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SINGLET OXYGEN GENERATION
BY AN INDOTRICARBOCYANINE
DYE WITH BULKY SUBSTITUENTS

M. P. Samtsov,™" D. S. Tarasov,™” UDC 535.37;547.97;577.3;543.426
and E. S. Voropayb

A study was carried out on the spectral-luminescence and phosphorescence properties of an indotricarbocy-
anine dye with an ortho-phenylene bridge in the conjugation chain as well as two 300-Da polyethylene glycol
(PEG) substituents (PD1) and its analog without PEG (PD2). The presence of the bulky PEG300 substituents in
the dye structures was shown to alter the efficiency of singlet oxygen generation. The yield of singlet oxygen in
ethanol for both dyes in the concentration range from 510 to 107 M has a constant value ya = 0.031 £0.005
for PDI and 0.050 £ 0.008 for PD2. An increasing value of ya from 0.022 = 0.004 when Cgy,, = 2.6:1107 M to
0.104 +0.016 when Cgy,, = 58107 M was found in the concentration range from 107 10107 M in low-polarity
chloroform for PD2, whereas the quantum yield for PDI1 with bulky substituents is invariant in this concentra-
tion range (0.032 + 0.003). The increase in the singlet oxygen formation quantum yield with increasing con-
centration of PD2 in low-polarity chloroform is attributed to an increase in the fraction of contact ion pairs in
solution and a heavy atom effect related to the Br~ anion. The presence of two PEG300 chains in the structure
of the cationic indotricarbocyanine dye (~770 Da) prevents the counterion from moving away from the cation
of dye PD1 in low-polarity chloroform. Furthermore, the dye molecules are in the form of contact ion pairs at
any concentration and it is hence difficult for the chromophore to interact with dissolved oxygen due to steric
hindrance.

Keywords: indotricarbocyanine dyes, polyethylene glycol, ion pairs, photophysical properties, singlet oxygen,
concentration effects.

Introduction: In air-saturated solvents, some part of the excitation energy of polymethine dyes (PD) is consumed
in the sensitization of singlet oxygen (102) formation. The generation of 102 accounts for the photodecomposition of
these dyes [1, 2]. The efficiency of these dyes as photosensitizers (PS) for phototherapy depends to some extent on their
capacity to generate 102 [3-7]. In this regard, it is important to study the formation of 102 molecules under conditions
corresponding to biological tissues in order to elucidate the mechanism for photoactivity of new compounds. Since in-
dotricarbocyanine dyes are located in cancer cells in regions of low dielectric constant [8, 9], low-polarity solvents are
a suitable model medium. In such solvents, the properties of the microenvironment of the PD molecules most closely
correspond to biological tissues, which permits us to compare the dissipation of electronic excitation energy in such
systems.

In previous work [10-14], we showed that an indotricarbocyanine dye with an ortho-phenylene bridge in the
conjugation chain and two terminal polyethylene glycol (PEG) substituents when used as a photosensitizer displays high
efficiency in attacking cancer cells, accumulation selectivity, and low toxicity. In the present work, results are given for a
study of the photophysical properties of this compound in organic solvents differing in polarity.

Experimental. We studied an indotricarbocyanine dye PD1 with a chlorine-substituted ortho-phenylene bridge
in the polymethine conjugation chain covalently bonded to two PEG300 chains and its analog, dye PD2 without the PEG
substituents. The counterion for both PD1 and PD2 is the Br™ anion.
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The purity of the dyes samples was checked by LC/MS using an Agilent 1200 Rapid Resolution LC with an Agilent
6410 Triple Quad mass spectrometer and a diode array detector. The solvents were ethanol, chloroform, and odichloro-
benzene (0-DCB) purified according to standard procedures [15]. Tetrabutylammonium bromide, a salt soluble in organic
solvents, was additionally introduced during the experiments in order to increase the concentration of Br™ anions while
maintaining constant dye concentration.

The fluorescence characteristics of the dyes were recorded using a Horiba Scientific Fluorolog spectrofluorimeter
(USA, France, Japan), while the electronic absorption spectra were taken on either a Solar PV 1251B spectrophotometer
(Belarus) or Proscan MC 122 spectrophotometer (Germany). The measurements were carried out with variation of the dye
concentration in the range from 10810 10° M using cells with sample thickness 500.13 mm. Since the luminescence char-
acteristics of the PD are temperature-dependent, the samples were maintained at constant temperature.

The singlet oxygen luminescence in the vicinity of 1270 nm was recorded using an apparatus constructed at the
Photonics Laboratory of the Institute of Physics of the National Academy of Sciences of Belarus [16]. The measure-
ment technique was described in our previous work [17]. The quantum yield for singlet oxygen formation (y,) was de-
termined by a comparative method. The standards were 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin in ethanol
(ya=0.77 £ 0.04) [18] and tetraphenylporphyrin (TPP) with y5 = 0.74 £ 0.05 in chloroform. The emission of a semiconduc-
tor laser with A = 667 nm was used for excitation. We measured the duration of singlet oxygen luminescence upon photo-
sensitization by both the standards and compounds studied. The singlet oxygen luminescence lifetime was 12 £ 1 ps for the
standard compounds in ethanol and 248 + 6 us in chloroform.

Results and Discussion. The shape of the spectrum and position of the maximum of the major absorption band
remain unchanged in the concentration range from 108 to 107 M. The absorption spectra obey the Bouguer—Lambert—Beer
law. The molar extinction coefficient € > 10° M "-cm™! (Fig. 1, Table 1). The single-band fluorescence spectra of the dyes
in ethanol are independent of the excitation wavelength. The fluorescence excitation spectra are identical in shape with the
corresponding absorption spectra upon recording within the fluorescence band. The fluorescence quantum yield is indepen-
dent of the solution concentration. The fluorescence attenuation kinetics of the dyes studied is approximated by a mono-ex-
ponential equation. The lifetimes are given in Table 1. Such properties of the dyes, on the one hand, confirm the purity of the
samples and, on the other, are in accord with the hypothesis that the dye molecules are dissociated in polar solvents [2, 19].

The value of y, remains unchanged upon variation of the concentration of dyes PD1 (0.031 &+ 0.005) and PD2
(0.050 £ 0.008) in ethanol in the range from 5-10~% to 107 M. The introduction of additional TBAB salt 107> M to ethanolic
solutions of these dyes does not lead to change in y,. In previous work [20], we found similar behavior for the dye HITC
with an unsubstituted chain in ethanol; y4 = 0.006 + 0.001 independently of the concentration.

Upon going to the low-polarity solvent chloroform, we find a significant increase in y, in the case of PD2 with
increasing solution concentration: y5 = 0.022 £ 0.004 when Cgy = 2.6- 107" Mto Y4 =0.104+0.016 when Cyye= 5.8 107 M,
an increase by a factor of 4.2 (Fig. 2). In this case, the 102 phosphorescence decay time in this dye concentration range is
248 + 6 us. The 102 phosphorescence decay time was recorded for dye PD1 proved independent of concentration while the
singlet oxygen formation quantum yield also remained constant within experimental error yo = 0.032 + 0.003. The efficiency
of singlet oxygen formation by dye PD1 remains unchanged upon the introduction of TBAB (Ctgap = 1072 M), which shifts
the ionic equilibrium toward an increase in the fraction of contact ion pairs for this dye [21].

Signs of multicomponent behavior are not seen for dye PD1 in low-polarity chloroform in either the absorption
or fluorescence spectra. Nevertheless, the molar extinction coefficient decreases from 2.6:10° t0 2.2:10° M em™! with
increasing solution concentration from 10%t010° M (Fig. 3a). In this case, there is no change in either the position of the
maximum or the absorption band halfwidth. The shape and position of the fluorescence spectrum also remain unchanged
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Fig. 1. Normalized absorption spectra (1, 2) and fluorescence spectra (3, 4) of
dyes PD1 (1, 3) and PD2 (2, 4) in ethanol (dye concentration 5.0- 107 M).

TABLE 1. Photophysical Characteristics of Indotricarbocyanine Dyes

max AL € - 1075’ 7, max T,
bs » abs > fl )
Solvent Dye Cdyea M :llnsl am M,l 'Cl’Ilil om ns (OF] YA
HITC | 108107 742 53 25 773 1.4 0.28 0.006
Ethanol PD2 108107 724 50 2.6 755 0.9 0.21 0.050
PD1 108-10°° 723 48 25 749 1.2 0.24 0.031
PDI 107 732 50 2.1 763 1.6 0.23 0.032
PDI 1077 732 50 2.4 761 1.6 0.23 0.032
B 763 1.5
Chloroform | PD2 10 780 93 1.4 - 0.104
807 2.1
B 763 15
PD2 10 736 95 1.5 - 0.022
807 2.1
PDI 107 738 46 1.9 764 1.8 0.37 -
PDI 1077 740 51 25 764 1.8 0.37 -
Dichl -
ichloroben § 768 16
zene PD2 10 792 87 1.6 - -
813 2.3
PD2 1077 796 56 1.8 768 1.6 - -

upon variation of the excitation wavelength (Fig. 4a); the quantum yield ¢g = 0.23 and the fluorescence decay time was
1.6 ns. The kinetics of the fluorescence attenuation is approximated by a mono-exponential equation. The fluorescence
polarization at A¢x. = 650 nm has a constant value of 8.5% upon recording within the fluorescence band. The shape of the
fluorescence excitation spectrum is independent of the recording wavelength within the fluorescence band and is identical
to the shape of the absorption spectrum. The addition of TBAB (1072 M) to a solution of PD1 in low-polarity chloroform
leads to a decrease in the molar absorption coefficient as in the case of increasing dye concentration (Figs. 3 and 4a). On
the other hand, the quantum yield and fluorescence decay time as well as the efficiency of 102 formation remain unchanged
upon the introduction of TBAB.

Significant changes in spectral properties are observed for PD2 in going to low-polarity solvents — chloroform
or DCB. Bands with maxima at 780 and 736 nm appear in the absorption spectrum of this dye in chloroform. Increasing
dye concentration leads to an increase in the contribution of the short-wavelength band to the total absorption spectrum
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Fig. 2. Dependence of the singlet oxygen generation quantum yields of dyes PD1 (1)
and PD2 (2) in chloroform on the dye concentration.
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Fig. 3. Absorption spectra of PDI1 (a) and PD2 (b) in chloroform at concentrations:
a) 6.4-107° (1), 1.9-107 (2), 6.4-107 (3), 1.8-107° (4), 6.1-10° M (5); b) 5.0-1077 (1),
2.0107°(2), 8.0-107° (3), 4.7-107° M (4).

and a decrease in the long-wavelength region (Fig. 3b). The isosbestic point at A = 763 nm indicates the existence of two
absorption sites in the solution of PD2 in chloroform. The introduction of TBAB salt additive is accompanied by a decrease
in the contribution of the band with maximum at A = 780 nm in the absorption spectrum of dye PD2 (Fig. 4b).

The fluorescence spectrum of PD2 in chloroform has two bands, whose ratio depends on the wavelength of the ex-
citation emission (Fig. 5b). Two maxima are found in the spectrum upon excitation in the range 600720 nm: A = 766 nm
and A, = 805 nm. The fluorescence attenuation kinetic behavior differs when recording at these two maxima. Thus, the ki-
netics of fluorescence decay with A, = 740 nm is approximated by a mono-exponential equation with decay time 1.5 nsec,
while in the case of A, = 810 nm, it is approximated by a bi-exponential exponential equation with decay times 1.5 and
2.1 ns. The fluorescence excitation spectrum with A, = 760 nm shows bands in the short-wavelength region 300-500 nm,
which are similar in shape and position to the bands in the absorption spectrum of the dye, as well as a band with maxi-
mum at 735 nm. Recording at the long-wavelength edge of the fluorescence spectrum gives still an additional strong band,
whose position is identical to the position of the band at longest wavelength in the absorption spectrum. Similar changes
in the photophysical properties of the dyes with variation in the concentration are seen for the other low-polarity solvent,
namely, o-DCB (Table 1). On the whole, the absorption and fluorescence spectra for both dyes in DCB are shifted toward
longer wavelengths in contrast to the spectra with chloroform as the solvent. In this case, evidence for the existence of two
components is seen only for dye PD2.

Two segments with virtually invariant polarization are found in the polarization spectrum upon variation of the
recording wavelength: 15.5-16.2% at 750—770 nm and 10.2—10.5% at 800—-830 nm (Fig. 6). Since the measurements of the
polarization were carried out at 18°C in liquid solutions and the values obtained under these conditions are a function of
the ratio between the lifetime of the dye molecules in the excited state and the rotational relaxation time, i.e., the viscosity
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Fig. 4. Normalized absorption spectra [without salt (1) and with salt TBAB,
C=102>M (2)] and fluorescence spectra of PD1 (5.4'10’7 M) in chloroform with exci-
tation: a) Aexe = 680 (3), 700 (4), 720 (5), 740 nm (6); b) hexe =670 (3), 700 (4), 730 (5),

750 (6), 780 nm (7).
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Fig. 5. Normalized absorption spectra of PD1 (1) and PD2 (2) in chloroform; fluores-
cence excitation spectra of PD2 in chloroform with A, = 760 (3) and 810 (4).

of the solution, these data are in accord with the existence of two emitting components in the solution. In this case, the
fluorescence decay time of the short-wavelength component T = 1.6 ns (mono-exponential kinetics for fluorescence decay
at Arec = 750 nm), while the corresponding value for the long-wavelength component t is 2.3 ns (biexponential kinetics
for fluorescence quenching at A, = 810 nm with decay times 1.6 and 2.3 ns). After the introduction of salt TBAB, the
fluorescence spectrum displays only the short-wavelength component and the polarization proved to be independent of the
recording wavelength (Fig. 6).

These spectral-luminescence data indicate the existence of two absorbing and fluorescing sites in solutions of dye
PD2 in low-polarity solvents — chloroform and o-DCB, which can assigned to different ionic forms of this dye [22-25],
namely, contact ion pairs and free ions.

The differences in the spectral-luminescence properties of PD2 in low-polarity chloroform and o-DCB are related
to shifts in the equilibrium state of the ionic forms of this dye in solution. Since the introduction of additional salt and in-
creasing the dye concentration both lead to an increase in the fraction of contact ion pairs, the short-wavelength component
in the absorption and fluorescence spectra of PD2 can be assigned to dye molecules present in solution as contact ion pairs,
whereas the long-wavelength component can be attributed to free ions. The polarization spectra of PD2 in DCB recorded at
A =764 and 812 nm offer irrefutable evidence for this interpretation (Fig. 7). A correlation is seen between the position of
the extremes in the polarization and absorption spectra. The similar shape of the polarization spectra along with shifts in the
position of the extremes suggests similarity of the position of the energy levels as well as identical symmetry of the emit-
ting sites. This can be considered evidence for an equilibrium distribution of two types of ion pairs of PD2 in low-polarity
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Fig. 6. Normalized fluorescence spectra (1, 2) and polarization spectra (3, 4) for PD2
in DCB (1, 3) and upon the introduction of salt TBAB (10_6 M) (2,4), Aoxe = 720 nm.
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Fig. 7. Absorption spectrum (1) and polarization spectrum of PD2 in DCB at
Arec = 764 (2) and 812 nm (3) at 14°C.

solvents. The decrease in the fluorescence anisotropy is especially pronounced upon excitation at the long-wavelength edge
of the major absorption band when the selectivity of the excitation of the free ions is increased.

The increase in the singlet oxygen generation quantum yield for PD2 in low-polarity solvents with increasing dye
concentration correlates with the increased fraction of its molecules as contact ion pairs. By analogy with the previously
established behavior for the dye hexamethylindotricarbocyanine iodide (HITC) with anion I" [20], the singlet oxygen
generation quantum yield increases with increasing concentration due to greater conversion of molecules to the triplet state
as a consequence of the heavy atom effect related to the bromide anion in this case [26—28].

The only weak dependence of the spectral-luminescence characteristics of dye PD1 in low-polarity chloroform
on its concentration and upon the introduction of TBAB salt as well as the similarity with the spectral-luminescence
characteristics of the contact ion pairs of dyes PD2 all suggest that dye PD1 in low-polarity chloroform exists predominantly
as contact ion pairs. The molecular weight of the substituents consisting of two PEG chains is comparable to the molecular
weight of dye PD1. Various workers [29-34] have studied the effect of the PEG configuration on the interaction of these
molecules. Thus, Guo et al. [34] showed that the polyethylene glycol residues can envelop the individual molecules. It
is precisely this property of PEG, which can be used to explain the existence of PD1 molecules in low-polarity solvents
exclusively as contact ion pairs, suggesting the arrangement of the dye cation and anion in a single spatial cell. The significant
difference in the singlet oxygen generation quantum yields of PD1 and PD2 under such conditions although both dyes exist
predominantly as contact ion pairs (by a factor of not less than 2.5) is probably a consequence of the presence of the two
PEG300 moieties on the terminal groups in PD1, which reduces the probability of collision of the chromophore of these
molecules with dissolved oxygen, thereby hindering the sensitized formation of 102.
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Conclusions. This study of the spectral-luminescence and photophysical properties of indotricarbocyanine dyes
has shown an increase in the singlet oxygen generation quantum yield y for dye PD2 with increasing concentration in the
range from 107" to 10> M: from y, = 0.022 = 0.004 when Cyye =2.6:10"" M to yo = 0.104 = 0.016 when Cyye = 5.8-107° M.
On the other hand, we find a concentration-independent value y, = 0.032 + 0.003 for PD1 with bulky substituents. The
greater quantum yield of photosensitized singlet oxygen formation for PD2 in low-polarity chloroform is attributed to the
greater fraction of contact ion pairs in solution with increasing concentration and the heavy atom effect of the anion. The
two bulky polyethylene glycol chains with molecular mass 300 Da in the cationic indotricarbocyanine dye hinder escape of
the counterion from the PD1 dye contact ion pair into the solution in the concentration range studied. The bulky substituents
also hinder interaction of the dye chromophore with dissolved oxygen.
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