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Abstract Four boron-dipyrrine (BODIPY) based dyes with
m-extended substituents in 8-position of dipyrrin ligand have
been synthesized and characterized. Photophysical properties
of'the obtained compounds have been investigated in different
individual solvents. Deposits of solvent polarity and viscosity
were evaluated. BODIPY with 8-biphenyl substituent was
found to be the fluorescent molecular rotor in contrast to more
extended substituents. The complex nature of solvent-solute
interactions leads to the poor applicability of standard multi-
parameter approaches to BODIPY solvatochromic properties.
Fluorescence intensity was found to increase in case of solvent
polarity growth, it is not typical for BODIPY. Taking that into
account the BODIPY with 7t-extended substituents could be
used for fluorescence viscosity measurements, and as the fluo-
rescent media polarity indicators in analytical chemistry and
biochemistry.

Keywords BODIPY - Solvatochromic effect - Photophysical
properties - Dynamic viscosity - Solvent parameters
Introduction

An increased interest for fluorescent small molecules has in-

spired the development of a large variety of fluorescence-
based spectroscopic and imaging techniques. Nowadays,
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boron-dipyrrine (BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-
s-indacene) based compounds are one of the most commonly
used fluorescent sensors and labels, due to high photo-, chem-
ical stability and fluorescence quantum yields [1, 2]. Among
the BODIPY complexes the 8-substituted ones are of much
interest due to the realization of electronic energy transfer
between BODIPY core and the substituent. Here, one dye
takes the role of the energy donor (i.e., the absorbing chromo-
phore) and the other operates as the acceptor (i.e., the emitting
fluorophore). In many biotechnology applications, the donor
and acceptor subunits are connected by aliphatic tethers,
which implies a through-space energy-transfer process (i.e.,
Forster mechanism) [3, 4]. A potential way to design next-
generation molecules suitable for biological fluorescence la-
belling is to connect a donor component that has strong ab-
sorbance at the excitation wavelength to an acceptor that dis-
plays a high fluorescence quantum yield. An added require-
ment is that some type of internal barrier has to be inserted to
prevent the donor—acceptor structure acting as a single
“supermolecule”. This barrier can be imposed by twisting
the molecular axis such that the donor and acceptor units are
no longer coplanar, since this has the effect of preventing the
system from forming an extended LUMO. BODIPY
based donor-acceptor systems with charge-transfer abili-
ty are investigated using computer modeling methods
[5]. This approach could be referred as fluorescent mo-
lecular rotors properties manifestation [6]. While being
exited one part of those molecules are able to rotate
towards the other, causing the intramolecular charge transfer
(this effect is called twisted intramolecular charge transfer
state, or TICT state) [7]. Such molecular rotors main feature
is a strong dependence between its quantum yield and solvent
dynamic viscosity. In this case, low viscosity mixtures may
cause low relative fluorescence quantum yields due to high
probability of non-radiative transition [8].
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Table 1 Solvent properties in

different solvent scales: 7 (cP) — n Af EfY SPP SA SB ™ a b
viscosity, Af— orientation polar-
izability, £, — Dimroth- CeHg 0.60 0.005 0.11 0.667  0.124 0000  0.59 0.00  0.10
Reichardt normalized parameter; CgHin 0.89 -0.016 0.01 0.557 0.073 0.000 0.00 0.00 0.00
the set of solvent parameters pro- 091 0007 005 0632 0044 0000 028 000  0.10
posed by Katalan (SPP — solvent
polarity-polarizability, SA —sol- CHCl, 0.54 0.148 0.26 0.632 0.044 0.000 0.58 0.20 0.10
vent acidity, SB — solvent basici- CH,Cl, 0.41 0217 0.31 0.876 0.178 0.040 0.82 0.13 0.10
ty); the set of solvent parameters C;H;NO 0.79 0.274 0.40 0.954 0.613 0.031 0.88 0.00 0.69
proposed by Kamletand Taft (7 — 1y (g 1.99 0.263 044 1000 0647 0072  1.00 000 076
solvent polarizability, a — solvent
hydrogen bond donating proper- CsHsN 0.88 0212 0.30 0.922 0.581 0.033 0.87 0.00 0.64
ties, b — solvent hydrogen bond CeHa 0.30 0.001 0.01 0.519 0.056 0.000 -0.04 0.00 0.00
accepting properties) C,HsOH 1.10 0.289 0.65 0.853 0.658 0.400 0.54 0.86 0.75
C3H,OH 223 0.274 0.62 0.850 0.780 0.370 0.52 0.84 0.90
C4H,OH 2.94 0.263 0.60 0.840 0.810 0.340 0.47 0.84 0.84
CsH,,;OH 4.00 0.250 0.57 0.820 0.860 0.320 0.40 0.84 0.86
CgH 30H 4.40 0.244 0.56 0.810 0.880 0.320 0.40 0.80 0.84
CgH,,OH 7.36 0.226 0.54 0.790 0.920 0.300 0.40 0.77 0.81
CioH,;0H 12.05 0.205 0.52 0.770 0.910 0.260 0.45 0.70 0.82

Taking that into account we investigated several BODIPY
complexes in a range of solvents with the temperature variation
to understand the influence of external effects on photohysical
properties of BODIPY with bulky substituent in 8-position.

Experimental
Chemicals and Reagents

Reagents were purchased from Chimmed, Aldrich, and
Sigma-Aldrich Co. and used without further purification un-
less otherwise noted. Solvents (Chimmed, Russia) were all of
analytical grade purified by standard techniques [9]. The re-
sidual water content (<0.02 %) was determined by the Karl
Fischer method [10]. Rheological characteristics of the sol-
vents was changed under the temperature variations [11].
Properties of the solvents under investigation could be find
in the Table 1.

Fig. 1 Structural formulas of
investigated BODIPY dyes
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Instrumentation and Methods NMR spectra were recorded
on AVANCES500 (Bruker) at 500 MHz for 'H NMR. Mass
spectra (MS) were measured with AXIMA Confidence
(Shimadzu) MALDI-TOF mass spectrometer. UV—Vis elec-
tronic absorption spectra (EAS) were recorded in the range
350-800 nm on an SF-104 spectrophotometer (Aquilon,
Russia) controlled with a PC through the software package
UVWin 5.1.0. The accuracy of the measurements was +0.03
on the scale of optical density; wavelength accuracy was
+0.05 nm. The fluorescence spectra were obtained with a
Cary Eclipse fluorescence spectrometer (Varian-Agilent, US-
Australia) controlled with a PC using the software package
Cary Eclipse Scan Application 1.1. The fluorescence spectra
were measured in the wavelength range 500-900 nm
and the excitation wavelength was 480 nm. The slit
widths of excitation and emission ranged from 2.5 to
5 nm. Investigations were carried out in quartz cuvettes
with a thickness of the absorbing layer of 2 and 10 mm.
All experiments were performed in a temperature-
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Table 2 Photophysical
characteristics of investigated Solvent Aabs, nm (loge) A, nm (AN) @ mns  kpgl0% s koraa'10°, 57!
compounds (A,ps — the
wavelength of maximum 2
absorption; Ay — the wavelength CeHg 532 (4.94) 545.00 (13.00) 0916 105 087 8.67
of maximum fluorescence; ¢ — CeHys 5295 (4.95) 542.05(12.55) 0847 094 090 9.74
fluorescence quantum yield at
293 K. 7 excited state lifetime at cCly 532.5 (4.86) 54397 (1147) 0736 096  0.76 9.61
293 K; kppg — radiative CHCl, 531.5 (4.87) 54397 (12.47) 0995 127  0.78 7.08
deactivation rate constant at 293 CH,Cl, 530.5 (4.88) 543.97 (13.47) 0689  0.83 0.83 11.24
EO ﬁa;’e;gg;‘t;gfzg‘;z dlg)a.cgza C3H,NO 529.5 (4.95) 54294 (13.44)  0.621 065 096 14.45
~benzene, CgHys — cyclohexane, C,H,08 530.5 (4.90) 54397 (13.47) 0453 053 086 18.08
CCl, — carbon tetrachloride, CsHSN 532 (4.94) 546.02 (14.02) 0675 074 091 12.60
CHCI; — chloroform, CHoCl, — CeHys 527.5 (5.00) 540.00 (12.50)  0.668  0.63  1.06 14.79
dichloromethane, C;H,NO —
dimethylformamide. CoHOS — C,H;0H 528 (4.94) 541.02(13.02) 0596  0.60 099 15.66
dimethyl sulfoxide, CsHsN — C;H,0H 528.5 (4.90) 541.02(12.52) 0725 038  1.90 24.32
pyridine, CsH,4 — hexane, C4H,OH 529.5 (5.03) 542.05 (12.55) 0.783 0.47 1.66 19.55
C2HsOH — ethanol, C;H;0H — CH,OH 529 (4.85) 541.02(1202) 0615 015 419 64.04
propanol, C4HyOH — butanol,
CH,,OH — pentanol, CoH,sOH — CeH,;0H 529.5 (4.91) 541.02(11.52)  0.604  0.13 463 71.99
hexanol, CgH,,OH — octanol, CsH,,0H 530 (4.79) 541.02(11.02) 0789 042 187 21.84
C10H,,OH — decanol CioH2 OH  529.5 (4.88) 54294 (13.44) - - - -
3
CeHg 532 (5.22) 545 (13.00) 0937 059 1.8 15.24
CeHya 529 (4.79) 542.05(13.05) 0991 159  0.62 5.68
cCly 531.5 (4.82) 54397 (12.47) 0984 179  0.60 498
CHCl, 531.5 (4.77) 545 (13.50) 0783 125 063 7.36
CH,CL 530 (4.75) 54294 (12.94) 0901  2.18 041 4.17
C;H,NO 529.5 (4.84) 54397 (1447) 0827 106  0.78 8.67
C,H,08 530.5 (4.68) 54294 (12.44) 0394 078 0.1 12.32
CsHsN 532 (4.85) 546.02 (14.02)  0.886 125 0.7 727
CeHua 528.5 (4.89) 540 (11.50) 0946 122 077 7.40
C,H;0H 528 (4.82) 540 (12.00) 0897 129 0.0 7.05
C;H,0H 528.5 (4.95) 540 (14.44) 0785 083 094 11.09
C,H,0H 529 (5.03) 54294 (13.94) 0834 074 112 12.31
CsH,,0H 529 (5.12) 54294 (13.94) 0743 055 135 16.85
CeH,;0H 529 (5.02) 54294 (13.94) 0842 080  1.06 1151
CgH,,0H 530 (5.10) 54294 (12.94) 0975 079 124 11.44
CioH2 OH 531 (5.22) 54294 (12.97) 0821 049  1.68 18.83
4
CeHs 5355 (4.91) 546.02(10.52)  0.884  0.88  1.00 10.34
CeHis 533.5 (4.95) 542.94 (9.44) 088 086  1.03 10.62
cCly 535.5 (4.85) 546.02(10.52) 0676 075  0.90 12.37
CHCl, 535.5 (4.86) 546.02(10.52) 0785 081 096 11.32
CH,CL 533 (4.74) 542.94 (9.94) 0893 128  0.70 7.09
C;H,NO 529 (4.87) 541.02(12.02) 0684 065  1.06 14.39
C,H,08 528.5 (5.04) 54397 (1547) 0558 037 149 25.24
CsHsN 533 (4.97) 546.02 (13.02) 0744 063 119 14.79
CeHua 532 (5.01) 542.05(10.05) 0723 057 127 16.34
C,H;0H 529 (4.93) 542.05(13.05) 0985 130  0.76 6.95
C;H,0H 530.5 (4.89) 542.05(11.55) 0951 098 097 9.27
C,H,0OH 531 (4.95) 54294 (11.94) 0962 085 113 10.65
CsH,,0H 531.5 (4.84) 54294 (1144) 0969 112 087 8.08
CeH,;0H 532 (4.84) 54397 (1197) 0962 088  1.09 10.26
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Table 2 (continued)

Solvent Aabs, NM (loge) A, nm (AN) ) T, NS kag'108, 571 kraa' 108, 571
CgH,,0OH 532.5(4.93) 543.97 (11.47) 0.972 1.00 0.97 9.00
CoH,;OH 532.5 (4.89) 543.97 (11.47) 0.990 1.27 0.78 7.07

5
CeHe 541 (4.40) 551.04 (10,04) 0.544 1.47 0.37 6.42
CeHio 539 (4.39) 547.05 (8,05) 0.362 091 0.40 10.54
CCly 540.5 (4.44) 551.04 (10,54) 0.350 0.80 0.44 12.05
CHCl, 540.5 (4.40) 551.94 (11,44) 0.233 6.62 0.35 1.16
CH,Cl, 539 (4.29) 547.05 (8,05) 0.320 1.04 0.31 9.31
C;H,NO 534 (4.46) 542.94 (8,94) 0.269 0.49 0.55 20.02
C,H0S 535 (4.52) 545 (10,00) 0.151 0.21 0.72 47.07
CsHsN 538.5 (4.46) 547.94 (9,44) 0.184 0.31 0.60 31.87
CeHiy 537.5 (4.42) 545 (7,50) 0.283 0.60 0.47 16.25
C,HsOH 535 (4.36) 543.97 (8,97) 0.409 1.01 041 9.54
C3;H,0H 534.5 (4.75) 546.02 (11.52) 0.483 0.50 0.96 18.98
C4HyOH 535.5 (4.84) 547.05 (11.55) 0.823 0.79 1.04 11.64
CsH,,OH 536 (4.81) 547.94 (11.94) 0.991 0.98 1.01 9.21
CgH30H 536.5 (4.76) 547.94 (11.44) 0.677 0.72 0.94 12.95
CgH,,0H 533.5 (4.78) 548.97 (15.47) 0.485 0.44 1.10 21.62
CoH,,OH 537 (4.80) 550.00 (13.00) 0.635 0.63 1.00 14.75

controlled cell with Peltier PTC-2 module at fixed tem-
peratures of 283 to 343 K.
Fluorescence quantum yield (¢) was defined as follows:

- Ax By I’li
Px = Pst Ast Bx ngt

where ¢y is the thodamine 6G standard quantum yield in
ethanol (¢ = 0.95, [12]), A and Ay, are the integrated area
under the corrected fluorescence spectra, B, and By are the
absorbance (optical density) at the excitation wavelength, 7,
and ng are the refractive indices of solvents used for two
solutions.

Radiative decay constant (k;) was calculated in accordance
with equation:

9-n2

ke =2.9-107
(n* +2)

2
5 "Vmax 'Emax'AV1/2

where n — refractive index of solvent, v — wavenumber of
absorption band maximum (cm 1Y), Avy ), — half-width of the
absorption band (cm™ 1), £ — extinction coefficient in the ab-
sorption band.

Nonradiative (k) decay constant and fluorescence lifetime
(1) were calculated from experimentally measured fluores-
cence quantum yield ¢ and radiative decay constant ky ac-
cording to the following equations:

_ kf] . - 1
sD_kf]+k1'1r7 _kfl+knr

@ Springer

Quantum chemical calculations were performed using soft-
ware package HyperChem 8.0.3 [13]. Semi empirical PM3
method was used both for geometry pre-optimization and
the potential energy surface (PES) calculations due to the most
adequate reproduction of X-ray diffraction data and
quantum chemical calculations performed for BODIPY.
Exact geometric and energy parameters of the molecules
were obtained using density functional theory method in
version B3LYP6-31G (d, p).

Approaches to Solvatochromic Effect Numerical
Interpretation A general model which describes the proper-
ties of solvent and solvation does not exist. As a result, several
empirical solvent scales have been proposed to characterize
and rank empirically the polarity of the solvent. One of the
most popular solvent polarity scale is the one parameter sol-
vent polarity scale Er(30) or the normalized E, they are
widely used to measure empirically the polarity of many sys-
tems. It is also frequently used as a parameter of linear solva-
tion energy relationships for the correlation analysis of solvent
effect on chemical and physical properties [14—16].

A more correct description should be carried out using a
multiparameter solvent scales, taking into account solvent po-
larity, polarizability, proton and electron donating properties,
with the linear regression method:

X=X,+aA+bB+cC+ ...

where X —physical or chemical characteristic depending on
the solvent (v, vn and Av); X, — value of the physical or
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Fig. 2 EAS and fluorescence i [ 1,2
spectra of investigated dyes in °
benzene
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chemical property in the gas phase, or “standard” (inert) sol-
vent; A, B and C — independent but complementary solvent
parameters (polarity, polarizability proton or electron do-
nating and other properties), describing various mecha-
nisms of interaction of the solvent with the solute; a, » and ¢ —
coefficients characterizing the contribution of the parameters A,
B and C of the solvent in the property studied. Application of
the linear regression analysis method allows determining the
contributions of the individual parameters of the solvents in
the photophysical characteristics of the solute, quantitatively
taking into account their impact. The most commonly used
parameter sets are the parameters proposed by Kamlet and
Taft — the scale of polarity / polarizability of the solvent (7%*),
scale of proton-donor properties of the solvent («v) and electron-
donor properties scale (5) [17], as well as a set of parameters of
Catalan - the scale of polarity / polarizability of the solvent
(SPPY), acidity solvent scale (SA) and basic solvents scale
(SB) [18]. The values of each parameter vary from 0 to 1. X,
parameter calculated as the free term of the linear equation was
taken as the property of the investigated molecules in the gas
phase.

Fig. 3 The average values of
photophysical parameters for
investigated compounds

1,5

0’5 II
0

Synthetic Procedures Complexes of BODIPY, differing by
the nature of the substituent in the 8- position of the dipyrrin
ligand, were synthesized and investigated (Fig. 1). 4, 4-difluoro-
8-phenyl-1,3,5, 7-tetramethyl-2, 6-diethyl-4-boron-3a,4a-diaza-
s-indacene (1), 4,4-difluoro-8-naphthyl-1,3,5,7-tetramethyl-
2,6-diethyl-4-boron-3a,4a-diaza-s-indacene (2), 4,4-difluoro-
8-antryl-1,3,5, 7-tetramethyl-2,6-diethyl-4-boron-3a,4a-diaza-
s-indacene (3), 4,4-difluoro-8-pyrryl-1,3,5, 7-tetramethyl-2,6-
diethyl-4-boron-3a,4a-diaza-s-indacene (4), 4,4-difluoro-8-bi-
phenyl-1,3,5, 7-tetramethyl-2,6-diethyl-4-boron-3a,4a-diaza-s-
indacene (§5) were synthesized by the methods described above
[19]. The reagents were obtained from Sigma-Aldrich and were
readily used in the synthetic procedures.

1) 4,4-difluoro-8-phenyl-1,3,5, 7-tetramethyl-2, 6-diethyl-4-
boron-3a,4a-diaza-s-indacene was synthesized according
to the general synthesis procedure using benzaldehyde as
a precursor. The reaction product is dark red crystals
(yield =75 %). "H NMR (500 MHz, CCl,): & 1.10 (T,
6H), 2.25 (S, 6H), 2.45 (D, 4H), 2.73 (S, 6H), 7.16 (S,
SH) MALDI-TOF: calculated ([Cz3H27BF2N2]+) m/

N -
. T, ns
Kg'10%, 571

Korag'10°%, 572

@ Springer
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Fig. 4 Changes in the relative intensities on absorption maxima (a) and
fluorescence maxima (b) under the temperature variations of investigated
compounds benzene solutions

z = 380.29, found m/z = 379.99. Anal. Calculated for:
C23H27BF2N2: C, 7262, H, 716, N, 7.37. Found: C,
72.3; H, 7.05; N, 7.33.

2) 4,4-difluoro-8-naphthyl-1,3,5, 7-tetramethyl-2, 6-diethyl-
4-boron-3a,4a-diaza-s-indacene was synthesized accord-
ing to the general synthesis procedure using 1-
naphthaldehyde as a precursor. The reaction product is
dark red crystals (yield =15.6 %). "H NMR (500 MHz,
CCly): 6 1.16(T,6H), 1.76 (Q, 6H), 2.23 (Q, 4H), 2.75
(S,6H), 7.19 (S, 3H), 7.46 (Q, 2H), 7.97 (Q, 2H).
MALDI-TOF: calculated ([C27H29BF2N2]+) m/
z = 430.35, found m/z = 429.92. Anal. Calculated for:

Fig. 5 The potential energy

C,7H,9BF,;N,»: C, 75.36; H, 6.79; N, 6.51. Found: C,
75.13; H, 6.32; N, 6.50.

3) 4,4-difluoro-8-antryl-1,3,5,7-tetramethyl-2, 6-diethyl-4-
boron-3a,4a-diaza-s-indacene was synthesized accord-
ing to the general synthesis procedure using 9-
anthracenecarboxaldehyde as a precursor. The reaction
product is dark green crystals (yield =19.4 %). "H NMR
(500 MHz, CCly):  1.16(T,6H), 1.80 (Q, 6H), 2.25 (Q,
4H), 2.73 (S,6H), 7.15 (S, 3H), 7.46 (Q, 4H), 7.93 (Q,
2H). MALDI-TOF: calculated ([C3;H3,BF>N,]*) m/
z = 480.41, found m/z = 479.95. Anal. Calculated for:
C;;H3BF,;N»: C, 77.51; H, 6.50; N, 5.83. Found: C,
77.50; H, 6.28; N, 5.79.

4) 4,4-difluoro-8-pyrryl-1,3,5, 7-tetramethyl-2, 6-diethyl-4-
boron-3a,4a-diaza-s-indacene was synthesized accord-
ing to the general synthesis procedure using 1-
pyrenecarboxaldehyde as a precursor. The reaction prod-
uct is bright green crystals (yield =25.8 %). "H NMR
(500 MHz, CCly): 6 1.17 (T, 6H), 2.07 (Q, 6H), 2.23 (S,
4H), 2.76 (S, 6H), 6.53 (S, 2H), 7.30 (D, 3H), 7.41 (S,
2H), 7.90 (S, 2H) MALDI-TOF: calculated
([C33H3,BF,;N, ) m/z = 504.43, found m/z = 504.01.
Anal. Calculated for: C33H3BF,N,: C, 78.58; H, 6.19;
N, 7.53. Found: C, 78.32; H, 6.15; N, 7.51.

5) 4,4-difluoro-8-biphenyl-1,3,5, 7-tetramethyl-2, 6-diethyl-
4-boron-3a,4a-diaza-s-indacene was synthesized accord-
ing to the general synthesis procedure using biphenyl-4-
carboxaldehyde as a precursor. The reaction product is
bright green crystals (yield =24.3 %). 'H NMR
(500 MHz, CCly): & 1.15 (T, 6H), 1.78 (Q, 6H), 2.27
(Q, 4H), 2.75 (S, 6H), 6.56 (S, 2H), 7.34 (D, 4H), 7,46
(S, 2H), 8.01 (S, 1H). MALDI-TOF: calculated
([CaoH3BF,N,]") m/z = 456.39, found m/z = 458.13.
Anal. Calculated for: C,oH31BF,N,: C, 76.32; H, 6.85;
N, 6.14. Found: C, 76.28; H, 6.75; N, 6.19.

surfaces of BODIPY dyes as a Relative encigy
function of 8-substituent rotation S p @
and optimized geometries for I in CoHs
lowest and highest energy pints @ °
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Fig. 6 Changes in the quantum @
yields of investigated compounds 1,5 - o @ [
under the viscosity variations . S
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Result and Discussion

Spectral Properties and Photophysical Characteristics The
spectroscopic properties of BODIPY I—4 were evaluated in
the range of solvents, and the results obtained are summarized
in Table 2 and shown in Fig. 2.

Electronic absorption spectra of investigated com-
plexes are characterized by intensive absorption maxima
between 528 and 541 nm corresponding to an electronic
transition Sy — S;. Fluorescence peaks are between 542

Fig. 7 The ratio of the a
fluorescence and absorption

intensity (Z/A), the dependence of 800 14/A
quantum yield (), on the 700 -
orientation polarizability (a) and
the Dimroth—Reichardt parameter
(b) 500

600 -

400 -
300 -
200 -

o2

e3

o4

af

0,2

0,3

and 551 nm. Increasing of the m-conjugation in §-posi-
tion substituent leads to the bathochromic shifts in ab-
sorption and fluorescence spectra. Highest “red” shift
was observed for 8-biphenyl substituted compound 3.
Bathochromic shifts in the absorption spectra show that
when the benzene moiety at the 8-position was changed
from benzene to naphthalene or anthracene then to
pyrene and biphenyl the electronic coupling between
the donor and fluorophore in the ground-state configu-
ration is increased. The same situation was observed for
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the fluorescence spectra indicating the same interactions
in the molecules exited-state. Stokes Shifts are ranged
from 7.5 up to 15.47 nm, strongest solvent influence is
observed for compound 3.

The photophysical properties of investigated BODIPY
were studied in a range of solvents of different nature.
All investigations were held in the very diluted solu-
tions of compounds (¢ = 1°10°® M) to prevent com-
pounds association, which could be erroneously be con-
sidered as solvatochromic effect [20]. Investigated com-
pounds demonstrate negative solvatochromic effect: ab-
sorption and fluorescence maxima are batochromicaly
shifted in non-polar solvents.

The average values of photophysical parameters for inves-
tigated dyes allowed us to interpret the substituted influence
on complexes properties (Fig. 3.).

Increasing in the number of condensed benzene rings
increases the values of quantum yield. Lowest quantum
yield among investigated complexes was found for the
biphenyl-substituted compound 5. Compounds with two
or more phenyl rings displays smaller fluorescence in
comparison with 8-phenyl substituted 7 [21]. This effect
is caused primarily by changes in the values of radiative
decay constants. This indicating a significant difference
in the stability of the complexes of the compounds with
a solvent at the excited state. Dye 5 could form the
most stable dye-solvent complexes. This fact could be
confirmed by the highest values of bathochromic shifts
for this compound.

Spectral properties of investigated dyes were tested in
0.1 M solvent of trifluoroacetic acid in cyclohexane to deter-
mine the influence of strong proton donating media. The par-
tial destruction of BODIPY to protonated ligand with absorp-
tion peak at about 487 nm was observed for all investigated
compound. BODIPY absorption and fluorescence peaks were
batochromicaly shifted on 1-2 nm. Thus, the presence of
proton-donor agents causes the stronger polarization of
BODIPY 7t-system. The preferable mechanism could be pro-
posed as interaction of acid molecules with F-atoms of
BODIPY via donor-acceptor interactions.

@ Springer

Temperature Dependent Spectral Changes

Fluorescent molecular rotor properties of investigated
compounds were tested in benzene solutions using tem-
perature variation as a route for viscosity changing
(Fig. 4). Small (5-8 %) decrease in absorption intensity
under temperature increase from 20 up to 60 °C was
found for all compounds under investigation.
Fluorescent changes are very small for 2, 3 and 4; in-
tensity decrease are more pronounced for 5 and 1. Such
difference could be explained by steric effect of the 8-
substituent. In case of small phenyl or biphenyl substit-
uent rotation is not hampered, at the same time naph-
thalene, antracene and pyrene substituents could not ro-
tate. Experimental results were confirmed by computer
modeling of rotation barriers for investigated dyes
(Fig. 5). Barriers values are increased in the following
order: 1 = 5 < 2 = 4 < 3, as the linear dimensions of
the substituent increased. The lowest energy position
corresponds to the perpendicular arrangement of the
substituent respectively to dipyrrin core. Phenyl moieties
are not coplanar for compound § (Dihedral angle is
equal to 140°) in the optimized geometry state, but they
could rotate freely to each other. For all compounds substitu-
ent rotation lead to drastic BODIPY core planarity lose, due to
steric effect of substituent interaction with methyl groups in
pyrrole 3-positions (see Fig. 5).

Table3 Reliability of approximation coefficients (R?) obtained by the
method of linear regression for quantum yield in different solvents

Regression with the use of Catalan Regression with the use of
parameters (SPP, SA, SB) Kamlet-Taft parameters (, a, b)

1 0.791 -

2 0.403 0.428
3 0.369 0.432
4 0.658 0.777
5 0111 0.276
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Solvent Parameters Scales

Solvatochromic effects are usually described with the use of
different solvents scales and parameters. And on the first step,
taking into account the influence of solvent viscosity on

spectral properties we used dynamic viscosity to determine
its influence on the spectral characteristics (Fig. 6).

But, as we can see on Fig. 6. the dependency is not clear, so
the nature of the solvent, ability for nonspecific interactions
and solvent polarity should be taking into account. In case of

Table 4 The frontier orbital energy and dipole moment () of the dyes 1-5 calculated with B3LYP level 6-31G(d,p) basis set

y7;
HOMO-1 HOMO LUMO LUMO+1 ’

Debye

-6.17 -5.16 -2.25 -0.47 4.249

1
-6.08 -5.15 -2.26 -1.35 4.192
é ~ \'/b 1—. )

-5.46 -5.17 -2.27 -1.94 4.084

4.448

4.539
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the solvents of the same chemical group the dependency be-
came clear.

When considering the change in the physical characteris-
tics of the homologous series of alcohols an influence of the
solvent polarity on the photophysical characteristics of the
compounds were detected. The values of the ratio of fluores-
cence and absorption intensities are increasing under the po-
larity increasing for compounds 2, 3, 4 (Fig. 7). Fluorescence
quantum yield values changes are more complex due to the
influence of solvent polarity on the vibrational component of
spectra and it’s broadening via solvent variation.

This dependency is very uncommon for BODIPY dyes,
because polar solvents are usually considered as the fluores-
cence quenchers for the dyes. Closely connected results were
obtained earlier by Sunahara et al. [22], and BODIPY were
proposed for polarity evaluation in proteins, membranes and
receptors. Spectral properties variations are more complex for
compound 5 due to its properties of fluorescent molecular
rotor. Fluorescence intensity is increasing up to 3.5 cP, on
higher viscosities values the observed quantum yields are de-
creasing (Fig. 8).

The contribution of different solvent parameters has been
also studied by the method of linear regression. The Catalan
solvent parameters set — SPP, SB, SA as well as Kamlet-
Taft parameters — m, a, b, were used characterizing the
contribution of polarity, acid and basic properties of the
solvent [23, 24]. For all compounds this approach of the
solvatochromic effects description shows low efficiency
(Table 3). In case of Catalan scales set we also tried the
four parameter set which includes an additional
dipolarity parameter (SdP, [25]), the obtained results
are similar with classical approach and the accuracy of
approximation are closely the same. It should be noted
that increasing the number of condensed rings in 8-
position substituent decrease the accuracy of the obtain-
ed data. Thus, the electron transfer from the substituent
to BODIPY core plays essential role in compounds
photophysical properties.

To investigate the reasons that account for the difference in
optical properties of compounds in aggregated states,
theoretical calculation was conducted (Table 4). The
substituents on 8-position of the BODIPY core contrib-
ute very little to the conjugation on HOMO and LUMO
orbitals, but electronic density mainly localized on the
substituent 7t-system for the LUMO + 1 in case of all
investigated compounds and on HOMO-1 for “non-
rotor” dyes. HOMO-LUMO energy gap are very close
for all investigated BODIPY (2.89-2.91 eV) indicating
their similar characteristics of EAS. Dipole moment
changes in the range of 4.084 up to 4.539 Debye.
Increasing the substituent length lead to dipole moment
increasing while the substituent broadening decreasing
dipole moment.
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Conclusions

Four BODIPY based dyes were synthesized and character-
ized. Spectral and photophysical properties were evaluated
in a range of organic solvents. Structural and solvent influence
on practically significant characteristics were determined. 8-
biphenyl substituted BODIPY was found to be the fluorescent
molecular rotor demonstrating the fluorescence changes under
the temperature variations unlike the BODIPY with larger
substituents. Fluorescence intensity is increasing in case of
solvent polarity growth, it is not typical for BODIPY and that
fact could be explained by the high hydrophobicity of com-
pounds under investigation. Taking that into account the
BODIPY with bulky substituents could be used for fluores-
cence viscosity measurements, and as the fluorescent media
polarity indicators in analytical chemistry and biochemistry.
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