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Abstract—Triads L-SNP-L, containing two ligands, phenolphthalein or 1,3,5,7-tetramethyl-8-(4-
hydroxyphenyl)-4,4-difluoro-4-boron-3a,4a-diazaindacene (BODIPY), axially bound to Sn(IV)octa-
ethylporphyrinate, were synthesized. The sensitivity of the obtained triads to changes in the acidity of the medium
has been studied. Photoexcitation of the BODIPY-SnP-BODIPY triad leads to photoinduced energy transfer from
the BODIPY donor fragments to the porphyrinate acceptor. When the triad is excited at the wavelength A, .=
490 nm, in addition to BODIPY fluorescence, fluorescence sensitized by the porphyrin fragment is recorded, and
when the triad is excited at a wavelength A, = 400 nm, porphyrinate fluorescence flares up compared to initial
SnP. In the triad with phenolphthalein molecules, the fluorescent properties of both the ligand and porphyrinate

are quenched, however, sensitivity to changes in the solution pH increases.
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The variety of organic fluorescent receptors is
connected with a wide range of tasks and conditions of
their use. The sensitivity of fluorescence to the physical
properties of the medium in which the fluorophore
molecules are located makes it possible to use some of
them as detectors of various parameters of the intracellular
medium [1-23]. Changes in the viscosity and pH of blood,
plasma, or lymphatic fluids can indicate the presence of
diseases such as diabetes, hypertension, heart attack, and
aging. Monitoring of intracellular viscosity, intracellular
and intramitochondrial pH values, and also the difference
in electrical potentials on membranes allows us to
investigate the mechanisms of energy transformation
in cells and to monitor the course of various biological
processes in real time, for example, photoinduced cell
death during photodynamic therapy [24-29].

Such xanthene dyes as fluorescein and its derivativesare
widely used in biological research as pH indicator labels.
The strong dependence of their fluorescence on pH is

caused by the presence of several acid-base and keto-
enol forms with different photophysical properties:
quantum yield and fluorescence lifetime [21-23]. Another
fluorophore, 1,3,5,7-tetramethyl-8-(4-hydroxyphenyl)-
4,4-difluoro-4-boron-3a,4a-diazaindacene (BODIPY),
has high thermal and photochemical stability, high
fluorescence quantum yield, good solubility, and chemical
resistance [1-3, 5-18]. The newest direction in the study
of dyes is the production of new fluorescent materials
based on them [30-34]. The combination of Sn(IV)
porphyrinates and fluorophores makes it possible to
obtain conjugates having both rotary and pH-indicator
properties at the same time.

Modification of porphyrin molecules in most cases
leads to significant changes in their spectra. Compared
with the electronic absorption spectra of dihydroxy-
Sn(IV)2,3,7,8,12,13,17,18-octaethylporphyrinate (SnP)
1 in N,N-dimethylformamide (DMF), characteristic
changes were recorded in the spectra of its complexes with
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fluorophores, 1,3,5,7-tetramethyl-8-(4-hydroxyphenyl)-
4,4-difluoro-4-boron-3a,4a-diazaindacene (BODIPY)
2, and phentolphthalein (Pht) 4, i.e. triads 3 and 5. The
BODIPY-SNP-BODIPY triad 3 is characterized by only
small hypochromic shifts of the absorption bands Q; and
Qy; by 3 and 4 nm, respectively, and the Soret bands by
5 nm. In the electronic absorption spectra of individual
fluorophore 2, a rather intense absorption band, A =
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499 nm, with a shoulder in the region of 470 nm is
observed (Fig. 1).

In the electronic absorption spectra of triad 5 with
phenolphthalein, Pht-SnP-Pht, a hypsochromic shift of
the Q, bands and the Soret band by 1 nm in comparison
with the spectrum of compound 1 was recorded (Fig. 2),
in addition, the shoulder at A = 387 nm disappears.
Individual phenolphthalein 4 in DMF has one low-
intensity absorption band, A = 425 nm.
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Fig. 1. Electronic absorption spectra of (/) dihydroxy-
Sn(IV)-2,3,7,8,12,13,17,18-octaethylporphyrinate (SnP)
1, (2) triads BODIPY-SnP-BODIPY 3, and (3) 1,3,5,7-
tetramethyl-8-(4-hydroxyphenyl)-4,4-difluoro-4-boron-3a,4a-
diazaindacene (BODIPY) 2 in DMF.

The fluorescence spectra, and also the calculated
fluorescence quantum yields of triads 3, 5 and fragments
1,2, and 4 in DMF are shown in Fig. 3 and 4 and Table 1.

The known diaxial complexes of Sn(IV) porphyrinates
with various phenolic derivatives have a two-band
fluorescence spectrum: two distinct emission bands Q,
(0,0) and Q, (0,1) correspond to the transition S;—S,,.
The fluorescence quantum yield and lifetime depend
significantly on the nature of the porphyrin macrocycle,
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Fig. 3. Fluorescence spectra of (/) dihydroxy-Sn(IV)-
porphyrinate 1, ¢ = 6x10”7 M, (2) phenolphthalein 4, ¢ =
12x107 M, and (3) triad 5, ¢ = 6x1077 M, A, = 400 nm.
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Fig. 2. Electronic absorption spectra of (/) dihydroxy-Sn(IV)-
octaethylporphyrinate (SnP) 1, (2) triad Pht-SnP-Pht 5, and
(3) phenolphthalein (Pht) 4 in DMF.

the nature of axial ligands, and the medium. In the vast
majority of cases, the replacement of hydroxyl groups
in the axial positions of Sn(IV) porphyrinate with
phenol derivatives leads to a decrease in the macrocycle
fluorescence from several percent to its complete
quenching.

The introduction of phenolphthalein 4 molecules into
tin porphyrinate 1 leads, as in the case of the introduction
of other xanthene dyes [30, 32], to a significant quenching
of fluorescence. The quantum yield of Pht-SnP-Pht triad
5 (s 0.001) is 50 times less than that of compound 1
(Fig. 3). The introduction of phenolphthalein 4 leads
to a stronger quenching of fluorescence (50 times)
compared with the introduction of fluorescein (4 times)
[30]. Apparently, the decrease in the quantum yield of
fluorescence in triad S is associated with an increase in
energy consumption for nonradiative relaxation.

The fluorescence of compounds containing several
structural elements, as a rule, depends on the excitation
wavelength. The observed low-intensity absorption
band of the phenolphthalein solution in DMF is close
to the Soret band of triad 5 (Fig. 2), the fluorescence
of the porphyrin fragment and the fluorescence of the
phenolphthalein fragment in triad 5 are indistinguishable,
that is, for Pht—SnP—Pht, there is no dependence of
fluorescence on the excitation wavelength (Fig. 3). In
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Fig. 4. Fluorescence spectra of (a) dihydroxy-Sn(IV)-porphyrinate (SnP) 1 (¢ = 6x10~7 M) and triad BODIPY-SnP-BODIPY 3 (¢ =

63107 M), A,
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turn, for triad 3 the dependence of fluorescence on the
excitation wavelength is strongly pronounced.

The analysis of the data for BODIPY—-SnP-BODIPY
3 triad indicates that when it is irradiated, energy is
transferred from the donor to the acceptor, that is, from
axial ligands to Sn(IV) porphyrinate, and an increase
(Aexe = 400 nm) or the appearance (A, = 490 nm) of
fluorescence is observed in the spectra of the porphyrin
fragment (Fig. 4). With selective excitation of both
BODIPY and macrocycle, in the triad photoinduced
energy is transferred as shown in schemes 1 and 2.

When the triad is excited at a wavelength of 490 nm,
the BODIPY fragment is also excited, i.e. an excited
singlet state [D*~A—D*] is formed (Scheme 1). The return
to the ground state from the state [D*~A—D*] can occur
both through the emission of BODIPY fluorescence and
through a rapid photoinduced energy transfer from the
donor-BODIPY to the acceptor-porphyrinate with the
formation of the excited singlet state [D—A*—D] with an
excited central fragment, which can partially turn into the
ground state due to porphyrin fluorescence observed in the
form of nonradiative quenching, and also, according to
[19, 20], partially undergo an intercombination transition
to form an excited porphyrin triplet state (Fig. 4). Our data
on the increase in the fluorescence lifetime of individual
compound 2 (1.74) up to 3.43 in triad 3 indirectly support
the latter variant.

=400 nm; (b) BODIPY 2 (¢ = 12x107° M) and triad 3 (c = 6x1077 M), &

=490 nm.

eXC

When triad 3 is excited at a wavelength of A, =
490 nm, fluorescence spectra characteristic of molecule 2,
but of lower intensity, are recorded (Fig. 4c). Fluorescence
of'1,3,5,7-tetramethyl-8-(4-hydroxyphenyl)-4,4-difluoro-
4-boron-3a,4a-diazaindacene in the composition of
complex 3 (= 0.06, c = 6x10~" M) undergoes quenching
compared to the free molecule 2 (¢;= 0.65, ¢ = 12%
10~ M) and 11-fold decreases. In the spectrum of triad
3, a band appears, A = 577 nm (fluorescence of the
porphyrin fragment, Fig. 4c). The data obtained suggest
that the triad energy during the excitation of compound 2
partially relaxes with the emission of fluorescence (Avg,,p)
and is partially transferred to the porphyrin macrocycle,
transferring it to the excited singlet state (Scheme 1).

When triad 3 is excited in DMF, A . = 400 nm, only
fluorescence spectra characteristic of Sn(IV) porphyrinate
molecules are recorded. The quantum yield of compound
3 fluorescence increases by almost 2.5 times compared
to compound 1 (Table 1). Judging by the data obtained,
the mechanism shown in Scheme 2 is most likely
implemented. The transition of compound 2 in the triad
to its first excited state is followed by a rapid energy
transfer and a transition to the porphyrin singlet excited
state, which partially relaxes in the form of porphyrin
fluorescence and partially undergoes an intercombination
transition with the formation of the corresponding triplet
excited state of porphyrin.
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Fig. 5. Change in the fluorescence spectra of triad 3 (¢ = 6x10~7 M) at A.,, = 490 nm in (a) acidic and (b) alkaline media.

The fraction of energy that is emitted in the form of
fluorescence followed by the intercombination transition
(ISC) depends both on the solvent (polarity, viscosity,
etc.) and on the triad structure. In the case of triad 3 in
toluene almost all the energy of the second excited state
undergoes an intercombination transition [34], whereas
in in DMF solution of triad 3, presumably, most of this
energy is emitted in the form of fluorescence of the
porphyrin link. An increase in the fluorescence intensity of
the porphyrin fragment in triad 3 compared to compound

1 provides a photoinduced energy transfer to SnP from
donor 2.

The change in the acidity of the triad 3 solution in DMF
affects the intensity of its fluorescence. At A, =400 nm
in acidic media, compound 3 shows a lower fluorescence
quantum yield than in neutral and alkaline media
(Table 1). The quantum yield of the porphyrin fragment
twice decreases when pH of the solution decreases to 0.7
(Table 1). For complex 3, on the contrary, an increase
in fluorescence is observed in an alkaline meedium. A

Scheme 1.

hvey 490
[D-A-D]

[D*— —D*] m
wnT

[D-A*-D]

[D-A-D]

Scheme 2.

[D-A-D]

hvEm.A
[D-A*-D] — [D-A-D]

] PEnT

[D*-A-D*]

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 92 No. 12 2022



FLUORESCENT AND ACID-BASE INDICATOR PROPERTIES

, @
220 T
— DMF
120
pH 5.2
....... pH 4‘2
20}t reenens
..... N L . L
570 610 650
A, nm

Fig. 6. Spectral changes of triad 5, ¢ = 6x10~7 M) in DMF at different pH values of solution (A

possible reason for the pH dependence of compound 3
fluorescence is probably the dependence of the fraction
of deactivated excited state [D*—~A—D*] energy on the
acidity of the medium due to the partial energy transfer
to the porphyrinate fragment. The greater the acidity
and polarity of the medium, the less photoinduced
energy transfer and the weaker the fluorescence of the
SnP fragment, whereas the fluorescence of the BODIPY
fragments is stronger.

During acid-base titration at A, =490 nm (Fig. 5), it
was found that triad 3 is more sensitive to pH, especially
in an acidic medium (compared with free compound 2).
The fluorescence quantum yield of complex 3 in acidified
DMF solution (pH 0.7), is more than twice higher than
¢y of this complex in pure DMF (Fig. 5a).

When pH changes in the range 5.2—10.2, the quantum
yield of compound 3 fluorescence (A.,. = 490 nm) does
not change so significantly (Fig. 5b, Table 1). A further
increase in the pH to 11.2 leads to a sharp decrease in
the fluorescence intensity of the compound 2 fragment
as part of complex 3, and the low-intensity fluorescence
of SnP fragment 1 (577 nm) does not undergo any
changes during acid-base titration. A decrease in the
fluorescence intensity of individual compound 2 occurs
due to the formation of an anionic form that does not have
fluorescent properties [10—12]. The decrease in ¢, values
of triad 3 in a highly alkaline medium (A.,. = 490 nm)
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is apparently due to its destruction with the formation of
Sn porphyrinate 1 and the anionic form of compound 2.

According to the obtained spectral data, fluorescence
of triad 5 in a slightly acidic medium first significantly
increase (Fig. 6a), and with a further decrease in the pH of
the solution from 4.2—0.7 (Fig. 6¢) its gradual attenuation
isrecorded (Table 1). A slight increase and then quenching
of fluorescence at similar pH values of the solution were
observed for compound 1. The quantum yield of triad 5
fluorescence at pH 0.7 increases 13-fold compared to @,
in DMF (Table 1) despite the attenuation of fluorescence.
The fluorescence of phenolphthalein does not exhibit
pH-indicator sensitivity in acidic medium.

Phenolphthalein 4 demonstrates indicator properties
due to the formation of various protolytic forms. It is
particularly sensitive in alkaline aqueous solutions in
the pH range 8.2—-12, forming a dianion. It was expected
that its properties in the composition of triad 5 would be
also presedsved.

For Pht-SnP-Pht 5 in the region of alkaline pH values
in DMF, an increase in fluorescence was recorded
(Fig. 7), which is typical for individual compounds
1 and 4, however, triad 5 shows significantly greater
sensitivity under comparable conditions. With an increase
in the pH of the DMF solution to 8.3, the quantum yield
of triad 5 fluorescence increases 24-fold. No further
significant change in fluorescence was observed as the

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 92 No. 12 2022
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Fig. 7. Spectral changes of triad § in DMF with increasing solution pH to 13.5.

Table 1. Fluorescence quantum yields (¢;) of triads 3 and 5 and their monomeric fragments, Sn(IV)porphyrinate (SnP) 1,
1,3,5,7-tetramethyl-8-(4-hydroxyphenyl)-4,4-difluoro-4-boron-3a,4a-diazaindacene (BODIPY) 2, and phenolphthalein (Pht) 4
in DMF and in solutions with different acidity

Aye N Solution SnP1 BODIPY 2 BODIPY-SnP-BODIPY 3 Pht4 | Pht-SnP-Pht5
medium (pH)
400 0.7 0.02 - 0.06 0.05 0.013
1.2 0.02 - 0.06 0.05 0.013
22 0.04 - 0.08 0.05 0.013
3.2 0.05 - 0.09 0.05 0.030
42 0.05 - 0.10 0.05 0.034
5.2 0.05 - 0.13 0.05 0.035
DMF 0.05 - 0.12 0.05 0.001
8.3 0.06 - 0.13 0.052 0.024
9.3 0.06 - 0.14 0.055 0.025
10.3 0.06 - 0.15 0.06 0.025
11.2 0.06 - 0.16 0.06 0.024
13 0.06 - 0.17 0.06 0.023
490 0.7 - 0.76 0.13 - -
1.2 - 0.79 0.13 - -
22 - 0.86 0.13 - -
3.2 - 0.82 0.13 - -
42 - 0.76 0.13 - -
5.2 - 0.76 0.08 - -
DMF - 0.65 0.06 (0.012, 0.05) - -
8.3 = 0.86 0.07 - -
9.3 - 0.89 0.07 - -
10.3 - 0.9 0.08 - -
11.2-13 - 0.1 0.02 - -

® Fluorescence quantum yield of the porphyrin fragment SnP.
b Fluorescence quantum yield of the BODIPY fragment.
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pH of the solution increased to 13.5 (Table 1), however,
a bathochromic shift of 2 nm of the emission band was
recorded when pH 9.3 was reached, but with a further
increase in the pH of the solution, no band displacement
occurred (Fig. 7).

The observed spectral changes seem to indicate
the formation of the anionic form of phenolphthalein
in complex 5. With an increase in the pH of the DMF
alkaline solution, a slight increase in the quantum yield
of fluorescence of individual phenolphthalein is observed.
It can be assumed that the appearance of indicator
dependence of Pht—SnP—Pht 5 triad is associated not only
with the formation of the anionic form of phenolphthalein
in triad 5, but, to a greater extent, with a change in the
fraction of nonradiative energy with varying pH of the
medium.

Thus, the fluorescent properties of Sn(IV) por-
phyrinates are significantly affected by the nature of
axial substituents. Complex formation with molecules 2
leads to a significant increase in fluorescence. In addition,
triad 3 acquires pH-indicator properties depending on
the excitation wavelength. When porphyrin is excited in
triad 3, indicator properties associated with fluorescence
quenching appear in acidic medium, which are absent
in individual compound 1. When triad 3 is excited at
the absorption wavelength of compound 2 in a highly
alkaline medium, a sharp quenching of fluorescence
caused by the destruction of the triad is recorded, which
makes it possible to use compound 3 as a pH indicator
for an alkaline medium. In turn, triad 5, despite a rather
low fluorescence in a neutral medium, demonstrated a
strong increase in fluorescence throughout the pH range.

EXPERIMENTAL

Synthesis and spectral characteristics of dihydroxy-
Sn(IVv)2,3,7,8,12,13,17,18- octaethylporphyrinate (SnP)
1 are presented in [30].

Complex of Sn(I1V)-2,3,7,8,12,13,17,18-
octaethylporphyrinate (SnP, 1) with 1,3,5,7-tetramethyl-
8-(4-hydroxyphenyl)-4,4-diphtor-4-bora-3a,4a-
diazaindacene (2), triad BODIPY-SnP-BODIPY
(3). Compound 1 (18.2 mg, 0.012 mmol) and 10.2 mg
(0.030 mmol) of compound 2 were dissolved in 10 mLof
N,N-dimethylformamide (DMF) and boiled for 3 h.
The purification was carried out with the help of colon
chromatography (adsorbent — aluminum oxide, eluent—
DMF). Yield 6 mg (38%). EAS (DMF), A, (log €), nm:
383 (3.97), 401 (5.35), 534 (3.74), and 571 (4.02). 'H
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NMR spectrum (DMSO-dj), 6, ppm: 1.34 t (6H, CH;),
1.56 t (6H, CHy), 2.06 t (24H, B-CHj;), 4.24 m (16H,
B-CH,), 6.45 d (4H" 5,1, J = 8.9 Hz), 6.85 d (4H 5,1,
J=8.9Hz),6.88s (4 H,p-H), 10.51 s (4H, meso-H). Mass
spectrum (MALDI-TOF) (m/z): 1330.5623.

Complex of Sn(1V)2,3,7,8,12,13,17,18-octaethyl-
porphyrinate (I) with phenolphthalein (Pht, 4), triad
Pht-SnP-Pht (5). Compound 1 (15.15 mg, 0.022 mmol)
and 17.50 mg (0.055 mmol) of phenolphthalein 4 were
dissolved in 5 mLof DMF and boiled for 30 min. The
reaction mixture was cooled, and the reaction product was
extracted with chloroform. The extract was evaporated,
and the dry residue was washed with alcohol. Yield
16 mg (64%). EAS (DMF), A« (log €) nm: 405
(5.41), 536 (4.21), and 574 (4.17). 'H NMR spectrum
(DMSO-dy), 8, ppm: 2.06 t (24H, B-CH;), 4.24 m (16H,
B-CH,), 6.54 d (4H™, PhOH), 6.59 d (4H™, PhOH), 6.75
t (2H°, PhOH), 7.07 d (2H?, PhOH), 7.18 d (2H?, PhOH),
7.54 t (2H?, PhOH), 7.67 m (3H, Ph), 7.76 d (3H, Ph),
7.82 t (1H, Ph), 7.90 d (1H, OH), 10.51 s (4H, meso-H).
Mass Spectrum (MALDI-TOF) (m/z): 1286.4235.

"H NMR spectra (operating frequency 500.17 MHz)
were recorded using a Bruker Avance I1I 500 spectrometer.
Mass spectra were obtained using a Shimadzu Biotech
Amino Confidence Maldi mass spectrometer (Kratos
Analytical Limited, UK). Electronic absorption spectra
were taken on a Cary 300 spectrophotometer (Agilent,
USA), the fluorescence spectra were taken on an RF
5301PC spectrofluorimeter (Shimadzu, Japan). The
excitation wavelength A, . = 400 and 490 nm, the width
of the excitation and emission slit is 5 nm.

The fluorescence quantum yield was calculated by
formula (1).

I An’
— x sty . 1
(px (pst I A n2 ( )

st* x st

Here ¢ is the quantum yield of the standard, /, and /
are the integral arfeas of the triad and standard in the
fluorescence spectra, respectively, 4, and 4 are the
optical densities of the triad and standard at the excitation
wavelengths, respectively, n, and ny are the refractive
indices for the triad and standard.

The acidity of the solution was controlled using a
digital pH meter 98 108 for viscous liquids. The required
pH values were obtained by adding aqueous KOH
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solutions to a dimethylformamide solution (1.82x10~"—
1.82 M) and HCI (1.2x1073~12 M).
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