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ABSTRACT

The review highlights recent advances devoted to new luminophores based on d-metal complexes of
bis(dipyrrin)s of [ML,]. The [ML;] helicates possess intense absorption in a visible spectrum region. The
[ZnyL;], [Cd;L,] and [HgpL,] helicates are fluorophores with the most intense fluorescence in nonpolar
solvents. The fluorescence of [M;L,] bis(dipyrrinate)s decreases by two-fold in aromatic solvents and
becomes close to zero in electron-donor media. The fluorescence is increased in a series of 2,2'-, 2,3'-,
3,3’-bis(dipyrrinate)s with similar complexing agent and in a series of [HgL,], [Cd2L;], [ZnaLa] complexes
with the same ligand. Upon freezing and cooling of [Zn,L;] in ethanol from 300 to 77 K the fluorescence
quantum yield of [Zn;L;] is increased up to 100 times. The [Zn,L;] complexes are able to generate the
stimulated emission induced at the 550—560 nm region in nonpolar solvents upon excitation by second
harmonic Nd:YAG laser.

Photonics

Sensors of medium polarity
Spectral-luminescent properties
Lasing characteristics

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The significance of mononuclear homoleptic complexes of
dipyrrins in respect to the study of coordination chemistry became
apparent not long after their initial discovery [1]. This family of
compounds is based on the dipyrrinato (bis-pyrrolic) monoanionic
chelating derivatives (Fig. 1). Since their discovery and particularly
over the past two decades, 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene, boron dipyrromethene derivative (BODIPY) (boron
dipyrromethene complex, Fig. 1) have emerged as a fascinating
class of dyes with excellent performance and stability. Thereby,
these compounds have found application in sensing, labelling,
light-harvesting technologies and photodynamic therapy [2—11].

For a long time it was considered that homoleptic dipyrrinato
metal complexes were incapable to fluorescence, in contrast to
their highly fluorescent boron-dipyrrinato analogues. But in the
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1987 it was reported that the Zn(II) dipyrrinato complex, prepared
from meso-unsubstituted dipyrrine, is highly fluorescent with
fluorescence quantum yield ¢ = 0.048 + 0.012 in a binary mixture
of toluene:chloroform (100:1). Very encouraging results were ob-
tained using of meso-unsubstituted Zn(Il) dipyrrinates as sensi-
tizers of singlet oxygen [12].

In most other studies meso-aryl-substituted dipyrrinates of
metals were used. For example, an addition of meso-phenyl- and
meso-(4-tert-butylphenyl-) substitutions results in very weak
emission with rapidly deactivating excited state lifetimes as seen
for compounds 3 and 4 in Fig. 2. Only in 2004 it was reported that
the Zn(Il)-dipyrrinato complex 5 (Fig. 2), prepared from
5-mesityldipyrrin, was highly fluorescent with multinanosecond
singlet excited state lifetime [13]. Homoleptic Ga(Ill) and In (III)
analogues of 5 exhibit less intense fluorescence (®¢ in hexanes
0.024 and 0.074 respectively) [14].

Presumably the 2,6-methyl fragments of the mesityl group in 5
prohibit internal rotation and such steric constraints drastically
enhance the excited state lifetime of complexes involving
5-mesityldipyrrinato ligands. These properties are of interest in
applications whereby intense absorption and fluorescence attri-
butes in the visible region are desirable.
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Fig. 1. Structure of dipyrrin 1 and 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (boron
dipyrromethene complex) 2.

Further this hypothesis was confirmed in an independent study
of the dimeric [Zn(dipyrrin)Cl], species such as 6 and 7 (Fig. 3)
[15,16]. In these compounds, formed by self-assembly, the Zn(II)-
cation is coordinated to the dipyrrin chelate and the rotation of
pyridyl group, relative to the dipyrrinato unit, is prohibited.

Promising results from a study of B(Ill) and Zn(II) dipyrrinates
luminescent properties laid the foundation of open-chain oligo-
pyrrole coordination compounds in photonics. At the present time
two main areas of influence on the fluorescence of dipyrrin lumi-
nophors are developed. The first using a new type of ligands with

higher rigidity of molecules (N20,-type [17—21] and N3-type [22]),
and the second varies the nature of the complexing agent (d- and f-
metals [13,15,16,23], Ga(Ill) and In(III) [ 14,24 ], B(III) [25—28], Al(III),
[18] Si(1V)) [29].

Bis(dipyrrin)s chemistry began actively growing at the begin-
ning of the XXI century [23,30—36]. Bis(dipyrrin)s are the open-
chain tetrapyrrolic ligands (H,L), which are constructed from two
chromophore dipyrrin domains linked by spacer at the 2,2'-, 2,3'-
or 3,3’-positions of proximal pyrroles (8—10 in Fig. 4).

The bis(dipyrrin)s as tetradentate N4-ligands are able to form a
mono-, bi- or polynuclear coordination compounds with divalent
or trivalent ions of a number of p-, d- and f-elements with different
composition and structure including porphyrin-like [ML] [37—39],
double helical [MjL;] [23,31,34—36], triple-stranded [M;Ls]
[33,40,41], triangle [M3sL3] [42], [2 x 2] grids [Myl4] [43] and
hexagon [MgLg] [43] (schematic structures in Fig. 5). Polynuclear
complexes are of greatest interest because of the intense chromo-
phore properties (¢ > 10° Lmol~! cm~"). Binuclear double-helicates
are the most stable of them [23,31,34—36,44].

Well-known 2,2’-bis(dipyrrin)s — biladiene-a,c derivatives form
both mononuclear porphyrin-like complexes and binuclear

3Ry, R, =H; 4R, = 4-tert-butyl (‘Bu), R, = H; &;= 0.006, 1, = 501 nm (toluene);
S R, R, = CH;;@¢ = 0.36, Aep, = 500 nm (toluene)

Fig. 2. Schematic (A) and general molecular structure (B) of nonfluorescent (3 and 4) and fluorescent (5) Zn(Il)-dipyrrinato complexes.[13,14].

6; @¢=0.057, e = 523 nm (methylene chloride)

7; @:=0.013, Aery = 632 nm (chloroform)

Fig. 3. Luminescent dimeric [Zn(dipyrrin)Cl], complexes. Several H atoms and peripheral groups are omitted for clarity [15,16].

8 2,2'-bis(dipyrrin)

9 2,3"-bis(dipyrrin)

—

10 3,3'-bis(dipyrrin)

Fig. 4. Structural variations of bis(dipyrrin)s.[23].
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[M,L;]

[MsLs]

[M,LX,]

[MyL4]

[MsLs]

Fig. 5. Typical structures of 3,3'-bis(dipyrrin) complexes: [ML] — mononuclear complex [37—39]; [M,L,] — binuclear double helical complex [23,31,34—36]; [M,LX;] — binuclear
heteroleptic complex (X — any other ligand); [M,L3] — binuclear triple-stranded helicate [33,40,41]; [MsL3] — trinuclear molecular triangle [42]; [M4L4] — [2 x 2] grids [43]; [MeLs] —
hexagon structure (six-core molecular hexagon) [43]. @ — metal ion. H atoms and peripheral groups are omitted for clarity. Coordination core is tetrahedron.

helicates [39]. Recently, the 2,3’- and 3,3’-analogues with improved
preorganization (especially, the latter) by changing the position of
the spacer, capable to formation of stable binuclear structures, were
obtained [31,32,44,45].

Over the past 10 years, some helicates of d-and f-metals with
2,3'- and 3,3’-bis(dipyrrin) derivatives, having different molecular
structure, including the nature of central spacer and the functional
substituents, were synthesized [23,44—51]. The high practical po-
tential of dipyrrinates in terms of the construction of supramolec-
ular light-harvesting structures was confirmed [10].

The review highlights the results of our studies of new lumi-
nophores based on d-metal complexes of bis(dipyrrin)s [44—55].

2. Spectral-luminescent, photochemical, lasing
characteristics and other physico-chemical properties of
bis(dipyrrin) helicates

The synthesis and X-ray diffraction analysis of a series [M;L;]
binuclear homoleptic helicates of Co(II), Ni(II), Cu(II), Zn(II), Cd(II)
and Hg(Il) with 3,3'-, 2,3/~ and 2,2’-bis(dipyrrin)s having central
methylene, aryl- or trifluoromethylene-methylene spacers in its
structure and different numbers of methyl and ethyl substituents
(from 4 to 10) in the pyrrolic rings of ligands (compounds
[M2(11)3]—[M2(21);] are presented in Fig. 6) [46—51] were carried
out. The electronic absorption spectra of [ML,] in different sol-
vents [44,46—51], the lability of helicates in proton-donor media
[52] and the thermal stability of helicates in the solid phase [44,45]
were investigated.

A very strong fluorescence of Zn(Il), Cd(II) and Hg(Il) helicates
[M3L,] was detected [44,47,48,50,51 | which was surprising because
the luminescent properties of [MjL;] had not been previously
explored. Due to this, we began work on the study of photonics of
[MyL;] helicates.

The data on the absorption and fluorescence spectra, generation
stimulated emission, phosphorescence, fluorescence quantum
yields (&) and phototransformations (®pnoto), fluorescence life-
times (7) of long-lived radiation, radiation constants (kyaq) of
complexes [M3(11)2]—[M2(21);] in different solvents, binary

mixtures and in frozen solutions are summarized in Tables 1-5
[44,46—51,53—55].

2.1. Electronic absorption spectra

Characteristics of electronic absorption spectra of helicates
[M2(11)]—[M3(21),] in organic solvents are presented in Tables 1—4
[44,46—51]. As seen from Tables 1-4 and Fig. 7, the absorption
spectra contain three bands caused by $°—S" electronic transitions.
The 2255, for the most intense S°—S! and S°—S? bands lies in the
range 503—551 nm and 460—495 nm, respectively, depending on
the metal and ligand nature [44,46—51]. Low-intensity broadened
S%—s3 band appears in the range from 330 to 380 nm.

In the spectra of [Zn;L;], [Cd;L,], [HgaL2] and [Co,L; ]| helicates the
first and the second bands are strongly overlapped and the ratio of
intensities of the bands has the form AL, > A2 .. > 23 . (Fig. 7(A)).

In the [NizL;] and [CuyL,] spectra, the first and the second bands
are overlapped less, and S°—S? band is the most intense in spectrum
of [CuyL;] solutions (Fig. 7(B)). 1ge values of intense bands in the
[M>L;] spectra reaches 4.84—5.49 as for the Soret band in the ab-
sorption spectra of porphyrins [56].

An addition of —PhOCH3; and —CF3 groups to meso-spacer of
([Zn2(18)2] and [Zn2(19)2], respectively) and especially the transfer
of meso-spacer from 3,3’- to 2,3’- and 2,2’-position ([Zn3(20);] and
[Zny(21);], respectively) causes Ige value reduction of intense band
in the [M,L;] spectrum (see Tables 1 and 3).

It should also be noted that A} ,, and A2 ,, are shifted (~30 nm) to
the red region in the absorption spectrum of 3,3’-bis(dipyrrinate)s
compared to 2,2’-bis(dipyrrinate)s or mononuclear [M(dpm);]
dipyrrinates [13]. For example, a substitution of 3,3’- or 2,3’- on
2,2'-bis(dipyrrin) causes significant hypsochromic shift (~20 nm)
and intensity (A}, of the S°-S? band) decreasing in the biladiene
[Zny(21);] complex spectrum compared to [Zny(11);] and
[Zn3(20),] analogues (see Tables 1 and 3).

The influence of metal cation on the dye spectrum (auxochromic
effect) can be calculated as difference between the wavelengths of
intensity maxima band in absorption spectra of the complex and
the ligand:
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2+ w2t 2 5 2+ 2+ 2+
[M,L,] M =Co™", Ni*", Cu”", Zn“", Cd™" and Hg™")
Mz(ll)z]: R1=R2=R3=R4=R5=R6=R7=R8=Me; R9=H
[,NIz(IZ)z]: R1=R3=R4=R5=R6=R3=Me; R2=R7=Et; R9=H
[2112(13)2] R;=R;=R,=R=Rc=Rs=Me; R,=R,=Et; RQZPh
[2112(14)2] R1:R2:R3:R6:R7:R82Me; R4:R5:Et; R9:H
[Zny(15),]: R1=R5=R4=Rs=Rs=Rg=Me; R,=R;=R¢=H
[2112(16)2]: R2=R3=R4=R5=R6=R7=Me 5 R1=R8=R9=H
[ZI]2(17)2] R4=R5=Me; R1=R2=R3=R6=R7=R3=R9=H
[Zn(18)}: R,;= R,=R;=R,=Rs=R=R;=Rs=Me; R=PhOMe
B T D D T T D T N A T [Zny(21),]
[Zny(19),]: R;= R,=R;=R,;=Rs=R=R,=Rs=Me; Ry=CFy;
Fig. 6. Structures of binuclear homoleptic [M,L;] helicates [46—51].
Table 1
Spectral-luminescent characteristics of the [Zn,L;] complex in organic solvents [44,47,48].
Compound Solvent x[ﬂrﬁ’gx, lge (S°—S1); (S°—S?); (S°—S3)? Afr]nax(lex)“ Avg® oF Kyag-10~8¢ i
[Zn,(11),] Cyclohexane 530, 5.40; 478, 4.96; 370, 4.27 543 452 0.91 2.7 33
Benzene 530, 5.48; 478, 5.08; 369, 4.31 545 519 0.56 3.2 1.7
Hexane 527,5.47; 478, 5.07; 367, 4.52 541 491 0.61 3.8 1.6
Heptane 527, 5.47; 478, 5.05; 366, 4.32 542 525 0.66 3.5 1.9
Toluene 531, 5.46; 481, 5.06; 377, 4.33 545 484 0.64 3.2 2.0
Tetrahydrofuran 528, 5.46; 478, 5.05; 365, 4.38 542 489 0.13 34 0.38
Chloroform 529, 5.43; 479, 5.09; 3609, 4.36 544 521 0.025 34 0.074
1-propanol 527,5.40; 477, 4.99; 367, 4.25 542 525 0.010 33 0.027
Ethanol 525, 5.44; 476, 5.04; 370, 4.27 542 597 0.005 3.7 0.013
Dimethylformamide 526, 5.34; 477, 4.94; 367, 4.22 543 595 0.002 2.8 0.007
Dimethyl sulfoxide 527; 478; 381 - - 0.000 - -
Pyridine 531; 480; 363 549 617 0.010 — —
Ethyl acetate 526; 479; 369 546 697 0.003 — —
Acetone 524; 476; 360 541 600 0.003 - -
Acetonitrile 523; 476; 365 — — 0.000 - —
[Zn,(12),] Cyclohexane 531, 5.49; 479, 5.08; 368, 4.30 545 (495) 484 0.77 3.2 24
Dimethylformamide 526, 5.42; 478, 5.03; 360, 4.29 542 (495) 561 0.003 3.5 0.006
[Zny(13)s] Cyclohexane 530, 5.47; 480, 5.14; 370, 4.31 547 (495) 586 0.70 4.0 1.8
Dimethylformamide 527,5.45; 479, 5.13; 356, 4.33 546 (495) 660 0.003 42 0.007
[Zny(14),] Cyclohexane 529, 5.37; 480, 4.97; 369, 4.18 543 (495) 487 0.83 2.7 3.04
Dimethylformamide 526, 5.33; 479, 4.96; 357, 4.27 543 (495) 595 0.002 29 0.007
[Zn,(15),] Cyclohexane 523; 471; 354-363 534 (485) 399 0.96 - -
Dimethylformamide 519, 5.47; 470, 5.06; 370, 4.32 532 (490) 471 0.003 3.9 0.008
[Zn(16),] Cyclohexane 525; 474; 370-380 536 (485) 391 0.83 - -
Dimethylformamide 521, 5.32; 473, 4.87; 375, 4.28 535 (490) 502 0.004 3.2 0.013
[Zny(17),] Cyclohexane 509; 459; 348 520 (480) 416 0.94 - —
Dimethylformamide 503, 5.30; 457, 4.87; 357, 4.19 518 (480) 576 0.004 33 0.012
[Zn,(18),] Cyclohexane 531; 480; 365 547 (495) 531 0.59 - -
Dimethylformamide 524, 5.27; 480, 5.04; 371, 4.35 545 (495) 735 0.002 44 0.005
[Zn(19),] Cyclohexane 524, 5.28; 474, 5.02; 366, 4.21 541 (490) 600 0.43 - -
Dimethylformamide 519, 5.24; 472, 4.97; 369, 4.19 539 715 0.002 3.2 0.006
a A?I’fjx, Aex (495 nm) and Afnlux — absorption, excitation and fluorescence maxima, respectively, nm; ¢ — molar absorption coefficient (L mol~" cm™'). Ref. [44,47,48].
b Apg. — Stokes shift (cm™~!). Ref. [44,47,48].
€ @¢ — fluorescence quantum yield. Ref. [44,47,48].
9 Kyqq — radiation constant (s~'). Ref. [44,47,48].
e

7 — fluorescence lifetime (ns). Ref. [44,47,48].
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Table 2
Spectral-luminescent characteristics of the [Cdy(11);] and [Hg,(11)2] complexes in
organic solvents [44,50,51].

Compound Solvent A9bs nm, 1ge (S°-S'); Ml Avs® o
($°=8%); (s°=s%)°
[Cdy(11);]  Cyclohexane 525; 475; 362 537 426 0.21
Benzene 526, 5.40; 477, 540 493 0.12
4.98; 367, 4.30
Hexane 521; 475; 356 535 502 0.16
1-propanol 521; 474, 377 534 467 0.012
Ethanol 519; 473; 373 534 541 0.005
Dimethylformamide 521, 5.37; 475, 539 641 0.003
4.95; 362, 4.28
[Hg>(11);]  Cyclohexane 524; 476; 365 538 497 0.034
Benzene 524; 479; 369 540 565 0.003
Hexane 521; 476; 367 536 537 0.025
1-propanol 519; 477; 383 535 576 0.002
Ethanol 516; 477; 380 533 618 0.001

*For [Cd,(11),] in benzene kyqq = 3.3-1078 s~' and 7 = 0.37 ns.
a zgfgx, Aex (495 nm) and Aﬁmx — absorption, excitation and fluorescence maxima,
respectively, nm; ¢ — molar absorption coefficient (L mol~! cm~1). Ref. [44,50,51].
b Apg — Stokes shift (cm™!). Ref. [44,50,51].
¢ @¢ — fluorescence quantum yield. Ref. [44,50,51].

AIMET = g MaLo] _ jHaL

The value of A4 increases from 36 to 91 nm in the following
series of complexing ions: Cu(ll) < Hg(ll) < Cd(Il) < Zn(Il) <
Co(II) < Ni(II) (Fig. 8(A)). Decrease of the alkyl substituents count
leads to A increasing [44]. For example, for [Zny(11)2]—[Zny(15)3]
A) = 63—70 nm, for [Zny(16);] and [Zny(17)2] complexes with
either partially (at a-positions) or completely unsubstituted ter-
minal pyrroles, the values of AA increases to 75 and 88 nm,
respectively (Fig. 8(B)).

Table 5

Lasing, photochemical and resource characteristics of laser media based on the
[Zn,L;] cyclohexane solutions upon excitation by the second harmonic of Nd:YAG
laser.[53—55].

Compound Concentration Wpymp" Efficiency, % Agen”  @photo Pso’
1074 M 1075+ 10%°
[Zny(11),] 1.0 15 34 557 2.0 33
[Zny(11);] 2.0 15 6.9 561 23 75
[Zny(12),] 1.0 15 5.1 557 4.0 43
[Zny(12),] 2.0 10 10 559 10 80
25 10 560 9.0 120
[Zny(14)] 1.0 15 33 555 2.0 60
[Zny(14);] 2.0 10 11 561 7.3 80
2 Wpumps MW x em~2 — pump density. Ref. [53—55].
b Agen, NM — lasing wavelength of stimulated emission. Ref. [53—55].
; Pphoto — quantum yield of phototransformations. Ref. [53—55].
3

Pso, ] x cm™> — resource of laser media. Ref. [53—55].

The addition electron withdrawing —CF3 groups to 3,3’-spacer of
a helicand which gives a hypsochromic shift (to 7 nm) of the S°—S!
band maximum in the absorption spectrum of [Zny(19);],
compared to unsubstituted analogue [Zny(11),].

Solvatochromism is detected as a small bathochromic shift (up
to 6 nm) and as increasing of intensity of bands in the [ML;] hel-
icates spectra in nonpolar and weakly polar solvents (hexane,
heptane, benzene, toluene) compared to polar media (1-propanol,
ethanol, chloroform, and dimethylformamide).

2.2. Photonics of [M>L,] helicates and its application perspectives

2.2.1. Effects of helicate structure
[CoyL3], [NizLy], and [Cuyly] complexes are not fluorophores
[49—51]. [MaLy] helicates, formed by Zn?*, Cd?>* and Hg?* ions

Table 3
Spectral-luminescent characteristics of the [Zn,(20),] and [Zn(21),] complexes in organic solvents [46].
Compound Solvent 285, nm, Ige (S°—S'); (S°-S2); (S°-S3)° Al Avg” OF Kraq-10~84 7€
[Zn3(20),] Cyclohexane 529; 476; 367 537 282 0.39 — —
Benzene 530, 5.24; 479, 5.07; 368, 4.32 547 586 0.060 2.0 0.30
Hexane 527; 475; 373 537 353 0.35 - -
Heptane 528; 476; 360 536 283 0.27 - -
Toluene 530, 5.23; 479, 5.07; 370, 4.30 547 586 0.080 2.0 0.40
Tetrahydrofuran 527; 477; 368 548 727 0.13 - -
Ethanol 526; 476; 373 547 730 0.001 — -
Dimethylformamide 527, 5.20; 476, 4.98; 367, 4.27 561 1150 0.007 2.2 0.032
[Zny(21)3] Cyclohexane 510; 467; 373 549 1393 0.036 - -
Benzene 514, 5.11; 471, 5.09; 375, 4.30 551 1306 0.018 25 0.071
Hexane 510; 467; 375 549 1393 0.024 - -
Heptane 510; 468; 374 550 1426 0.026 - -
Toluene 515, 5.09; 472, 5.07; 375, 4.30 552 1302 0.021 23 0.093
Tetrahydrofuran 511, 5.03; 468, 5.02; 376, 4.15 551 1421 0.011 2.1 0.053
Chloroform 513, 5.06; 469, 5.04; 380, 4.26 549 1278 0.005 2.3 0.022
Dimethylformamide 511; 470; 380 - — 0.000 - -

zgfgx, Jex (495 nm) and Af,.lnax — absorption, excitation and fluorescence maxima, respectively, nm; ¢ — molar absorption coefficient (L mol~! cm™"). Ref. [46].

a
b Apg — Stokes shift (cm™!). Ref. [46].

¢ @¢ — fluorescence quantum yield. Ref. [46].
94 Kkaq — radiation constant (s—'). Ref. [46].

€ 1 — fluorescence lifetime (ns). Ref. [46].

Dimethylformamide

526, 5.09; 494, 4.76; 377, 4.32

547, 4.84; 460, 4.60; 396, 4.46

Table 4
Quantitative characteristics (zgfgx, nm; Ige) of electronic absorption spectra of the [Cox(11),], [Nix(11);] and [Cuy(11)2] complexes in organic solvents [49—51].
Solvent Compound
[Cox(11)2] [Niz(11)2] [Cux(11),]
Cyclohexane 529; 492; 376 551; 464; 395 538; 495; 397
Benzene 530, 5.08; 495, 4.75; 377, 4.30 553, 4.84; 464, 4.60; 395, 4.47 539, 4.91; 496, 5.04; 392, 4.28
Chloroform 528, 5.08; 494, 4.77; 377, 4.32 551, 4.88; 461, 4.62; 396, 4.48 536, 4.90; 497, 5.03; 390, 4.24

535, 4.85; 492, 5.01; 386, 4.26
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Fig. 7. Normalized electronic absorption (1) and emission (2) spectra (Aex = 495 nm) of [Zn,(11);] complex in benzene (A); electronic absorption spectra of [Cuy(11)2] (1) solutions
(c = 3.37 x 107> M) and [Niy(11);] (2) complexes (c = 3.59 x 10> M) in benzene (B) [44,49,50].

with external filled d'°-sublayer, have intense fluorescence in
saturated and aromatic hydrocarbons [44,47,50,51] (see
Tables 1—3). The emission spectra of [Zn;L;], [Cd,L,] and [Hg,Ls]
complexes are the mirror images of the absorption spectra (see
Fig. 7(A), example for Zn(Il) complex). The Stokes shift (Avs;) for
3,3’-bis(dipyrrinate)s and 2,3’-bis(dipyrrinate)s is 391—735 and
282—1150 cm™ !, respectively, and much less than that for the
2,2’-bis(dipyrrinate)s (1278—1426 cm~!). Addition of substituents
to the central meso-spacer causes an increase of Avs; for com-
plexes [Zny(13)2], [Zny(18),], [Znz(19);] compared to unsub-
stituted analogues [Zny(11);] and [Zny(12);]. The values of
radiation constants (k;,q) are sufficiently high (from 2.0 x 108 to
4.35 x 108 s~1) and have weak dependence on the solvent nature
(see Tables 1—-3) [53].

Changing 3,3’-bis(dipyrrinate) fragments onto 2,3’- and espe-
cially 2,2’-bis(dipyrrinate)s causes decreasing of fluorescence
quantum yield of [Zn,L,] complexes. For instance, in cyclohexane ®¢
for [Zny(11)2], [Zny(20),;] and [Zny(21);] equals to 0.91, 0.39 and
0.036, respectively. Probably the reason for the strong influence of
the spacer position is significant differences in radiation constants
(kraqa), which for [Zny(20);] and [Zny(21),] is less than [Zny(11);]
(see Tables 1 and 3). Herewith, the quantum yield of triplet mole-
cules could be correspondingly higher.

The differences in the alkyl substitution of the pyrrole rings of
the ligands have no significant impact on the value of &¢ for the
complexes with methylene 3,3’-spacer in helicands. The addition of
—Ph, —PhOMe and —CF3 groups to the meso-spacer causes a slight
decrease of @& for the [Zny(13)2], [Zny(18)2] and [Zny(19);]
complexes.

2.2.2. Influence of the solvent nature

Influence of the solvent properties (see Tables 1—3) was studied
in detail using ([Znz(11)2]—[Zny(21)2], [Cdx(11);] and [Hgy(11)2])
complexes [44,53]. The @ values is 0.54—0.99 for [Zn,L;] com-
plexes with 3,3’-bis(dipyrrin)s in nonpolar and weakly polar satu-
rated and aromatic hydrocarbons. For most Zn(II), Cd(II) and Hg(II)
helicates the maximum value of & (the excitation wavelength
Aex = 485—495 nm) is observed in cyclohexane. For example, for the
[Zny(11),], [Znp(15)2], [Zny(17)2] complexes values of @¢ are
0.91-0.96 in cyclohexane (Fig. 9(A)). Under similar conditions the
medium value of @f more than two times lower for the Cd(II)
complexes and an order of magnitude lower for the [Hgy(11);]
complex compared with [Zn;L;] (Fig. 9(B)).

The tendency of fluorescence quenching of [Zn,L;] and [Cd,L;]
helicates in aromatic solvents compared to saturated hydrocarbons
is very noticeable [44,53]. The &r value decreases by ~2.5 times for
3,3’- and 2,2’-bis(dipyrrinate)s [Zny(11)2], [Zn2(12)2], [Zny(14)2]—
[Zny(17);] complexes and ~7 times for 2,3’-bis(dipyrrinate)
[Zn2(20);] in toluene and benzene in comparison with hexane,
heptane and cyclohexane. The reason for this decrease is the in-
crease of chromophore molecules solvation (w— stacking) in the
excited state, which creates prerequisites for using of complexes as
fluorescent sensors of aromatic compounds.

A dramatic fluorescence quenching of [M,L,] in chloroform and
electron-donating solvents (Tables 1—3) is observed. The fluores-
cence lifetime (7) of the [Zn;L;] helicates increases from ~0.007 to
~3 ns with decreasing of solvent polarity. This fact confirms a sig-
nificant role of solvation shell during the excitation energy deac-
tivation process.

AA (nm) AA (nm)
100 100
75
80 80 @ !.v
60 60
40 40
20 20
= L —] 0 /] < LI
Cu?* Hg?* Cd?* Zn?* Co? Ni2* 11 13 14 15 16 17
A B

Fig. 8. Auxochromic effect (A2M"" = AMzL2) _ 3H:L nm) of M2* fons in [My(11)] complex (A) and auxochromic effect of Zn®* cation in [Zny(11),]—[Zn2(17);] complexes (B) according
to the electronic absorption spectra of compounds in DMF [44]. Values of A,‘_IZL in dimethylformamide were taken from paper.[57].
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Fig. 9. The fluorescence quantum yield (&r) of [Zn,L,] complexes in cyclohexane depending on the nature of ligand (A) and complexing ion (B) [44,53].

Dependences of Avs; values on the universal interaction function
Af (parameter of solvents polarity) are nonlinear for Zn(II), Cd(II)
and Hg(Il) helicates. For example, the dependence of Avs; on Af for
[Zny(11),] has two separate areas for nonpolar and polar solvents,
as shown in Fig. 10.

This type of dependence confirms that the specific solvation of
the dye molecules by polar solvents leads to the fluorescence
quenching [58]. Fluorescence quenching in chloroform can be
caused by interactions of the hydrogen atoms of chloroform mol-
ecules with nitrogen atoms of helicand anions.

In the electron-donating solvents the extra coordination of
solvent molecules by metal ions and the formation of complex
solvates [MLy(Solv),] are possible as it was previously found for
structurally related dipyrrinates [M(dpm);] [59], and the metal-
loporphyrins [60]. The process of extra coordination proceeds
easier on the excited [M;Ly] molecules, in which the electron
density on the nitrogen atoms and the metal is changed. This causes
an increase in the probability of nonradiative transitions.

In this regard, the dependence of fluorescence quantum yield of
[Zny(11);] complex on the composition of binary mixtures of
nonpolar and polar solvents was studied (Fig. 11).

In cyclohexane—alcohol and benzene—alcohol mixtures the
value of &¢is reduced by 2 and 100 times at the mole fraction of the
polar component y ~0.1-0.15 and more than 0.5, respectively.
Significant decrease of fluorescence intensity in the system ben-
zene—dimethylsulfoxide is observed. In this system, the value of ¢
is reduced by two-fold already at y(dimethylsulfoxide) =0.04.
Thus, for all studied systems the main changes of ®rare observed at
low (x < 0.15) additive of the polar component, which is charac-
teristic of specific interactions in the solvation shell of excited flu-
orophore [58].

Avg, cm’
: 11
600 | ; 1
; = %10
550 g
j: 6n 8n
500} :
2-3. : Tn
450 1= |
0,0 0,1 0,2 0,3
Af
A

High selectivity is an important feature of the behaviour of
[ZnyL;] complexes compared to BF,-dipyrromethene dyes [25], and
is of interest for the development of optical sensors for the presence
of polar electron-donor and proton-donor molecules.

2.2.3. The temperature effect

It is known that the distance between interacting atoms in
molecules and their mobility in an excited state can be changed by
freezing of compounds/matrix. Therefore, the dependence of the
fluorescence of the complexes [Zny(11),]—[Zny(14),] in ethanol and
cyclohexane on the temperature was investigated [53]. The fluo-
rescence intensity of [ZnyL,] complexes in frozen (77 K) cyclo-
hexane is retained the same as at room temperature with a slight
blue shift (5—8 nm) of the emission band. As shown in Fig. 12(A),
when [Zny(12);] ethanol solutions are cooled from 300 to 77 K,
similar shift of the emission maximum is observed and fluores-
cence quantum yield increases in 100 times as compared to alco-
holic solutions at 298 K. The fluorescence quantum yield of the
[Zny(12)3] alcohol solution at 77 K is equal to & for [Zny(12),] in
cyclohexane at 298 K.

2.2.4. Long-lived (millisecond) radiation spectra

Long-lived (millisecond) radiation spectra of frozen [Zn;(12);]
in ethanol and cyclohexane solutions has the same bands with
small displacement and a redistribution of the intensities in them
(Fig. 12(B)) [53]. The band with a maximum at 750 nm and a life-
time of 26 ms was attributed to phosphorescence, which is
confirmed by the coincidence of the excitation spectra of the
phosphorescence in this band and the absorption spectra of the
complex (Fig. 12(C)). The most intense band in the long-lived

radiation  spectrum coincides with usual fluorescence
Avg, om”
1200 |- :
: 9m
1000 | §
800 -
E 7w 8m l10
600 | 4ung §
400+ 2
1um 5 i
0,0 0,1 0,2 0,3
Af
B

Fig. 10. The dependence of Stokes shift (Avs;) of [Zny(11),] (A) and [Zn,(20),] (B) on universal interactions function (Af) of the solvent: 1 — cyclohexane, 2 — hexane, 3 — toluene, 4 —
benzene, 5 — heptane, 6 — chloroform, 7 — tetrahydrofuran, 8 — 1-propanol, 9 — dimethylformamide, 10 — ethanol, 11 — acetone [53].
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Fig. 11. The dependence of [Zny(11),] helicate fluorescence quantum yield (&) in binary solvents based on the of cyclohexane (A) and benzene (B) on the mole fraction (y) of

cosolvent [54].

(Amax = 540 nm) of [Zny(12);] and connected with delayed fluo-
rescence. Formation of delayed fluorescence occurs through the
formation of an intermediate complex with radiation band about
650 nm.

Similar characteristics of long-lived radiation for ethanol and
cyclohexane solutions and significant increase in fluorescence in-
tensity of frozen [Zn,L;] ethanol solutions are the result of a sub-
stantial reduction in structural “transformations”. The effect of the
temperature dependence on the fluorescence yield of ethanol so-
lutions of the complexes is of interest to control of the temperature
(in the range 300—80 K), which is important in the development a
simple and visual ways to control the temperature in cryostats, etc.

2.2.5. Generation of stimulated emission

Since the results on the lasing characteristics of complexes such
as dipyrrinates and bis(dipyrrinate)s were absent in the literature,
the possibility of the generation of stimulated emission of the
[Zny(11),] and [Zny(14);] complexes upon excitation by the second
harmonic of Nd:YAG laser (532 nm) has been studied [54]. Lasing,
photochemical and resource characteristics of the studied com-
plexes are presented in Table 5. Fig. 13(C) demonstrates the
dependence of efficiency on the pump intensity for [Zny(11);] and
[Zny(14)2] complexes. It is found that [Zny(11)2]—[Zny(14),] solu-
tions in cyclohexane generates stimulated emission (Fig. 13(A and
B)) on the long-wavelength side of the fluorescence band
(8" = 552.5 nm for [Zny(11),] and 559.5 nm [Zny(12),]) with low

max —

threshold (=0.5 MW x cm~2). It can be seen that the efficiency is
low, but the lasing thresholds are low (<1 MW x cm~?2), and there is
quite narrow region of optimal pump levels. When increasing the
intensity of the pump >10—15 MW x cm™2, the efficiency value is
decreased (Fig. 13(C)), which is apparently caused by reabsorption
of radiation not only from the ground state, but also from the
excited states.

The highest efficiency (11%) was obtained for the [Zny(14),]
complex with A%, = 560 nm. When increasing excitation density
(Wpump) the decrease of generation efficiency for [Zny(14)2] com-
plex (see Fig. 13(C)) was observed [54].

Under identical conditions of medium, the quantum yield of
phototransformations of [M,L,] depends on the ligand structure,
but more significantly it increases with increasing of complex
concentration (Table 5).

It should be noted that [Zny(11);]—[Zny(14);] complexes are
inferior to BODIPY in their generation efficiency. For example, the
ethanolic solutions of commercial PM567 dye (Fig. 14) have higher
(47%) values of the generation efficiency according to [61].

On the other hand, resource of laser media based of zinc(II)
bis(dipyrrinate)s cyclohexane solutions is higher
(Pgo ~ 75 = 120 ] x cm ) than that for Rhodamine 6G solutions,
which generates in this region of the spectrum with resource
pggodamine 6G (5 . 10-4 M) = 70J x cm 3. Despite the low efficiency
of laser media based on the studied complexes it should be noted
that low threshold and fundamental feasibility of generation of
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Fig. 12. The dependence of fluorescence intensity at the maximum of intense band of the [Zny(12);] ethanol solution on the temperature: Aﬁmx = 544 nm (297 K),
Af;nax =539 nm (77 K) (77 K); Aex = 500 nm (A); fluorescence (1) and long-lived radiation (2) spectra of frozen (77 K) [Zn,(12),] ethanolic solution, Aex = 500 nm, the intensity of the
spectrum 1 was reduced by 20 times (B). Normalized absorption spectra at room temperature (1) and excitation of phosphorescence at 77 K (2) of [Zn,(12),] in ethanol (registration

wavelength (4eg) is 750 nm) (C) [53].
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Fig. 13. Normalized fluorescence spectra of [Zn,(11),] in cyclohexane — 1 and generation spectra of [Zn,(11),] in cyclohexane — 2 (1 x 107* M), 3 (2 x 1074 M) (A); generation
spectra of [Zn,(14),] depending on the density of the pumping Wyymp: 10 MW x em~2—1; 18 MW x cm 2 — 2; 45 MW x cm ™2 — 3 (B); dependence of the lasing efficiency (%) on
the density of the pumping (Apump = 532 nm) for [Zna(14)2] (c(zn,(14),)= 2 X 104 M) in cyclohexane (C) [54].

Fig. 14. PM567 dye structure formula [61].

stimulated emission by these complex structures and their good to
adequate stability to the influence of the powerful pump radiation
(Table 5).

2.2.6. Weakening of powerful pulsed radiation

The dependence of radiation transmission of the second and
third harmonics of neodymium laser on the power density of lasing
radiation (Fig. 15) was studied for [Zn,L;] ethanolic solutions with
weak fluorescence [53,54]. Transmission of second harmonic
Nd:YAG laser is increased in the 10-50 MW x cm~? region and
decreases at high intensities (Fig. 14(B)). This fact is explained by a
decrease of absorption in the S°—S! band due to the transition of
molecules in the excited state from which complexes absorb less
efficiently at a given wavelength compared to the ground state. The
third harmonic of Nd:YAG laser (355 nm) is attenuated in the entire

Transmittance
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08}

0,5 .
0

50 100 150 200 250 300 350

Radiation density (MW/cm?)

A

range of intensities, which leads to a two-fold decrease of trans-
mission power radiation (250—300 MW x cm?2) (at an optical
thickness of 5 mm, Fig. 14(A)) in agreement with the phosphores-
cence excitation spectrum (see Fig. 12(C)). These properties can be
used to create limiters of powerful pulsed radiation.

2.2.7. Photodestruction of [ZnyL,] complexes in solutions

The data on the photostability of [Zn,L;] complexes are essen-
tial, since they characterize the resource of optical devices based on
these dyes. It was established that the electronic spectrum of
[Zn,L,] solutions in aprotic organic solvents remains unchanged for
six months or more when stored at light [55]. The photodestruction
of [Zn;L;] complexes in solution under the action of UV (355 nm)
and visible (532 nm) laser radiation (2 and 3 harmonic of Nd:YAG
laser) is manifested equally. As can be seen from Fig. 16 as a result of
irradiation, the intensity of the wavelength bands is decreased and
absorption in the near-and far-UV is enhanced [55]. The quantum
yield of photodestruction process in cyclohexane (®photo) in 4—5
times higher than that in ethanol (Table 5).

3. Conclusion

Dinuclear homoleptic [M,L;] helicates of Co(II), Ni(II), Cu(Il),
Zn(II), Cd(I1) and Hg(II) with bis(dipyrrin)s exhibit intense absorp-
tion (Ige ~5.00—5.52) in visible region of the spectrum
(503—551 nm). [CoyL;], [NizLy] and [CuyL,] complexes are not flu-
orophores. The [Zn,L,], [Cd,L,] and [Hg,L,] helicates give intense
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Fig. 15. The dependence of transmittance of the (A) third harmonic Nd:YAG laser, 4 = 355 nm and (B) the second harmonic of Nd:YAG laser, A = 532 nm for [Zn,(11),] ethanolic

solution on the radiation density.[53,54].
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Fig. 16. The absorption spectrum of [Zny(12),] in cyclohexane before irradiation — 1, after irradiation in ethanol — 2 and in cyclohexane — 3 (4 = 355 nm—2; 532 nm-3;
Wirr = 60 MW x cm~2), absorbed energy: 1.8 ] x cm~> — 2; 13.4 ] x cm > — 3 (A); spectral changes during the photodegradation of [Zn,(11),] in benzene under UV-irradiation

(B) [55].

fluorescence in nonpolar solvents, comparable to fluorescence of
boron dipyrromethene complexes. The fluorescence quantum yield
of [M,L,] helicates is increased in a series of 2,2'-, 2,3'-, 3,3'-bis(-
dipyrrinate)s with the same type of complexing agent and in a
series of [HgoLy] < [CdyLy] < [Znyly] complexes with the same
ligand almost in 30 times. The value fluorescence quantum yield
reaches 0.99 for Zn(Il) 3,3’-bis(dipyrrinate)s in saturated hydro-
carbons solution. The fluorescence intensity of [M,L;] is decreased
almost by two-fold in aromatic solvents and becomes almost zero
in the polar electron-donor media. The reason of fluorescence
quenching is the specific solvation via extra coordination of
electron-donor molecules, 7—x stacking and protonation of the
nitrogen atoms of the ligand anions. These properties can be used
in the development of fluorescent sensors of specifically solvating
molecules.

Upon freezing and cooling of [ZnyL;] ethanolic solutions from
300 to 77 K the value of fluorescence quantum yield of [Zn;L;] is
increased up to 100 times and becomes comparable with the
quantum yield of [ZnyL;] solutions in saturated hydrocarbons (at
298 K).

Temperature dependence of the fluorescence quantum yield of
[ZnyL,] is of interest in optical devices development for low tem-
peratures monitoring. In nonpolar media [Zn,L;,] helicates generate
stimulated emission in the 550—560 nm region when excited by
the second harmonic of Nd:YAG laser with low threshold and good
stability to the action of powerful pump radiation. Thereby for the
first time the fundamental possibility obtaining of stimulated
emission generation using open-chain oligopyrrolic coordination
compounds was shown.
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