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Spectral-kinetic and photochemical properties of HITC dye with iodide and perchlorate counterions have been
studied in environments where the dye molecules exist in different ionic forms. In ethanol, the dye molecules
exist as free ions; in dichlorobenzene, as contact ion pairs. Superfast transformation of non-stationary spectra
in an HITC dye bleaching band is found. The observed effects are interpreted within the framework of con-
cepts on "burning out" a notch in the contour of a non-uniformly widened vibronic band of S0 → S1-absorp-
tion. Qualitative differences in recorded absorption spectra from the dye excited electronic states for weakly
and highly polar solvents are found. It is shown that the observed differences are caused by superfast charge
transfer in the contact ion pairs that results in the formation of free radicals.
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Introduction. One possible application of cationic polymethine dyes is their use as photosensitizers for cancer
photochemotherapy [1, 2]. The mechanism of the photoactivity of this class of compounds does not fit into the frame-
work of a scheme in which the tumor cells are damaged exclusively by the formation of photosensitizer molecules of
singlet oxygen [1, 2]. Results of in vitro research on the photocytotoxicity of polymethine dyes on cellular structures
[3, 4] led to the conclusion that the most probable mechanism of damage to cancer cells was the generation of highly
reactive radicals by excited dye molecules. Photo-induced formation of free radicals that occurs as a result of pho-
totransfer of charge in contact ion pairs has been observed and studied for compounds of the polymethine dye class
only for dyes with exceedingly specific bulky counter-ions such as triphenylbutylborate [5]. The conclusion about
charge transfer for such compounds was made based on an analysis of results on the formation of the final product
assuming the existence of a complicated chain of radical reactions initiated by primary electron transfer in the ion
pair. There is practically no mention in the literature of direct detection of photo-induced charge transfer in ion pairs
of indotricarbocyanine dyes containing other anions typical of polymethine dyes. Furthermore, there are contradictory
opinions about the ability of photochemical reactions associated with electron phototransfer in contact ion pairs of po-
lymethine dyes with simple "inert" ions such as I– and ClO4

− to occur because of the high oxidation potentials of these
ions compared with triphenylbutylborate [5].

Indotricarbocyanine dyes are localized in cancer cells in the region with low dielectric permeability and are
found primarily as contact ion pairs [6]. The last circumstance in addition to data on the retention of the photocyto-
toxicity of these compounds under hypoxic conditions [1] and previous results [3, 4] allows the initial damage mecha-
nism to cancer cells to assume photo-induced charge transfer in contact pairs that leads to the formation of free
radicals. Cationic polymethine dyes in solutions can be found as a mixture of several types of ionic species such as
free ions and contact ion pairs and ion pairs separated by solvent [7–9]. The equilibrium between these species shifts
to one side or another upon changing the nature of the solvent or the temperature, replacing the counter ion, or adding
to the solution ionic and solvating additives [10].
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Herein we present results from studies of the spectral-kinetic and photochemical properties of HITC dye with
iodide and perchlorate counter ions in which the dye molecules are found in various ionic forms. Femtosecond kinetic
spectroscopy methods were used to study the dynamics of non-stationary absorption spectra of solutions while main-
taining conditions that ensure conversion of indotricarbocyanine dye molecules in a certain ionic form into the excited
state. The main goal of the work was to observe possible fast charge transfer in the contact ion pairs of indotricarbo-
cyanine dyes with simple anions and to analyze the contribution of other possible superfast relaxation processes to the
dynamics of the recorded non-stationary spectra.

Experimental. The indotricarbocyanine dye HITC with perchlorate (ClO4
−) and iodide (I–) counter ions was

selected for the studies:

The purity of the dye was checked by HPLC analysis. In addition, the position and shape of the fluorescence spectra
of their ethanol solutions were confirmed to be independent of the excitation wavelength; the fluorescence excitation
spectra, of the detection wavelength.

We used mainly ethanol and dichlorobenzene (DCB) as solvents. These were purified by the standard methods
[11]. Solvents were selected partially because the absorption spectra of the studied dyes in weakly polar DCB have the
same position as their spectra in cellular structures [6]. Another important consideration for selecting the solvents was
their identical viscosities at room temperature. This was important because the solvent viscosity has a significant effect
on the probability of intramolecular dissipation of electron-excitation energy in the polymethine dyes [12, 13]. Several
studies have been carried out in deuterated CHCl3 and deuterated CH3CN without additional purification.

Fluorescence and excitation fluorescence spectra and the degree of fluorescence polarization were recorded
using a Fluorolog (Spex) spectrofluorimeter; electronic absorption spectra, PV 1251A (Solar) or Specord M40 spectro-
photometers. The dye fluorescence decay kinetics were analyzed in the nanosecond range using a pulsed spec-
trofluorometer developed in the Laboratory of Spectroscopy at the Research Institute for Applied Physical Problems
[14]. Samples were held at constant temperature because the luminescence characteristics of the polymethine dyes de-
pended significantly on the temperature and solution viscosity. The dye photodestruction quantum yield (Φ) was deter-
mined by the literature method [15]. The quantum yield (B) for generation of singlet oxygen (1O2) by the studied
compounds was determined based on the quantum yield measured by a relative method of dye-sensitized luminescence
of 1O2 (Φlum) and the ratio [16] Φlum = Bτ0/τp, where τ0 is the lifetime; τp, the radiation lifetime of singlet oxygen.
The dye HITCI was used as a standard. The quantity Be = 3.6% for it in deuterated CHCl3 [17]. The lifetime of sin-
glet oxygen and the radiation lifetime of 1O2 for the used solvents were taken from the literature [18, 19].

Non-stationary absorption spectra were recorded using a femtosecond spectrometer [20] based on an original
Ti:Sp generator of femtosecond pulses [21] that was pumped synchronously by a Nd:YAG pulse laser with passive
mode synchronization and negative feedback. This system can produce at 10 Hz retuned pulses in the spectral range
760–820 nm of duration ~150 fsec and ≤1 mJ energy. Pulses of the main frequency that were obtained at the ampli-
fier output were divided into two parts with a 1:4 ratio of intensities. The more intense beam was used as the pump
pulse after passing the regulated delay line. Changes of optical density of the studied samples were recorded using a
supercontinuum generated in a 1-cm cuvette with distilled water by focusing on it the smaller part of the main fre-
quency pulse. The resulting continuum and the spectral sensitivity of the photodetector enabled a probe signal to be
formed in the spectral range 350–1000 nm. Continuum emission was divided by a semi-transparent mirror into two
pulses of identical intensity (reference and signal) that were focused on the sample using an optical mirror. The refer-
ence pulse passed through the cuvette with the studied compound before applying the excitation pulse. The signal
pulse passed through the excited volume with a certain delay relative to the excitation pulse. Spectra of both pulses
for each laser flash were recorded by a system based on a polychromator and a CCD-matrix with subsequent data
processing by a microprocessor. The half-width of the cross-correlation function was ~350 fsec for all probe wave-
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lengths. The minimum recorded change of optical density for each delay line position with signal averaging over 100
pulses was ≈0.5⋅10–3.

The dye concentration in samples used for studies with the femtosecond spectrometer was (0.4–1.0)⋅10–5 M.
Measurements were made in 2-mm cuvettes. The same sample optical density at the excitation wavelength was chosen
in order to ensure similar measurement conditions for different solvents. The energy of the exciting pulses was
≈200 μJ with pump beam diameter in the overlap region of the exciting and probe pulses of 6 mm. Band intensities
and the shapes of stationary sample absorption spectra did not differ before the start and after the completion of series
of measurements. This indicated that the studied compounds were photostable.

Results and Discussion. As noted above, an actual combination of conditions under which the dye in solu-
tions was found in a certain ionic form was required for each polymethine dye. The molecular state of the dyes in
various solvents was studied using stationary spectroscopy methods in order to select such conditions.

Obviously data allowing the absence or presence of a layer of solvent molecules between the anion and dye
cation to be established, i.e., to give information about the distance between them, were most convincing regarding the
presence in the solution of contact ion pairs of dye molecules. An increased probability of intersystem crossing as a
result of the heavy-atom effect could be expected if heavy atoms were present in the dye anion and its molecules ex-
isted in solution as contact ion pairs [22]. In fact, the yield of molecules in the triplet state increased by more than
30 times if the H was replaced by I in the chain mesoposition for symmetric cationic polymethine dyes [23]. Also,
substitution of F by I in the cation terminal groups increased the yield of molecules in the triplet state by ~3 times.
This demonstrated the extent of the effect of the position of the heavy atoms in the polymethine chain on the rate of
intersystem crossing. Thus, it should be expected that the heavy-atom effect in dilute solutions, where the effect of
neighboring dye molecules is excluded, should affect the yield of molecules in the triplet state only for contact ion
pairs (anion located close to the cation). Therefore, the efficiencies of their transitions into the triplet state were com-
pared for molecules with heavy (I–) and light (ClO4

−) anions. The results were used as an indicator of the state of
ionic equilibrium in the solution.

The shape and position of the absorption and fluorescence spectra were the same for perchlorate and iodide
dyes in highly polar ethanol and deuterated CH3CN (Fig. 1). The quantum yields and fluorescence life-times were also
identical (Table 1). Furthermore, the photodestruction quantum yields coincided for the studied dye pair in ethanol and
deuterated CH3CN at a concentration of ~10–6 M. The quantum yields of singlet oxygen luminescence that was sen-
sitized by these dyes were also identical in deuterated CH3CN, for which the lifetimes and efficiencies of dissolved
oxygen emission are typically rather large. The values of the parameters B and Φ determine the yield of dye mole-
cules in the triplet state because the main mechanism of singlet oxygen sensitization by the studied molecules in so-
lutions is radiationless energy transfer from the dye molecules in the triplet state; the photodestruction mechanism,
self-sensitized oxidation by single oxygen [24]. Therefore, the agreement of these parameters for iodide and per-

TABLE 1. Spectral Characteristics of HITC Dye with Various Anions in Solutions

Solvent λmax
abs ,
nm

Δλ1 ⁄ 2
abs ,

nm
λmax

fl ,
nm

Δλ1 ⁄ 2
fl ,

nm
τ,

nsec
ϕfl Φ B, %

ClO4
–

d-Chloroform 755 60 785 49 1.8 0.36 3.1⋅10–4 0.5
Dichlorobenzene 766 49 796 46 1.6 0.42 1.3⋅10–6 –
Ethanol 742 53 773 48 1.4 0.28 4.6⋅10–7 –
d-Acetonitrile 739 58 771 47 – 0.43 3.0⋅10–5 0.2

I–

d-Chloroform 755 63 785 49 1.8 0.36 1.1⋅10–3 3.6
Dichlorobenzene 766 49 796 46 1.6 0.42 3.1⋅10–5 –
Ethanol 742 53 773 48 1.4 0.28 4.7⋅10–7 –
d-Acetonitrile 739 58 771 47 – 0.43 3.0⋅10–5 0.2
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chlorate dyes indicated that the studied compounds had identical yields into the triplet state in polar solvents and that
the dye cations were at a distance from the anions, i.e., the compounds were found as free ions. The agreement of the
spectral-luminescence characteristics of these dyes in highly polar solvents also indicated that the molecules were dis-
sociated in solution.

The shape and position of the absorption and fluorescence spectra coincided (Fig. 1) and the quantum yields
and fluorescence lifetimes were identical (Table 1) for both dyes in weakly polar DCB. However, the photodestruc-
tion quantum yields differed considerably in DCB, in contrast with the highly polar solvents. Thus, the photodestruc-
tion quantum yield of the iodide was two times greater than that of the perchlorate at identical dye concentrations
(~10–6 M). The absorption and fluorescence spectra of the studied dyes in deuterated CHCl3 also had practically the
same shape and position. Their quantum yields and lifetimes coincided. Furthermore, the photodestruction quantum
yield for the iodide dye was more than an order of magnitude greater compared with that of the perchlorate. In addi-
tion, the quantum yield for singlet oxygen generation in deuterated CHCl3 was also an order of magnitude greater for
the iodide than for the perchlorate. Considering the low solution concentrations (~10–6 M), the results indicated that
the efficiency of intersystem crossing was much higher for the iodide than the perchlorate dye in weakly polar sol-
vents. Therefore, the heavy-atom effect was evident in weakly polar solvents. This was possible only if the anion and
the dye-cation polymethine chain were rather close. The results led to the conclusion that the studied compounds in
DCB and deuterated CHCl3 existed as contact ion pairs. The small half-width of the dye absorption spectra in DCB,
the agreement of the positions and shapes of their fluorescence spectra upon changing the excitation wavelength, and
the monoexponential fluorescence decay kinetics were consistent with the presence in solution of only one type of
emitting center.

Based on the results, we selected DCB and ethanol as the solvents for further measurements by femtosecond
spectroscopy. The compounds in these solvents were found in strictly defined ionic states. The characteristics of the
samples did not change during series of measurements. They had practically the same viscosity at room temperature.

Figure 2 shows differential non-stationary perchlorate dye absorption spectra in DCB that were corrected for
group rate dispersion for three delay times Δt between the exciting and probe pulses. The non-stationary spectra of the
dye iodide were practically identical to those shown. An induced S1 → Sn-absorption appeared in the visible region.
A negative signal (bleaching of the S0 → S1-absorption band and strengthening of the fluorescence band) was found
in the near-IR region. Distortions due to incidence on the photodetector of pump radiation that was not transformed
into the continuum appeared near the maximum of the main harmonic of the Ti:Sp laser (λex ~ 775 nm) in the non-
stationary spectra. The spectra also had a common shape for dye solutions in polar ethanol. It is noteworthy that the
common shape of the resulting spectra was similar to that of published spectra [25] for indotricarbocyanine dyes of
similar structure.

Fig. 1. Absorption (1–3) and fluorescence (4–6) spectra of dye HITC in etha-
nol (1, 4), dichlorobenzene (3, 5), and HeLa cells (2, 6).
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As it turned out, the shape of the non-stationary spectra did not substantially change within the limits of the
studied time regime (up to 150 psec). An overall weak signal decay was observed in induced absorption and amplifi-
cation bands due most likely to relaxation of the excited singlet state, the lifetime of which for the studied compound
in DCB was 1.6 nsec. Also, a delay in the in-growth of the amplification with a characteristic time 4 psec was re-
corded in the amplification band for the DCB and ethanol solutions. This agreed with the reported data [26] for an
ethanol solution of HITC iodide (3.5 psec) that were interpreted as the manifestation of vibrational relaxation in the
excited electronic state that was due to intermolecular interactions.

The envelope of the bleaching band (650–800 nm) underwent small characteristic transformations in the time
range ≤30 psec. These consisted of the additional in-growth of a signal on the short-wavelength tail and a correspond-
ing decay of the signal in the spectral region close to the exciting radiation. An isosbestic point was observed at
~755 nm. Spectral transformations in the bleaching band appeared analogously for the ethanol solution. The recorded
changes in the bleaching band envelope suggested that excitation of solutions of the studied compound by femtosec-
ond pulses caused "burning out" of a notch in the envelope of a nonuniformly broadened vibronic absorption band and
its subsequent "quenching" as a result of redistribution of vibrational energy through intermolecular interactions. Figure
3 shows the optical density kinetics in the characteristic spectral ranges. The calculated and experimental functions
agreed best within the framework of the proposed model in DCB and ethanol for characteristic intermolecular vibra-
tional relaxation times τvib ~ 10 psec. A short (several hundred femtoseconds) component was recorded for all kinetics.
This might have been due either to intramolecular vibrational relaxation similar to that previously reported [26] or to
the appearance of coherent effects in the overlap region of the exciting and probe pulses. It should be noted that the
times for intermolecular redistribution of vibrational energy (thermalization) for the ground electronic state of the studied
molecule turned out to be much greater than the analogous characteristics for the excited electronic state. Thus, the
analysis of the bleaching band transformation immediately after the action of the exciting pulse made it possible to de-
termine the characteristic times of intermolecular thermalization in the ground electronic state of the studied molecule.

Figure 4 shows absorption spectra from excited states of the studied compound in DCB and ethanol that were
normalized for excitation (recalculated for the identical amount of excited centers). The conversion from differential
spectra (ΔD) to absorption spectra (ε) from the excited state was made using the standard method [4]. In contrast with
the literature [4], the shape of the absorption spectrum from the excited electronic state was analyzed for time delays
>30 psec in order to exclude effects associated with vibrational non-equilibrium.

Stationary absorption spectra of the dye in DCB and ethanol had similar shapes. The only difference was that
spectra in DCB compared to those in ethanol were shifted by 14 nm to the long-wavelength region (corresponding to

Fig. 2. Differential spectra of non-stationary absorption of dye HITC in di-
chlorobenzene at various delay times.
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422 cm–1) and had a 4-nm smaller half-width. Dye absorption spectra in the short-wavelength region (300–450 nm),
which corresponded to transitions into higher energy electronic states, also exhibited a bathochromic shift of the bands
by ~440 cm–1. Figure 4 shows that absorption spectra from the excited electronic state were substantially different for
the studied solvents. For the DCB solution, the shape of the induced absorption band changed in the visible spectral
region due to S1 → Sn-absorption of the molecules and an additional band appeared in the near-IR region at λmax =
736 nm. As noted above, the observed differences in non-stationary absorption spectra can be related to the formation
of free radicals as a result of superfast charge transfer in contact ion pairs because the molecules in DCB as contact
ion pairs and in ethanol as free ions transition into the excited state upon excitation of the studied dye solution. The
recorded non-stationary spectrum of the dye in DCB in this instance is a superposition of the absorption spectrum
from the excited electronic state of neutral molecules and that of free radicals formed practically without a time delay.

The fast radical formation rate (k ≥ 0.6⋅1013 sec–1) with a rather long lifetime for the S1-state of the studied
compound (1.6 nsec) can be justified assuming that charge transfer occurs either from higher electronic states Sn or
through a non-thermalized Franck–Condon state S1

∗. However, excitation in our instance occurred in the long-wave-

Fig. 3. Kinetics of induced optical density in the bleaching band of dye HITC
solutions.

Fig. 4. Absorption spectra normalized for excitation from the excited state and
stationary spectra of dye HITC solutions in dichlorobenzene and ethanol.
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length tail of the main absorption band so that such an explanation is unsuitable in principle. Also, the observed ef-
fects can be interpreted assuming that electron phototransfer from the ClO4

− anion to the polymethine dye cation PD+

occurs with formation of free radicals only for a certain part of contact pairs (closest) practically without a delay and
during the effective time of the exciting pulse.

This interpretation was based on the assumption that contact pairs formed by the same type of ions can have
different distances between the ions and similar spectral properties. In fact, it has been shown [27] that ion pairs of
the same type can have different average distances between ions depending on the solvent although the spectral prop-
erties differ insignificantly. Obviously, a dynamic equilibrium of contact ion pairs with different distances between
ions exists in an actual solution. Such pairs have similar spectral characteristics and can differ radically with respect
to the ability for electron phototransfer. Phototransfer can occur with a high rate constant only for excitation of close
contact ion pairs. The estimated formation time of the induced absorption band due to free radicals with a maximum
at 736 nm (≤150 fsec) is consistent with a high electron-transfer rate (k ≥ 0.6⋅1013 sec–1). Obviously, charge pho-
totransfer for such close contact pairs is the main channel for dissipating excitation energy. Also, fast charge pho-
totransfer is hindered for ion pairs with a large distance between the ions. The experimentally recorded fluorescence
kinetics of ion pairs with τfl = 1.6 nsec characterizes just such centers. It is noteworthy in this respect that the concept
of penetrating ion pairs in which the volume of the ion pair is much less than the sum of the volumes of its compo-
nent ions was introduced for polymethine dyes with specific bulky counter ions in order to interpret results for charge
phototransfer in contact ion pairs [5].

Thus, superfast (within the limits of the exciting pulse) formation of free radicals together with the known
lifetime of the excited singlet state of the neutral molecules made it possible to propose that charge transfer occurred
only for contact pairs that can be defined as the closest contact ion pairs.

Conclusion. Stationary and high-speed spectroscopy methods were used to study spectral-kinetic and photo-
chemical properties of HITC dye with iodide and perchlorate counter ions in solutions of various polarity. It was
found that the dyes in ethanol are found as free ions; in DCB, as contact ion pairs. Superfast transformation of non-
stationary spectra in the HITC dye bleaching band was observed. The observed effects were interpreted using concepts
of burning out of a notch in the envelope of a nonuniformly broadened vibronic S0 → S1-absorption band. Charac-
teristic times for vibrational relaxation in the ground electronic state were estimated. Qualitative differences in the re-
corded absorption spectra from excited dye electronic states were observed for weakly and highly polar solvents. It
was shown that the observed differences could be explained by superfast charge transfer in contact ion pairs, as a re-
sult of which free radicals were formed. Superfast electron transfer in HITC contact pairs was identified spectrally and
was accompanied by formation of free radicals. This process could form the basis of the mechanism responsible for
the photocytotoxicity of symmetric indotricarbocyanine dyes under hypoxic conditions.
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