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Abstract Three boron-dipyrrine (BODIPY) based dyes with
bulky substituents in 8-position of dipyrrin ligand have been
synthesized and characterized. Photophysical properties of the
obtained compounds have been investigated in different individ-
ual solvents and solvent mixtures. Investigated compounds was
found to be intensive fluorescent molecular rotors. The influence
of different solvent parameters and the substituent nature on rotor
characteristics have been observed and discussed. Minor changes
in the nature of 8-substituent does not influence the spectral
properties, but the presence of nitrogen donor atom in the phenyl
substituent could be used for the sensing of the donor-acceptor
interactions with solvent or dissolved compounds. The new ap-
proach of spectral properties correlation with solvent parameters
was proposed, the viscosity parameter should be taken into ac-
count in case of BODIPY's with bulky substituents. The intensity
of fluorescence molecular rotor properties decrease gradually
with the viscosity increase above 1 cP.

Keywords Fluorescent molecular rotors - BODIPY -
Dynamic viscosity - Photophysical properties - Solvent
parameters

Introduction

An increased interest for fluorescent small molecules has in-
spired the development of a large variety of fluorescence-
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based spectroscopic and imaging techniques. Nowadays,
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 photostability
and fluorescence quantum yields. BODIPY-based fluorescent
sensors may be used for selective detection of cations [1, 2],
anions [3, 4] and measurement of pH [5, 6]. These sensors also
serve effectively the purposes of biochemistry and molecular
biology [7-9]. Another approach of sensors is covalent bond-
ing of BODIPY luminophores to various biomolecules for
further usage [10].

The newest direction in BODIPY-based dyes properties
studies is obtainment of new fluorescent molecular rotors
[11, 12]. 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) [13, 14]. The main feature
of such molecular rotors is a strong dependence between its
quantum yield and solvent dynamic viscosity. In this case, low
viscosity mixtures may cause low relative fluorescence quan-
tum yields due to high probability of non-radiative transition
[15]. Fluorescent molecular sensors gain much popularity in
molecular biology, analytical and biochemical studies nowa-
days [16]. It is caused by extremely high value of analytical
feedback and high compound and properties selectivity. In this
case quantum yield ¢ and solvent bulk viscosity 7 follow a
power-law relationship that is widely referred to as the
Forster-Hoffmann equation [17]: logp=x-logn+C, where C
and x are solvent- and dye-dependent constants. This relation-
ship has been experimentally shown to be valid in a wide
range of viscosities and in both polar and nonpolar fluids.

Despite the large number of publications, no attempts of
systematic investigations of solvent influence on the
BODIPY-based fluorescent molecular rotors with bulky sub-
stituents were made. Considering these facts, we tried to
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understand the role of different solvent parameters on
BODIPY spectral properties in terms of solvatochromic
approach.

Experimental
Synthesis

Complexes of BODIPY, differing by the nature of the substit-
uent in the 8- position of the dipyrrin ligand, were synthesized
and investigated. 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-(4-dimethylaminephenyl)-1,3,5,7-tetramethyl-2,6-diethyl-
4-boron-3a,4a-diaza-s-indacene (2), 4,4-difluoro-8-(3,5-
dimethylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-boron-3a,
4a-diaza-s-indacene (3) were synthesized by the methods de-
scribed above. The reagents were obtained from Sigma-
Aldrich and were readily used in the synthetic procedures.

Common Synthesis of 8-Substituted BODIPY

An appropriate aldehyde (0.002 mol) and 2,4-dimethyl-3-
ethylpyrrole (0.004 mol) were dissolved in 50 ml of absolute
dichloromethane (CH,Cl,). One drop of trifluoroacetic acid
(CF5COOH) was added, and the solution was steered for 12 h
at room temperature. Then 0.002 mol of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) was added and the solution
was stirred for 20 min. The excess of boron trifluoride diethyl

Fig. 1 Synthetic route to
BODIPY dyes
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etherate (BF30(Et),, 4 ml) and triethylamine (N(Et);, 4 ml) was
added and stirring was continued for 30 min (Fig. 1). The intense
fluorescence of reaction mixture was observed on that stage. The
formation of intermediates and BODIPY products on every stage
were controlled by changes in electron absorption spectra of the
solution. After synthesis the reaction mixture was
washed with water, dried over anhydrous MgSO,, fil-
tered and evaporated. The resulting product was purified
by silica gel chromatography (eluent — C,H,Cl,/hexane)
to afford analytically pure samples.

Conducting the one pot synthesis allowed us to reduce
losses associated with the isolation and purification of inter-
mediates and to increase the yields of target BODIPY.

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 pre-
cursor. The reaction product is dark red crystals (yield=75 %).
"H NMR (500 MHz, CCl,): & 1.1(T,6H), 2.25(S,6H), 2.45(D,
4H), 2.73(S,6H), 7.16(S,5H). MALDI-TOF: calculated
([C23H»7BF,N,]") m/z=377.26, found m/z=377.99. Anal.
Calculated for: C,3H,7BF,;N,: C, 83.34; H, 8.21; N, 8.45.
Found: C, 83.23; H, 8.27; N, 8.53.

4,4-difluoro-8-(4-dimethylaminephenyl)-1,3,5,7-
tetramethyl-2,6-diethyl-4-boron-3a,4a-diaza-s-indacene was
synthesized according to the general synthesis procedure
using 4-dimethylaminobenzaldehyde as a precursor. The reac-
tion product is dark green crystals (yield=64 %). '
NMR(500 MHz, CCly): 6 1.5(Q,6H), 2.53 (D,4H), 3.07(S,
6H), 3.12(S,6H), 3,38(S,6H), 6.85(D, 2H), 7.08(D,2H).

CHiCly
Hs5C»
CF3COOH 12h
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Table1 The change of rheological characteristics of the solvents under
the temperature variations [35]
T, K 7, cP

CCly CeHe CeHiz C,HsOH
293 0.969 0.652 0.307 1.200
298 0.900 0.600 0.294 1.096
303 0.843 0.559 0.29 1.003
308 0.791 0.531 0.272 0.919
313 0.739 0.503 0.253 0.834
318 0.695 0.470 0.251 0.768
323 0.651 0.436 0.248 0.702
328 0.618 0.413 0.235 0.647
333 0.585 0.389 0.222 0.592
338 0.560 0.374 0.219 0.529
343 0.534 0.357 0.216 0.483

MALDI-TOF: calculated ([C,sH3,BF,N;]") m/z=420.33,
found m/z=420.96. Anal. Calculated for: C,sH3,BF,N5: C,
80.17; H, 8.61; N, 11.22. Found: C, 80.14; H, 8.63; N, 11.30.

4,4-difluoro-8-(3,5-dimethylphenyl)-1,3,5, 7-tetramethyl-2,
6-diethyl-4-boron-3a,4a-diaza-s-indacene was synthesized
according to the general synthesis procedure using 3,5-
dimethylbenzaldehyde as a precursor. The reaction product
is dark green crystals (yield=68 %). 'H NMR(500 MHz,
CCly): 6 1.1(T,6H), 2.25(S,6H), 2.45(D,4H), 2.73(S,6H),
6.93(S,2H), 7.03(S,1H). MALDI-TOF: calculated
([CsH3BF,N, 1Y) m/z=405.31, found m/z=405.86. Anal.
Calculated for: C,5H;3;BF,;N,: C, 83.52; H, 8.69; N, 7.79.
Found: C, 83.52; H, 8.70; N, 7.79.

Organic Solvents

The measurements were held in individual organic sol-
vents of different nature and their mixtures. Solvents
(Chimmed, Russia) were all of analytical grade purified
by standard techniques [18]. The residual water content
(<0.02 %) was determined by the Karl Fischer method
[19]. The changing of the viscosity was achieved by
varying the solution temperature in range 293 to 343
K (Table 1), and by varying the components molar ra-
tios in mixtures of 2-propanol (low viscosity solvent)
and glycerol (high viscosity solvent) to change the vis-
cosity of the dyes’ solution in a broad range 11.5-
1444 cP.

NMR spectra were recorded on AVANCES00 (Bruker) at
500 MHz for "H NMR. Mass spectra (MS) were measured
with AXIMA Confidence (Shimadzu) MALDI-TOF mass
spectrometer.

UV-Vis electronic absorption spectra (EAS) were re-
corded 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 pack-
age Cary Eclipse Scan Application 1.1. The fluores-
cence 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-controlled cell with Peltier PTC-2 mod-
ule at fixed temperatures of 283 to 343 K.
Fluorescence quantum yield (¢) was defined as follows:

SWESNCANES
Qﬁx - <)Ost Ast Bx ngt
where g is the thodamine 6G standard quantum yield in
ethanol (©=0.95, [20]), 4« and A are the integrated area
under the corrected fluorescence spectra, By and By are the
absorbance (optical density) at the excitation wavelength, 7,
and ng are the refractive indices of solvents used for two
solutions.

Nonradiative (k) and radiative decay constants (kg) were
calculated from experimentally measured fluorescence quan-

tum yield ¢ and calculated fluorescence lifetime 7 according
to the following equations:

R
kﬂ + knr, kﬂ + knr

2

Result and Discussion
Photophysical Characteristics

Electronic absorption spectra of investigated complexes are
characterized by intensive absorption maxima between 522

1 Iz 1
A relative I, relative
0.8 4 108
0.6 4 10.6
0.4 4 104
0.24 102
2, nm
0 0

450 470 490 510 530 550 570 590 610 630 650

Fig. 2 Electronic absorption spectrum (/) and fluorescence spectrum (2)
of complex 2 in benzene
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Table 2 Photophysical

characteristics of investigated Aabs, NN Ag, nm ¥ 7%, ns % g 10° % ppaa 10° X c
compounds
CCl,
1 527 539 0.778 1.60 0.49 5.76 0.838 —0.078
2 526 538 0.795 1.06 0.75 8.65 0.771 —0.089
3 526 540 0.904 0.83 1.08 10.90 0.397 —0.025
CeHp
1 527 541 0.713 1.35 0.53 6.87 0.595 —0.021
2 526 540 0.741 0.85 0.87 10.91 0.771 0.023
3 526 540 0.961 0.92 1.04 9.80 0.547 0.092
CeHi2
1 524 536 0.938 1.80 5.03 0.52 1.153 0.576
2 531 537 0.923 1.24 7.31 0.74 0.445 0.197
3 523 536 0.951 0.89 1.06 10.10 1.138 0.576
C,HsOH
1 522 534 0.768 1.35 0.57 6.84 0.535 —0.113
2 526 537 0.583 0.57 1.02 16.40 0.052 —0.236
3 523 537 0.974 0.84 1.16 10.72 0.269 —0.027

Aabs the wavelength of maximum absorption, Ay the wavelength of maximum fluorescence, ¢ fluorescence
quantum yield at 293 K, T excited state lifetime at 293 K, k%3 .q radiative deactivation rate constant at 293 K,
K ,aq non-radiative deactivation rate constant at 293 K and the Forster-Hoffiman equation constants (X, C)

and 531 nm corresponding to an electronic transition Sy — Sj.
Fluorescence peaks are between 534 and 541 nm (Fig. 2).
The nature of the substituent in the 8-position doesn’t have
much influence on the fluorescence and absorption maxima
positions (Table 2). The transition from non-polar solvents to
polar ethanol is accompanied by the hypsochromic shift for all
investigated compounds. The average Stokes shifts of fluores-
cence (12 — 14 nm) for investigated molecules are higher than
the shift of BODIPY compounds with H- substituents in 8-
position and approximately equal to commercial CHj3-
substituted analogies [21, 22]. It is associated with the increase

of the ability to dissipate energy by rotational and vibrational
relaxation. The highest values of relative fluorescence quan-
tum yields were observed for compound 3. The difference
between quantum yields of 1 and 2 is minor for all solvents
except ethanol. Excited state lifetimes of the investigated mol-
ecules lie between 0.83 and 1.80 ns, which is in agreement
with published data for similar complexes [23]. Compound 1
has the highest excited state lifetime. The non-radiative deac-
tivation constants are an order of magnitude higher than the
radiative ones that confirms the assumption of non-radiative
deactivation ability by the TICT state formation.

[\§)
Nihy,
,»‘7}1:"3"‘

, nm

550 600

Fig. 3 Fluorescence spectra and 80 r I
absorption spectra (incut) of
compound / in CCl, with 70 |
different viscosities: / —0.534 cP,
2-0.969 cP
60 |
50 f
40 F
30 f
20
10
0
500 520
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Table 3  The change of photophysical characteristics of tested compounds in dependence on the viscosity of different solvents

1

cCl
n, cP 0.969 0.900 0.843 0.791 0.739 0.695 0.651 0.618 0.585 0.561 0.534
0 0.778 0.759 0.724 0.697 0.667 0.633 0.607 0.573 0.536 0.505 0.465
T, ns 1.60 1.56 1.49 143 1.38 1.31 1.26 1.19 112 1.06 0.99
Koaa 10° 0.49 0.49 0.49 0.49 0.49 0.48 0.48 0.48 0.48 0.48 0.47
Koraa® 10° 5.76 5.91 6.22 6.48 6.78 7.16 747 791 8.44 8.92 9.66
CeHs
n, cP 0.652 0.600 0.559 0.531 0.503 0.4695 0.436 0.4125 0.389 0.374 0.357
0 0.713 0.686 0.694 0.668 0.636 0.611 0.602 0.566 0.557 0.522 0.491
T, ns 135 1.29 131 126 1.20 1.16 1.14 1.08 1.07 1.01 0.96
Kraa 10° 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.52 0.52 0.52 0.51
Koraa® 10° 6.87 7.17 7.09 7.39 7.78 8.11 8.21 8.72 8.83 9.38 9.93
CeHy2
n, cP 0.307 0.294 0.290 0272 0.253 0.251 0.248 0.235 0222 0.219 0216
© 0.938 0.921 0.898 0.863 0.877 0.789 0.745 0.705 0.723 0.808 0.631
T, ns 1.80 1.49 1.46 1.40 143 1.30 1.23 1.17 1.21 137 1.08
Kraa- 10° 0.52 0.62 0.62 0.62 0.61 0.61 0.61 0.60 0.60 0.59 0.58
Koraa® 10° 5.03 6.09 6.25 6.51 6.37 7.11 7.52 7.92 7.65 6.71 8.67
C,HsOH
n, cP 1.200 1.096 1.003 0.919 0.834 0.768 0.702 0.647 0.592 0.529 0.483
0 0.768 0.805 0.769 0.735 0.701 0.671 0.645 0.612 0.578 0.550 0.517
T, ns 135 1.42 1.36 1.30 1.24 1.19 1.15 1.10 1.04 1.00 0.94
Kraa 10° 0.57 0.57 0.57 0.57 0.56 0.56 0.56 0.56 0.56 0.55 0.55
Koraa+ 10° 6.84 6.48 6.81 7.12 7.49 781 8.12 8.54 9.04 9.48 10.0
2
cal,
n, cP 0.969 0.900 0.843 0.791 0.739 0.695 0.651 0.618 0.585 0.561 0.534
0 0.795 0.729 0.728 0.686 0.643 0.635 0.583 0.556 0.534 0.516 0.506
T, ns 1.06 0.97 0.97 0.92 0.86 0.85 0.79 0.75 0.73 0.71 0.70
Kraa 10° 0.75 0.75 0.75 0.75 0.75 0.74 0.74 0.74 0.74 0.73 0.73
Koraa® 10° 8.65 9.51 9.52 10.20 10.9 11.0 12.0 12.5 13.0 13.4 13.6
C6H6
n, cP 0.652 0.600 0.559 0.531 0.503 0.4695 0.436 0.4125 0.389 0.374 0.357
0 0.741 0.712 0.682 0.655 0.618 0.583 0.564 0.552 0.520 0.488 0.458
T, ns 0.85 0.82 0.78 0.75 0.71 0.67 0.65 0.64 0.60 0.57 0.54
Kraa 10° 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.86 0.86 0.85
koaa 108 10.9 11.4 11.9 12,5 133 14.1 14.5 14.8 15.7 16.7 17.7
CeHiz
n, cP 0.307 0.294 0.290 0272 0.253 0.251 0.248 0.235 0.222 0.219 0216
© 0.923 0.911 0.917 0.883 0.864 0.856 0.839 0.831 0.811 0.800 0.789
T, ns 1.24 1.20 121 1.17 115 1.15 1.13 1.13 111 1.11 1.10
Keaa 10° 0.74 0.76 0.76 0.75 0.75 0.75 0.74 0.74 0.73 0.72 0.71
Koraa+ 10° 731 7.55 7.48 7.76 792 7.96 8.09 8.11 8.26 8.30 8.34
C,HsOH
n, cP 1.200 1.096 1.003 0.919 0.834 0.768 0.702 0.647 0.592 0.529 0.483
0 0.583 0.581 0.583 0.583 0.575 0.573 0.571 0.567 0.567 0.560 0.558
T, ns 0.57 0.57 0.57 0.58 0.57 0.57 0.57 0.57 0.57 0.57 0.57
Ko 10° 1.02 1.02 1.02 1.01 1.01 1.01 1.00 1.00 0.99 0.99 0.98
koaa- 108 164 16.5 16.4 16.4 16.5 16.6 16.6 16.6 16.5 16.6 16.6
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Table 3 (continued)

3
ccl,
n, cP 0.969 0.900 0.843 0.791 0.739
© 0.904 0.899 0.890 0.867 0.850
T, ns 0.83 0.83 0.82 0.80 0.79
Kraq" 108 1.08 1.08 1.09 1.08 1.08
Krad 10° 10.9 11.0 11.1 114 11.7
CeHg
n, P 0.652 0.600 0.559 0.531 0.503
® 0.961 0.925 0.902 0.880 0.857
T, ns 0.92 0.89 0.86 0.84 0.82
kaa 108 1.04 1.04 1.04 1.05 1.04
Kraa 10° 9.80 10.2 10.5 10.8 11.1
C(»le
n, cP 0.307 0.294 0.290 0272 0.253
© 0.951 0.928 0.897 0.866 0.834
T, ns 0.89 0.87 0.85 0.82 0.79
kg 108 1.06 1.06 1.06 1.06 1.05
Fraa 10° 10.1 10.4 10.8 11.1 11.6
C,HsOH
n, cP 1.200 1.096 1.003 0.919 0.834
7 0.974 0.961 0.939 0.923 0.906
T, ns 0.84 0.78 0.76 0.75 0.74
kg 108 1.16 1.24 1.24 123 1.23
kraa 10° 10.7 11.6 11.9 12.1 123

0.695 0.651 0.618 0.585 0.561 0.534
0.838 0.815 0.792 0.764 0.738 0.712
0.78 0.76 0.74 0.72 0.70 0.68
1.08 1.08 1.07 1.07 1.06 1.05
11.8 12.1 12.5 12.9 13.3 13.7
0.4695 0.436 0.4125 0.389 0374 0.357
0.829 0.805 0.767 0.740 0.716 0.684
0.80 0.77 0.74 0.72 0.70 0.68
1.04 1.04 1.03 1.03 1.02 1.01
11.5 11.9 12.5 12.9 13.2 13.8
0.251 0.248 0.235 0.222 0.219 0.216
0.817 0.768 0.731 0.693 0.654 0.615
0.78 0.74 0.71 0.68 0.65 0.61
1.05 1.04 1.03 1.02 1.01 1.00
11.8 12.5 13.1 13.8 14.5 15.3
0.768 0.702 0.647 0.592 0.529 0.483
0.883 0.861 0.836 0.814 0.790 0.766
0.72 0.71 0.69 0.67 0.66 0.64
1.22 1.22 1.21 1.21 1.20 1.19
12.6 13.0 13.3 13.6 14.0 14.4

n dynamic viscosity of the solvent, ¢ luorescence quantum yield, 7 excited state molecule lifetime, k,q*10® radiative deactivation rate constant, kyeqe10®

non-radiative deactivation rate constant

The increase of the viscosity is accompanied by the clearly
pronounced growth of the fluorescence intensity and the mi-
nor increase of the absorption of the solution (Fig. 3).

The more detailed analysis of photophysical characteristics
changings under the viscosity variation is demonstrated
below (Table 3). The increase of relative quantum yield
and the decrease of the excited state lifetime were ob-
served for all investigated dye-solvent systems. The av-
erage fluorescence quantum yield change is~0.25, this
let us classify the studied compounds as intensive fluo-
rescent molecular rotors. High Forster-Hoffman constant
X values (in some cases even higher than the same

values for other commercially available fluorescent mo-
lecular rotors [24, 25]) are in agreement with this
statement.

The types of the photophysical characteristics changes of
all studied systems are the same (Fig. 4) — the growth of the
viscosity leads to dramatically decrease of non-radiative deac-
tivation constants, the increase of excited state lifetime, while
radiative deactivation constants stay practically the same.
Such dependence is typical for true molecular rotors, which
fluorescent characteristics depend mainly on the dynamic vis-
cosity of the solvent, but not on its temperature or the nature of
solvation interactions.

F}llgt 4 hTh.e c{laﬁge otf re.:lil.tive " L4 . (relative) o 1
photophysical characteristics o Do e
with the growth of the dynamic 1.3} :”‘d (rel?tlYe) @ °
viscosity in C¢Hg: 7 — excited nraa (relative) 0.
state lifetime (T), 2 — radiative L2r 0 @
deactivation rate constant (kpaq), 3 11k P
— non-radiative deactivation rate e,
constant (kyraq) 1 b& oo YR O I WO ®........ Y- P PR @ )
09 F
0.8 F
3
0.7 F
3, cP
0.6 L L L 1 1 1
0.35 0.4 0.45 0.5 0.55 0.6 0.65
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Fig. 5 Change of the relative quantum yield of fluorescence of
compound 2 in the individual organic solvents: / — C¢Hjs, 2 — C¢Hg, 3
— CCly, 4 - CsHsN, 5 — C,HsOH, 6 — CH;CH(OH)CH;

The information about spectral characteristics of the com-
pound 7 and its analogues can be found in literature as well as
compounds with no alkyl substituents at the 1,7-positions
[26-28]. Although, the presence of methyl substituents in
the dipyrrin core impedes the rotation of bulky substituent,
but as shown by the authors of aforementioned publications,
the partial overlapping of dipyrrin and phenyl substituent elec-
tronic systems could lead to a change in the cross section of
the potential energy in the excited state in the case of methyl-
ated compounds. So the methylated compounds could be con-
sidered as molecular rotors, this fact was confirmed by the
intense change of fluorescence under the viscosity variations.

The Influence of the Solvent Nature on Photophysical
and Molecular Rotor Properties

The influence of the nature of the solvent on the photophysical
properties of compounds was studied on the example of the

compound 2. The strongest fluorescent molecular rotor
properties were observed in nonpolar solvents — ben-
zene, carbon tetrachloride, cyclohexane (Fig. 5). The
increase of solvent polarity (by using ethanol, 2-
propanol, pyridine, or their mixtures) leads to decrease
of the relative quantum yield and its change under the
solvent viscosity variation. The decrease of rotary prop-
erties in proton donor alcohols and electron donor pyr-
idine is equal, indicating equal influence of universal
interactions and specific solvation. The information
about decrease of fluorescence intensity in media with
high polarity could be found in the literature [28]. This
effect was explained by the growth of polarity in the
excited molecule exited state, increasing the ability of
nonradiative deactivation. This is confirmed by high
values of corresponding rate constants and short life-
times of the excited state in ethanol (see Table 2). The
presence of donor nitrogen atom in the 8-substituent
should be also taken into account due to its ability for
protonation under acidic conditions. The information
about pH sensing ability of the BODIPY with the same
8-substituent could be found in literature [6, 29, 30].
The increase of polarity leads to drastic decrease of
Forster-Hoffmann constant for 2, making this compound
ineffective as fluorescent molecular rotor in polar media.
Lesser decrease of Forster-Hoffman constants was ob-
served for I and 3. The decrease of molecular rotor
properties of BODIPYs in polar media was found by
the authors for the first time in literature.

The ability of compound 2 to reversibly attach proton could
be used to for fluorescent pH indication. This phenomenon
was being studied by the titration of the solution of 2 in water-
ethanol mixture with aqueous hydrochloric acid (cyc=2 M)
(Fig. 6).

With the increase of acidity the bathochromic shift in the
absorption and fluorescence spectra was observed, as well as a
significant increase in fluorescence intensity. The fluorescence

Fig. 6 Fluorescence spectra of 2 80 -
solution and fluorescence 1 1 ’0‘
maxima intensity (incut) in water 80 + pH=1,56 ‘,
— ethanol mixture (Pemanoi=0.5) _
under the pH variation pK, =287
60
40 f
* pH
20 4 6
, nm
0 ]
500 700
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Table4 Coefficients (a, b, c, d) of the solvent parameters (SPP — solvent polarity/polarizability; S4 — solvent acidity; SB — solvent basicity; 17— solvent

dynamical viscosity), reliability of approximation (R?)

a(SPP) b(SA) c(SB) dm) R?

Regression with the use of Catalan parameters © 1.399 0.174 -1.237 - 0.791
Aabs 20.128 —9.843 —7.742 - 0.399

A 21.520 —8.973 —4.847 - 0.937

AN 1.391 0.871 2.894 - 0.154

Regression with the use of Catalan © —1.705 —0.854 0.894 —0.719 0.990
parameters and normalized Aabs ~57.605 ~35.597 45.637 ~18.002 0973
dynamic viscosity An 19.203 -9.740 -3.257 ~0.5365 0.939
AN 76.808 25.857 —48.893 17.466 0.880

intensity increased 12-fold than the original, the unprotonated
form. The calculated value of pK, was 2.87, what’s consistent
with the data on the acidity constants of alkyl amines, as well
as previously studied BODIPY. The change of fluorescence is
reversible, after addition of alkali to the solution the drop of
fluorescence to the original value was observed.

The contribution of different solvent parameters has
been studied by the method of linear regression. The
Catalan solvent parameters set - SPP, SB, SA, charac-
terizing the contribution of polarity, acid and basic
properties of the solvent, has been used [31, 32].
Traditional approach of the solvatochromic effects de-
scription shows low efficiency (Table 4). The received
regression coefficients are low and the obtained model
does not allow interpreting the experimental results.
This model does not reflect the negative
solvatochromic effect and fluorescence quenching in
polar solvents. Same results were obtained by
Chaudhuri et al. for the 8-phenyl substituted analogue
of commercially available 4,4-difluoro-8-methyl-1,3,5,
7-tetramethyl-2,6-diethyl-4-boron-3a,4a-diaza-s-
indacene (PM567, [33]). The obtained low correlation
coefficients could be described by the low
solvatochromic response of the compound. But we

Table 5 Values of Forster-Hoffman equation constant X for different
solvents

Solvent Viscosity range X
11293 = 11343

CeHe 0.357-0.652 0.5949
CCly 0.534-0.969 0.8379
CeHi2 0.615-0.951 1.1534
C,HsOH 0.483-1.200 0.5354
C;H,0H 11.5-17.7 0.3662
C3;H;0H — C3Hs(OH)3 Xglycero1=0.3 46-110 0.1193
C3H;0H — C3Hs(OH)3 Xglycero1=0.5 128-353 0.0974
C3H70H — C3Hs(OH)3 Xglycero1=0.7 400-1444 0.086

@ Springer

can assume that the bulky substituent in the 8-
position could be. Thereby, the authors used dynamic
viscosity as the additional parameter (the viscosity pa-
rameter was normalized by the most viscous of the
used solvent — 2-propanol). In this case we obtained
the significant increasing of approximation reliability.
The negative coefficients of SPP parameter confirm
the experimental data. Nonetheless, the obtained coef-
ficients of the viscosity parameter were lower than
they were expected. So the analysis of photophysical
characteristics changing should mention both polarity
of the solvent, its ability to interact with the solute
and the dynamical viscosity of the system. The
photophysical properties extrapolation in dependence
of the viscosity is possible only within the homologous
series of solvents [34].

The molecular rotors properties in high viscosity range
were studied on the example of the compound 1. The chang-
ing of fluorescent characteristics was monitored in the viscos-
ities range of 11.5 up to 1444 cP by using 2-propanol — glyc-
erol mixtures with different molar ratios of the components.
The dependence of the fluorescence intensity on the dynamic
viscosity of the solution maintained at the all entire range of
viscosities. At the same time, the decrease of the inclination
angle of the relative quantum yield plot and the decreasing of
the X constant in the Forster-Hoffman equation indicates that
the growth of the mole fraction of the glycerol leads to a
decrease of rotary properties of investigated compounds
(Fig. 6).

Molecular rotor characteristics also weaken in low-viscous
media. The highest value of constant X (the indicator of the
rotary properties manifestation) for the compound 7 was ob-
tained in cyclohexane (Table 5 and Fig. 7), the values of con-
stant X in less viscous solvents — benzene and CCly — were
smaller.

Thus, it can be stated that every fluorophore has its own
optimal viscosity range (Fig. 8), where its rotary properties are
the most intensive. The position and width of this range de-
pends on both nature of the fluorophore (the nature of the
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bulky substituent, the value of the energy barrier of the tran-
sition to the TICT state) and on the nature of the solvent media
(the ability to specific solvation, chemical interaction with the
solute).

Conclusions

Several BODIPY-based fluorescent dyes were synthesized
and characterized. The photophysical properties of these dyes
have been systematically investigated in different solvents and
solvent mixtures. Synthesized compounds could be used as
perspective viscosity and polarity sensors in different systems.
Minor changes in the nature of the substituent in the 8- posi-
tion does not influence the spectral properties, but the pres-
ence of nitrogen donor atom in case of compound 2 could be
used for the sensing of the donor-acceptor interactions with
solvent or dissolved compounds. The new approach of spec-
tral properties correlation with solvent parameters was pro-
posed, and the viscosity parameter should be taken into ac-
count in case of BODIPYs with the bulky substituents. The
intensity of fluorescence molecular rotor properties of

14y
oL 11534
1 F
0.8379
08
0 | 0599 0.5354
ol 0.3662
o | 0.1193 00974  0.086
0

0.5045

0.7515  0.783  0.8415 14.6 78 240.5 922

(203111343)/2
Fig. 8 Values of Forster-Hoffman equation constant X in dependence on
the values of the viscosity range middle for the current solvent ((7,93+
17343)/2)

investigated compounds depend on the viscosity range of
the media and for the investigated compounds decrease grad-
ually with the viscosity increase above 1 cP.
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