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Abstract The results of quantum-chemical and spectral re-
searches of zinc™ complexes with alkylated dipyrrine and 3,
3'-, 2,3"- and 2,2'-bis(dipyrrine)s in non-polar and polar sol-
vents and their binary mixtures are presented. It was investi-
gated the efficiency of the fluorescence quenching of
fluorophores depending on of the solvation and structural con-
tributions. Found that 3,3"-bis(dipyrrinato)zinc™ demon-
strates the highest sensitivity of the fluorescence to the pres-
ence of the electron-donor component compared with the
studied complexes. The obtained results allow to offer
dipyrrine and bis(dipyrrine) zinc™ complexes as new, highly
sensitive and selective fluorescent sensors of the N- and O-
containing toxicants.

Keywords Dipyrrine dyes - Zinc™ complexes - Frontier
molecular orbitals - Spectral-luminescent properties -
Fluorescence quenching - Detection limit

Highlights * Spectral properties of dipyrrin and bis(dipyrrin)s Zn™

complexes in organic solvents were investigated.

* HOMO—LUMO transition makes the main contribution to
manifestation of the fluorescence of the dipyrrine dyes.

* The fluorescence quenching of the dipyrrine dyes depends on the
structural factors and of the medium polarity.

* Specific solvation strongly affects the fluorescence properties of the
dipyrrine dyes.

* Dipyrrine dyes are recommended as the fluorescent sensors of the
medium polarity.
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Introduction

Currently an urgent task is to create of a highly sensitive and
reliable express methods for the detection and of ecological
monitoring in vitro and in vivo ultra quantities of the toxic N-
and O-containing molecules. Therefore increasing attention is
paid to the development and testing of new fluorescent sensors
and hybrid materials based on them. Among the most prom-
ising of platform for creating of fluorescent probes are
dipyrrine dyes namely the zinc™ dipyrrinates and bis(-
dipyrrinate)s. These luminophors have the individual absorp-
tion and emissions spectra, high fluorescence sensitivity to the
properties of the medium [1-3].

Analysis of published data shows, that in inert solvents
(cyclohexane, hexane, benzene, etc.) the fluorescence
quantum yield () of the complexes on one or two orders
higher, than in the polar medium [1, 4]. In electron-donor
solvents (DMF, Py) the fluorescence intensity of the dyes
is significantly reduced (about~500 times), and becomes
almost zero. The solvent polarity as a rule usually due to
the presence in its molecule groups with hetero atoms (O,
N, S et al.) hence such solvents to a greater or lesser extent,
exhibit properties of electron-donor ligands which capable
to be coordinated by ions of unsaturated metals [5—7]. The
first results of the study of supramolecular structures of the
acyclic oligopyrroles are presented in the review articles H.
Maeda [8, 9] and Yongshu Xie with colleagues [10]. The
authors examine only supramolecular structures and en-
sembles formed by the interaction of acyclic oligopyrrole
ligands with cations or anions have been considered. The
supramolecular structures formed by metal complexes with
neutral molecules are not considered in these reviews and
the data on them is very limited. The data of X-ray analyses
and TGA for the crystal solvates of metalloporphyrinates
[11, 12] and dipyrrinates [Zn(dpm),] and [Cu(dpm),] have

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-015-1680-4&domain=pdf

1876

J Fluoresc (2015) 25:1875-1885

been published previously [13, 14]. It was found that
metalloporphyrinates form 7t-7-supramolecular complexes
with non-polar aromatic molecules (benzene, toluene, caf-
feine, etc.) or the systems with electron-donating mole-
cules (Py, DMF) [11]. These supramolecular complexes
are stable in the solid phase and in solutions [11, 12]
According to [13] dipyrrinates and bis(dipyrrinate)s of d-
metals form with the electron-donor ligands the stable sol-
vates of the composition [M(dpm),X,] and [Zn,L,X;] re-
spectively, when X — DMF or Py. In this supramolecular
systems the interparticle interactions have a donor-acceptor
nature. The process of the additional coordination of the
molecule X with their inclusion in the inner coordination
sphere of complexes [Zn(dpm),X5], [Zn,L,X,] facilitated
at excited of a molecule of a luminophor by the quantum of
light, when the electron density changes on the nitrogen
and metal atoms. It has been hypothesized, that the addi-
tional coordination is the main cause of the sharp fluores-
cence quenching of the zinc dipyrrinates ([Zn(dpm),] and
bis(dipyrrinate)s [Zn,L,] in the electron-donating solvents
(Py, DMSO, DMF) [15]. Using the experimental and the-
oretical justification of the phenomenon causes [1-4], this
property of ([Zn(dpm),] and [Zn,L,] complexes can be
used for developing of new fluorescent sensors of the
electron-donor N- and O-containing molecules.

In order to substantiate the practical application of the
dipyrrine zinc"™ complexes as a new fluorescent sensors of
the electron-donor molecules, we carried out quantum-
chemical and experimental studies of the spectral-
luminescent properties of these dyes in the non-polar, polar
solvents and their binary mixtures. We have proposed
methods for identifying of the type of the N- and O-
containing analytes and the limit of their detection. The results
of the investigations are presented in this article.

For the purpose the detailed understanding of the main
regularities of the influence of the structural factors and the
macromolecular environment on fluorescence of the com-
plexes as luminophores selected: Zn"" dipyrrinate with
hexamethylsubstituted 2,2-dipyrrine (1) and Znbis
(dipyrrinate)s (2—4) with dekamethylsubstituted bis
(dipyrrin)s, differing 2,2'-, 2,3'- and 3,3'-positions attachment
of the central methylene spacer to the proximal nuclei pyrrole
ligands (Fig. 1).

Experimental

Investigated Compounds

The synthesis, X-ray and elemental analysis, NMR 'H,
UV- and IR-spectroscopy data for complexes 1-4 and re-

spective ligands were described in previous works [2,
16-20]. Solid samples of investigated compounds were
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triturated and dried to constant weight in vacuum before
the experiments.

Solvents

Organic solvents (cyclohexane (C¢H;,), acetone, N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
triethylamine (TEA)) all of analytical grade were further puri-
fied according to standard procedures described in [21]. The
residual water content (less than 0.02 wt.%) was monitored by
amperometric Fischer titration [22].

Apparatus

UV/Vis and fluorescence spectra in the visible (300-700 nm)
range were recorded with a SM2203 SOLAR spectrofluorim-
eter. The accuracy of the measurements in the registered
wavelength interval (500-700 nm, A\x=470 ([Zn(dpm),])
and A\,=495 nm ([Zn,L,])) was +0.02 nm. Solutions with a
concentration less than 1 x 10~ mol/l were used to determine
the characteristics of the fluorescence. Rhodamine 6G in eth-
anol with fluorescence with quantum yield ¢=0.94 [23] was
used as a standard for the determination of fluorescence quan-
tum yields of [Zn(dpm),] and [Zn,L;].

The equation for calculating the fluorescence quantum
yield:

_ Sx 1 st Ny :
P T P St 1, Nyt
where ¢, - fluorescence quantum yield of substance, ¢, -
fluorescence quantum yield of the standard (Rhodamine

6G), S - integrated fluorescence intensity (area under spec-
trum), / - fluorescence intensity, - refractive index.

Calculations

All the computations were performed using the PC GAMESS
v.12 program package [24]. The ground state (Sy) geometry of
1-4 was optimized using DFT method [25], which has been
shown previously [26-29] well describes the geometric and
electronic properties of molecules acyclic oligopirroles and
their coordination compounds. As of the functional was cho-
sen B3LYP (the B3LYP combines Becke’s three parameter
exchange functional (B3) [30] with the nonlocal correlation
functional by Lee, Yang and Parr (LYP) [31]). The basis set
used in both, DFT and TD-DFT methods for all the atoms was
cc-pVTZ [32].

Calculations of the energy of electronic transitions from the
ground to the immediate electronic states, the oscillator
strengths and the corresponding wavelengths values held in
the TD-DFT, B3LYP/ cc-pVTZ approach for the optimized
structures of the Zn™bis(dipyrrinate)s.
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Fig. 1 Zn™ complexes with
hexamethylsubstituted
2,2'-dipyrrine and
dekamethylsubstituted

3,3'—, 2,3, 2,2"-bis(dipyrrin)s

2,3/- bis(dipyrrin) Zn complex
3

The polarizable continuum model (PCM) using dielectric
constants cyclohexane, acetone, DMF, DMSO and
triethylamine were used to evaluate solvation effects.

Molecular graphics and analyses were performed with the
UCSF Chimera package [33] and ChemCraft 1.8 (http://www.
chemcraftprog.com).

Results and Discussion

For the purpose of searching factors of management of spec-
tral and luminescent properties of dipyrrine dyes the orbital
energy analysis (Egomo, ELumo) and the width of the
HOMO-LUMO energy gaps (AEgomorumo) analysis of
1-4 complexes was carried out. The electron density distribu-
tion of HOMO and LUMO orbitals for complexes obtained
PCM/TD-DFT/B3LYP/cc-pVTZ and shown in Fig. 2 and
Table 1. The quantum—chemical calculations showed that
HOMO-LUMO transition makes major contribution to the
fluorescence of the studied complexes. As might be expected
for investigated systems, the next occupied levels are lower in
energy (HOMO-1), the next free levels (LUMO+ 1) are higher
in energy. Revealed, that these levels are insignificantly dif-
fered compared to the HOMO and LUMO energy values
(Table 1). Such small differences between HOMO, HOMO—
1 and LUMO, LUMO+1 lead to several possible optical
transitions.

Analysis of the molecular orbitals shows that they rep-
resent combination of bonding and anti-bonding 7t-

2,2/ bis(dipyrrin) Zn™ complex
4

orbitals. The first excited electronic state (S;) arises at
electron transition with HOMO on quasi-degenerate
LUMO orbital. Figure 2 demonstrate the distribution of
the electron density of molecular HOMO and LUMO or-
bitals in the dyes molecules.

As show quantum-chemical calculations, the nature of
the ligands influences on the spectral-luminescent proper-
ties. Increasing of the oligomerization degree of the chelate
ligand (at the transition from a bidentate 2,2'- dipyrrin-
ligand, located in the structure of the complex 1 to
tetradentate 2,2'- bis(dipyrrin) on the based of 3) reduces
both the Egonmo (on 0.10 eV) and the energy gap value (on
0.01 eV) (Fig. 2). The structural isomerism of the zinc
bis(dipyrrinate)s exerts a greater influence on the energy
characteristics. Replacing of 3,3'-bis(dipyrrin) ligand to 2,
3'- u 2,2'-analogues there is an increase Eyomo (on
0.10 eV) and reducing AE (on 0.06 eV) (Fig. 2). The ob-
served pattern in good agreement with experimentally ob-
served trends of change of the fluorescence quantum yield
of the dyes [2, 19, 34], Table 2. So, the value of ¢ for
complex 2 twice as higher than that for 3 and almost in
30 times exceeds the fluorescence quantum yield of the
biladiene complex 4. For example, in cyclohexane, for 2,
3 and 4 the values ¢ are 0.91, 0.39 and 0.036, respectively
(Table 2).

To assess the influence of the nature of the solvent
on the change of the spectral-luminescent properties of
complexes we analyzed the of molecular orbitals
HOMO and LUMO for molecules 1-4 by the method
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LUMO, eV S
AE =2.43eV AE = 2.48¢V
HOMO, eV -4.27

AE =244 eV AE =2.42eV

-4.30 -4.25

Fig.2 The distribution of boundary molecular orbitals of 1-4 complexes and the energy gap values (AE=E ymo — Enomo), (PCM (cyclohexane) / TD-

DFT/B3LYP/cc-pVTZ)

of TD-DFT/B3LYP/cc-pVTZ. Influence of the solvent
(cyclohexane, acetone, DMF, DMSO and triethylamine)
was considered in the model PCM. Calculations have
shown that by increasing the electron-donor ability of
the solvent, the HOMO—LUMO energy of the gap is
reduced (Table 2).

The effect of reducing of the energy gap is associated
with the redistribution of electron density on of dipyrrin
fragments and coordination centers of the complexes.
Spectrofluorimetric studies confirmed the results of
quantum-chemical prediction and demonstrated that the
complexes indeed exhibit intense fluorescence in non-
polar and weakly polar hydrocarbons (cyclohexane, hex-
ane, benzene) [2, 19, 34] and in electron-donor solvents
(DMF, DMSO, triethylamine) is observed the sharp (in
some cases to zero) quenching of fluorescence (Table 2)

Table1l HOMO and LUMO energies (¢V), HOMO — LUMO (H—L)
transition energies (eV) of 1-4 complexes obtained by PCM
(cyclohexane) / TD-DFT/B3LYP/ cc-pVTZ

1 2 3 4

Enomo —-4.27 —-435 —-430 -4.25
Enomo- 434 —442 —-446 -445
Erumo -1.84 -1.87 -186 -183
Erumon -1.81 -1.83 -1.80 -1.80
Transition energies (HOMO—LUMO) 243 248 244 242

Transition energies ( HOMO—LUMO+1) 246 252 250 245
Transition energies (HOMO-1—LUMO) 250 255 260 262

which is caused by specific interactions of the electron-
donor solvents with atoms (Zn, N) of the coordination cen-
ters dyes [35].

In order to develop ideas about the practical uses of
dipyrrine Zn™ complexes as a new perspective fluorescent
sensors to N- and O-containing analytes, we carried out
spectrofluorimetric studies of the dependences of a fluores-
cence quantum yield of complexes from the composition of
the binary mixtures on the basis of cyclohexane with additive
of electron-donor solvent (X): acetone, DMF, DMSO and
triethylamine.

The spectral studies showed, that in binary mixtures «cy-
clohexane — X» for 1 is observed the blue shift (2 to 3 nm) of
the emission band maximum with increasing mole fraction ()
of the electron-donor component (Fig. 3). The emission band
maximum is shifted to the red or the blue area (of 1 to 12 nm)

Table 2 Fluorescence quantum yield (¢) of 1-4 complexes and the
energy gap values of HOMO-LUMO transition (AE, eV), considering
the solvent (PCM/TD-DFT/B3LYP/Def2-SVP)

Solvent 1 2 3 4

V(AE)
Cyclohexane 0.138 (2.43) 0.910 (2.48) 0.369 (2.44) 0.036 (2.42)
Acetone 0.006 (2.35) 0.143 (2.40) 0.005 (2.35) 0.001 (2.37)
DMF 0.005 (2.34) 0.002 (2.37) 0.001 (2.32) 0(2.30)
DMSO 0.004 (2.28) 0.001 (2.34) 0.001 (2.29) 0.001 (2.27)
TEA 0.058 (2.19) 0.001 (2.30) 0.060 (2.24) 0.004 (2.19)
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Fig. 3 Fluorescence spectra of the compounds 1-4 (¢=1.0x 10~ mol/l) in solutions of cyclohexane with different mole fraction of the electron-donor

component: 1, DMSO (a), 2, acetone (b), 3, DMF (¢), 4, TEA (d)

for Zn™pis(dipyrrinate)s with the addition of an electron
donor component (Fig. 3).

The efficiency of fluorescence quenching of dipyrrine
complexes depended on of the structural factors forming
their dipyrrine and bis(dipyrrin) ligands and an electron-
donating ability of the solvent (X). Helicat 2 demonstrates
the greatest sensitivity of a fluorescence to presence X.
For example, in mixtures on the basis of cyclohexane with
the mole fraction of the triethylamine (xtpa=0.1) fluores-
cence quantum yield 2 decreases by 10 times (Fig. 4b),
while fluorescence quantum yield 1, 3 and 4 is reduced
only in 2 and 3 times (Fig. 4. a, c, d).

In binary mixtures based on cyclohexane at the same
mole fraction of the electron-donor component, for exam-
ple when X(x)=0.1 is observed a linear relationship of the
fluorescence quantum yield of the dyes from a donor num-
ber (Gutman) of the co-solvent (Fig. 5.) In case of 1, 3 and
4 complexes, TEA doesn’t correspond to general depen-
dence, owing to less efficient fluorescence quenching.
This fact may be explained by different composition of
molecular complexes.

It should be noted that spectrofluorimetric research agree
satisfactorily with the results of quantum-chemical prediction
about changing fluorescence quantum yield of the dipyrrine
fluorophores depending on the electron-donating ability of the
solvent (Fig. 3, Table. 2).

Dependencies of the fluorescence quenching of the
dyes on the concentration of the electron-donor compo-
nent were described by the Stern-Volmer model using
equation [36, 37]:

Iy/T=1 + Ksy[X] (1)

where I, u I are the fluorescence intensities of the
fluorophores in the absence of the quencher and in the
presence of various concentrations of the quencher, re-
spectively, Kgy — quenching Stern-Volmer constant and
[X] — the concentration of the quencher.

Deviation up and the concavity in relation to the ordinate
axis of the Stern-Volmer equation (Fig. 6) indicate [38] that
quenching of fluorophore fluorescence due not only by colli-
sions with quencher (dynamic quenching), but also due to the
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Fig. 4 The dependence of a fluorescence quantum yield () 1 (a) and helicates 2 (b), 3 (¢), 4 (b) the mole fraction of the electron-donor component (X)

in binary solvent X — cyclohexane, X — acetone, DMF, DMSO, TEA

formation of non-fluorescent stable complex of the
fluorophore with the quencher (static quenching) in the
ground state.

For a graphic definition of the dynamic (Kgy,) and
static (Ky) quenching constants the equation (1) trans-
formed to:

lo/1 = (1 +Kdyn[X]) (1+ KulX]) = 1 +KoppX] (2)

where Kopp=(KayntKe)+Kagnse [X] = 221 [X] is the
apparent rate constant of quenching.

The apparent constant was assessed by treating the linear
portion according 1o/l from [X] for a range of additives of the
electron-donor components from 0 to 2.3 mol/l (Fig. 6).

Analysis of obtained data (Fig. 7) showed that for 2 appar-
ent constants of quenching of a fluorescence increases linearly
with increasing electron-donating ability of the solvent in the
sequence: acetone— DMF—DMSO—TEA (Fig. 7). For of
1, 3 and 4 complexes a similar pattern of change K, is saved,
except for trimethylamine. Moreover, for of 1, 3 and 4 com-
plexes the apparent quenching constants in the presence of
TEA is significantly lower, in compared with the values Ky,
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in the presence of the electron-donor DMF and DMSO.
Observable effect is due to differences in the composition of
the supramolecular complexes [Zn(dpm),X,,] and [Zn,L,X,],
that requires carry out additional researches.

For justification of sensitivity characteristics of the fluores-
cence of the complexes to the type of quencher, i.e., the selec-
tivity determining of the quencher with use of the considered
luminophors, by analogy as described in [39] the approach,
we carried out comparative analysis of the indicators of the
relative changes fluorescence intensity at any selected wave-

lengths (ﬁf: ) in the emission spectra of solutions of individual
complexes in different solvents. Processing of experimental
data showed, that irrespective of a ratio of concentration of a
luminophor and the detect analyte X, value % remains con-
stant for the selected wavelength, for example, at the band

maximum in A\;=545 nm and on its right slope in \,=
575 nm, as shown in Fig. 8.

. . Al .
In accordance with [39], distinction values Tﬁ', shown in
2

Table 3, testify to high selectivity of luminophors 1-4 and
prospects of their application for determining the type of the
electron-donor impurity component in practice.
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In Fig. 9 for 1-4 complexes are presented linear depen-
dences (Inax—D)/(Imax—Imin) (Where I, I, Iy, are fluores-
cence intensities of [Zn(dpm),] and [Zn,L,] in cyclohex-
ane, with addition [X] and in the polar medium) from
log[X], which cross points with an abscissa axis allow us
to estimate the concentration of detection limit of the N-

Table 3  The change of the fluorescence intensity of [Zn(dpm),] and

Al

[Zn,L;] at two wavelengths (77, ) under the action of a electron-donor
575

component (X) in cyclohexane

X 1 2 3 4
Al

Acetone 3.537 5.468 2253 1.982

DMF 3.740 5.826 3.405 2.134

DMSO 4.783 5913 3.500 2.203

TEA 4912 6.002 3.714 2.694
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Fig. 9 Calibration according to the normalized fluorescence intensity ((/max—!)/(Imax—Imin)) [Zn(dpm),] and [Zn,L,] on log[X] in cyclohexane: (a) —

acetone, (b) — DMF, (¢) —- DMSO, (d) -TEA

and O- the containing analytes in the binary mixture X—
cyclohexane. In cyclohexane the detection limits of the
studied electron-donor compounds (acetone, DMF,
DMSO, TEA) using a 1-4 are the range from 107> to
10”7 mol/I (Table 4).

Thus, strong performance of chemosensory sensitivity and
selectivity, and sufficiently low detection limit (~10°-10"7
mol/l) of the electron-donor component allow to recommend
the [Zn(dpm),] and [Zn,L,] as a new effective «On-Ofb» fluo-
rescent sensors for express analysis of N- and O- containing
analytes.

Table 4 The detection limits of the electron-donor component (X) in
cyclohexane using fluorescent [Zn(dpm),] and [Zn,L,] sensors

Complexes The detection limits [X], mol/l

Acetone DMF DMSO TEA
1 3.3°107° 2.1°107° 8.2°107° 7.2°107°
2 6.0°107° 2.5°1077 8.4°10°° 9.4°10°°
3 2.7°107° 1.9°10°¢ 45°107° 7.8°107°
4 9.3°10°° 42°107° 5.0°10°7° 8.7°107°

Conclusion

The results of quantum-chemical modeling (TD-DFT/B3LYP/
cc-pVTZ) allow reliably predict major trends of the changes
the spectral-luminescent properties of the dipyrrine and bis(-
dipyrrine) zinc complexes depending on the characteristics of
their molecular structure and properties of the medium.

Calculation of the energy of electronic transitions from the
ground electronic state in the next showed that the main orbital
contribution in the manifestation of the fluorescence of the
dyes brings HOMO — LUMO transition.

Based on the experimentally established of linear correla-
tions of the fluorescence quantum yield and calculated in the
of the Stern-Volmer model of the apparent constants of fluo-
rescence quenching of dipyrrine, bis(dipyrrine) Zn™ com-
plexes with electron donor ligands we have substantiated the
prospects of the practical application of the dyes as high sen-
sitivity and selectivity «On-Off» fluorescent sensors of N- and
O- containing analytes (10 °—10"" mol/l).

As the analytical criterion of the identification of the ana-
lyte was proposed indicator of the relative change of intensity
at different wavelengths of the fluorescence spectrum of the
dipyrrine, bis(dipyrrine) zinc complexes, the numerical value
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of which is determined by the nature of the electron donor N-
or O-containing molecules (acetone, DMF, DMSO, TEA) and
is independent from the selected wavelengths and concentra-
tion ratios of the solution components. The results showed that
3,3"-bis(dipyrrinato)zinc™ complex demonstrates the highest
sensitivity of the fluorescence to the presence of the electron-
donor component compared with structurally-related 2,3'- and
2,2'-analogs.
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