives rise to the two-band fluorescence with maxima at λ = 764
and 813 nm (Fig. 3a). We failed to record spectra of such quality on excitation in the region of the longwave absorp-
tion band because, to do this, it is necessary to use an exciting radiation with λ C 760 nm. On excitation at λ = 410
nm, in the fluorescence spectrum of PK3 with anion BF4 there also appears an arm at λ = 815 nm (Fig. 4), i.e., on
excitation in the shortwave region, as distinguished from the excitation in the longwave region, the formation of ion
pairs manifests itself in the fluorescence spectra too. In the fluorescence excitation spectra of this compound there also
appear marked distinctions in the case of recording at λ = 764 and 815 nm (Fig. 4). It may be concluded that on ex-
citation in the shortwave region, ion pairs in low-polarity solutions of cationic polymethine dyes manifest themselves
more pronouncedly than on excitation in the spectral region of the most intense absorption band.

The polarization spectra of contact ion pairs and free ions recorded at λ = 764 and 812 nm have a similar
structure (Fig. 3b). There is a correlation between the position of the extrema in the polarization and fluorescence ex-
citation spectra of the corresponding centers. The very close shapes of the polarization spectra, in which there are
shifts of the extrema, testify that the energy levels are closely spaced and the emitting centers have the same symme-
try. A somewhat lower degree of fluorescence polarization of free ions is due to their large lifetime in the excited
state. The decrease in the fluorescence anisotropy manifests itself most pronouncedly in the case of excitation at the
longwave edge of the main absorption band, where the selectivity of excitation of free ions is increased. The larger
lifetime of these centers conforms with the conclusion that free ions have a higher quantum yield of fluorescence. It
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should be noted that we failed to detect differences in kinetics of fluorescence decay between the shortwave and long-
wave centers. This can be explained by the fact that we investigated the kinetics using, as an excitation source, a ni-
trogen gas-discharge lamp of nanosecond duration [23], in whose radiation the range 300–400 nm was separated by a
light filter. It is difficult to selectively excite individual emitting centers when such a wide spectral range is used. On
the other hand, an estimation performed by the Lifshitz–Perrin formula on the assumption that the molecules of the
emitting centers have the same solvate volumes allowed us to determine the difference between their lifetimes in the
excited state at the level of the error in determining the decay constant (0.1 nsec).

Conclusions. Indotricarbocyanine dyes in low-polarity solvents can exist in various ionic forms that manifest
themselves in the electronic absorption and fluorescence spectra, fluorescence excitation spectra, and polarization spec-
tra and influence the quantum yield and lifetime of fluorescence. The presence of an equilibrium mixture of contact
ion pairs and free ions in solutions has an effect on the position and probabilities of transitions not only for the first
but also for higher exited singlet states of cationic tricarbocyanine dyes.
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