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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Curcuminoids of boron difluoride have 
been synthesized. 

• Complexes studied by luminescence 
spectroscopy and DFT modeling. 

• Introduction of π-donor substituents in
creases luminescence quantum yield. 

• Dyes bio-imaging ability and cytotox
icity were investigated.  
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A B S T R A C T   

Curcuminoids of boron difluoride, 1-aryl(hetaryl)-5-phenylpenta-2,4-dien-1-onates of boron difluoride, have 
been synthesized. A comparative study of the electronic structure, luminescent properties and their potential for 
applications in bio-imaging has been carried out. The influence of the electronic structure of α-substituents on the 
luminescence of compounds was studied by the methods of stationary and time-resolved luminescence spec
troscopy and DFT modeling. The introduction of π-donor substituents leads to a noticeable bathochromic shift 
and an increase in the Stokes shift in the luminescence spectra. On going from σ-donor substituents in the phenyl 
ring to π-donor substituents, the luminescence quantum yield increases from 0.03 to 0.22. The maximum Stokes 
shift and high quantum yield of luminescence is exhibited by the complex with a stilbene substituent, which has 
the longest π-system and the maximum efficiency of charge transfer. Dyes are able to penetrate into the cells of 
the model cell line and accumulate, moreover, accumulation occurs mainly in the cytoplasm of cells. The 
compounds penetrate into the cells by 12 h of incubation without damaging it’s structure and without causing 
rapid cell death. The submicromolar range of non-toxic concentrations during long-term incubation for a model 
cell line was determined, which is a characteristic of fluorescent imaging. Due to uniform distribution in the 
cytoplasm of cells dye with naphtyl substituent is promising for visualization of the cell cytoplasm. This leader 
compound has the lowest cytotoxicity for cells from the synthesized series of dyes, which makes it promising for 
further studies as a fluorescent imaging agent. 
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The leader compound has the lowest cytotoxicity for cells from the synthesized series of dyes, which makes it 
promising for further studies as a fluorescent imaging agent.   

1. Introduction 

Organic molecules containing π-conjugated structures comprise 
promising research objects due to their wide application in the pro
duction of smart materials used for the accumulation and storage of 
information, organic light-emitting diodes (OLEDs), organic light- 
emitting transistors (OLETs), photo-switching devices, and sensors 
[1–17]. 

Unlike most organic compounds [18] β-diketonates of boron 
difluoride exhibit intense luminescence both in solutions and in crystals 
[19–21]. Among β-diketonates of boron difluoride, there are compounds 
luminescing in various ranges from ultraviolet [22] to near infrared 
range [23]. β-Diketonates of boron difluoride in the crystalline state 
exhibit size-dependent luminescence [24] as well as reversible thermo- 
and mechanofluorochromism [25–27]. 

A systematic study of the luminescent properties of β-diketonates of 
boron difluoride as potential components of stimuli-response organic 
materials constitutes an urgent task. The dependence of intermolecular 
interactions in the solid state on the structure of an individual molecule 
was discussed and partially found in many works [19–22], however, 
many factors remain unexplored. 

Recently, the attention of researchers was focused on an interesting 
class of β-diketonates of boron difluoride, curcuminoids, that contain a 
double bond between the β-diketonate cycle and phenyl substituent, 
similarly to the complex with curcumin [28] (Fig. 1). Curcuminoids of 
boron difluoride can be used for bio-visualization, since they are capable 
to penetrate deep tissues, have a low auto-fluorescence background, and 
do not cause significant harmful impact to biological specimens 
[29–34]. These complexes can be used to detect in-vitro insoluble ag
gregates of amyloid-beta, a pathological sign of the Alzheimer’s disease 
[29], they are HIV-1 and HIV-2 protease inhibitors [30] and capable of 
binding to fibrillary proteins [31]. A method was developed for the 
detection of curcumins and their metabolites in brain, liver, and tumor 
tissues by converting them into boron difluoride curcuminoids followed 
by analysis using mass-detection chromatography [32]. 

In the present paper, we studied the luminescence properties of a 
number of simple boron difluoride curcuminoids: 1-aryl(getaryl)-5-phe
nylpent-2,4-diene-1-onates of boron difluoride (Fig. 1). These com
pounds are typical representatives of D-A-D luminophors, in which the 
difluoroboron fragment acts as an electron acceptor, whereas phenyl 
rings act as electron donors. These compounds are potentially a good 
platform for the development of fluorophores for biological or medical 
applications. The variation of substituents makes it possible to adjust the 
photophysical and physico-chemical properties of complexes, as well as 
to control their behavior in biological media. 

2. Experimental 

2.1. Materials 

Benzoylacetone (Alfa Aesar, USA), ethanol, chloroform (EKOS-1, 
Russia) were used in the present work. Solvent purification was carried 

out according to the known procedure [35]. 
Initial boron difluoride β-diketotonates (1–10) were obtained ac

cording to the procedures described earlier: 1 [36], 2–6 [37], 7 and 10 
[38], 8 [19], 9 [39]. 

General synthesis method: 0.012 mol of tri(butyl)borate and 0.3 mol 
of butylamine were added to a solution of 0.010 mol of boron difluoride 
arenoylacetate and 0.012 mol of benzaldehyde in 30–40 ml of anhy
drous ethyl acetate. The reaction mixture was heated with a reverse 
refrigerator at stirring for 3–4 h. For 2a, 4a, 5a, 7a, the reaction mixture 
was held overnight at 5 ◦C, for the complexes 1a, 3a, 6a, 8a-10a, the 
precipitate fell out immediately after cooling to room temperature, and 
the product was filtered and washed with ethanol. Thereafter, the 
product recrystallized from acetonitrile. 

1H and 13C NMR, IR and mass spectra shown in ESI Figs. 1S–31S. 
2,2-Difluoro6-phenyl-4-cinnamoyl-1,3,2-dioxaborine (1a) Yellow 

crystals, yield 31.5 %, melting point 177.8–179.3◦s. 1H NMR (400 MHz, 
CDCl3), δ/ppm: 6.68 (s, 1H), 6.81–6.84 (d, J = 15.65 Hz, 1H), 7.41–7.53 
(m, 5H), 7.59–7.67 (m, 3H), 8.04–8.08 (m, 3H). 13C NMR (101 MHz, 
CDCl3), δ/ppm: 97.81, 120.57, 128.84, 129.11, 129.21, 131.79, 131.99, 
133.82, 135.14, 147.88, 180.82, 182.52. IR (KBr), υ/cm− 1: 3128 
(OHass), 3061, 3032 (C-HPh), 1637 (C––C), 1597 (C––O), 1541 (C––C), 
1377 (δ B-O), 1186, 1151 (δ B-F), 1062 (δ B-O). Anal. calc. for 
C17H13BF2O2, %: C, 57.75; H, 3.39 Found, %: C, 57.78; H, 3.42. MS: 
calcd for C17H13BF2O2 298, found [M− H]− 297. 

2,2-Difluoro6-(4′-methylphenyl)-4-cinnamoyl-1,3,2-dioxaborine 
(2a) Yellow crystals, yield 40.5 %, melting point 193.9–194.5 oWith. 1H 
NMR (400 MHz, CDCl3) δ/ppm: 2,44 (3H, CH3), 6,64 (s, 1H), 6,78–6,82 
(d, J = 15.53 Hz, 1H), 7,29–7,31 (m, 2H), 7,42–7,47 (m, 3H), 7,58–7,60 
(m, 2H), 7,96–8,04 (m, 3H). 13C NMR (101 MHz, CDCl3), δ/ppm: 97.52, 
120.69, 129.00, 129.11, 129.16, 129.88, 131.78, 133.90, 146.85, 
147.18, 180.09, 182.40. IR (KBr), υ/cm− 1: 3147 (OHass), 3058, 3030 (C- 
HPh), 1629 (C––C), 1608 (C––O), 1569, 1537 (C––C), 1384 (δ B-O), 
1190, 1149, 1126 (δ B-F), 1097, 1076, 1051 (δ B-O). Mass spectrum 
(ESI-), m/z (I, %): 311 [M− H] (100). Anal. calc. for C18H15BF2O2, %: C, 
69.27; H, 4.84. Found, %: C, 69.32; H, 4.80. 

2,2-Difluoro6-(4′-ethylphenyl)-4-cinnamoyl-1,3,2-dioxaborine (3a). 
Yellow needle crystals, yield 74.6 %, melting point 176.6–177.9◦ C. 1H 
NMR (400 MHz, CDCl3), δ/ppm: 1.28 (3H), 2.74 (2H), 6.64 (s, 1H), 6.81 
(d, J = 15.53 Hz 1H), 7.34 (d, J = 8.44 Hz 2H), 7.41–7.50 (m, 3H), 7.61 
(dd, J = 7.78, 1.71 Hz, 2H), 7.99–8.05 (m, 3H). 13C NMR (101 MHz, 
CDCl3), δ/ppm: 97.53, 120.71, 128.70, 129.09, 129.14, 129.17, 129.26, 
131.77, 133.93, 147.20, 152.93, 180.09, 182.49. IR (KBr), x/cm− 1: 
3117 (OHass), 3065, 3042 (C-HPh), 1624 (C––C), 1607 (C––O), 1574, 
1539 (C––C), 1377 (д B-O), 1182, 1165, 1128 (д B-F), 1059, 1003 (д B- 
O). Mass spectrum (ESI-), m/z (I, %): 325 [M− H] (100). Anal. calc. for 
C19H17BF2O2, %: C, 69.97; H, 5.25. Found, %: C, 69.95; H, 5.29. 

2,2-Difluoro-6-(3′,4′-dimethylphenyl)-4-cinnamoyl-1,3,2-dioxabor
ine (4a). Dark yellow powder, yield 51.4 %, melting point 219.2–221.1◦

C. 1H NMR (400 MHz, CDCl3), δ/ppm: 2.30–2.37 (m, 6H), 6.63 (m, 1H), 
6.80 (s, 1H), 7.24–7.34 (m, 2H) 7.40–7.47 (m, 3H), 7.60 (dd, J = 7.58, 
1.83 Hz, 2H), 7.81–7.87 (m, 2H) 8.03 (d, J = 15.65 Hz, 1H). 13C NMR 
(101 MHz, CDCl3), δ/ppm: 97.56, 120.74, 126.71, 127.46, 128.79, 

Fig. 1. (a) Boron difluoride complex obtained from natural curcumin, (b) the structure of the studied curcuminoids in general form.  
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129.06, 129.16, 129.32, 129.93, 130.40, 131.71, 133.95, 137.77, 
145.75, 146.98, 179.80, 182.66. IR (KBr), υ/cm− 1: 3146 (OHass), 3059, 
3030 (C-HPh), 1628 (C––C), 1606 (C––O), 1576, 1535 (C––C), 1389, 
1364 (δ B-O), 1184, 1169 (δ B-F), 1080, 1055 (δ B-O. Mass spectrum 
(ESI-), m/z (I, %): 325 [M− H] (100). Anal. calc. for C19H17BF2O2, %: C, 
69.97; H, 5.25;. Found, %: C, 70.01; H, 5.28. 

2,2-Difluoro-6-(3′,4′- dimethylphenyl)-4-cinnamoyl-1,3,2-dioxabor
ine (5a). Yellow powder, yield 30.7 %, melting point 145–146.5◦ c. 1H 
NMR (400 MHz, CDCl3), δ/ppm: 2.38 (s, 3H), 2.58 (s, 3H), 6.42 (s, 1H), 
6.80 (d, J = 15.65 Hz, 1H), 7.18–7.22 (m, 1H), 7.29 (dd, J = 7.70, 1.34 
Hz, 1H), 7.42–7.53 (m, 4H), 7.63 (dd, J = 7.58, 1.71 Hz, 2H), 8.09 (d, J 
= 15.65 Hz, 1H). 13C NMR (101 MHz, CDCl3), δ/ppm: 101.39, 120.56, 
129.15, 129.22, 130.37, 131.91, 132.27, 132.32, 133.87, 134.25, 
135.87, 136.74, 147.62, 180.25, 187.16. IR (KBr), υ/cm− 1: 3138 
(OHass), 3055, 3024 (C-HPh), 1626 (C––C), 1529 (C––C), 1385, 1367 (δ 
B-O), 1186, 1169, 1153 (δ B-F), 1080, 1047 (δ B-O). Mass spectrum (ESI- 
), m/z (I, %): 325 [M− H] (100). Anal. calc. for C19H17BF2O2, %: C, 
69.97; H, 5.25;. Found, %: C, 70.02; H, 5.22. 

2,2-Difluoro-6-(4′-methoxylphenyl)-4-cinnamoyl-1,3,2-dioxaborine 
(6a). Yellow crystals, yield 74.5 %, melting point 197.3–198.6◦ s. 1H 
NMR (400 MHz, CDCl3) δ/ppm: 3.91 (s, 3H) 6.56 (s, 1H) 6.78 (d, J =
15.65 Hz 1H) 6.98 (d, J = 9.05 Hz, 2H), 7.39–7.49 (m, 3H), 7.59 (dd, J 
= 7.46, 1.96 Hz, 2H), 8.01–8.07 (m, 3H).13C NMR (101 MHz, CDCl3), 
δ/ppm: 97.01, 114.60, 120.82, 124.02, 128.97, 129.13, 131.53, 134.05, 
146.44, 165.64, 179.04, 181.60. IR (KBr), υ/cm− 1: 3130 (OHass), 3060, 
3026 (C-HPh), 1631 (C––C), 1602 (C––O), 1529 (C––C), 1385, 1367 (δ B- 
O), 1186, 1169, 1153 (δ B-F), 1080, 1047 (δ B-O). Mass spectrum (ESI-), 
m/z (I, %): 239 [M− C6H4OCH3] (100), Anal. calc. for C18H15BF2O3, %: 
C, 65.89; H, 4.61. Found, %: C, 65.82; H, 4.64. 

2,2-Difluoro6-(naft-2′-yl)-4-cinnamoyl-1,3,2-dioxaborine (7a). Dark 
orange powder, yield 11.0 %, melting point 242–243.3◦ c. 1H NMR (400 
MHz, CDCl3), δ/ppm: 6.81 (s, 1H), 6.88 (d, J = 15.65 Hz, 1H), 7.4–7.52 
(m, 3H), 7.58–7.71 (m, 4H), 7.89–8.06 (m, 4H), 8.14 (d, J = 15.65 Hz, 
1H), 8.74 (s, 1H). 13C NMR (101 MHz, CDCl3), δ/ppm: 98.18, 120.67, 
123.40, 127.39, 127.89, 129.00, 129.19, 129.24, 129.75, 129.98, 
131.54, 131.95, 132.50, 133.90, 136.45, 147.78, 180.53, 182.27. IR 
(KBr), x/cm− 1: 3150 (OHass), 3061, 3024 (C-HPh), 1626 (C––C), 1597 
(C––O), 1535 (C––C), 1387 (д B-O), 1145, 1132 (д B-F), 1053 (д B-O). 
Mass spectrum (ESI-), m/z (I, %): 347 [M− H] (100). Anal. calc. for 
C21H15BF2O2, %: C, 72.45; H, 4.34. Found, %: C 72.42; H 4.36. 

2,2-Difluoro6-(9′N-fluorene-2′-yl)-4-cinnamoyl-1,3,2-dioxaborine 
(8a). Red powder, yield 71.27 %, melting point 257.4–258.6◦ C.1H NMR 
(400 MHz, CDCl 3), δ/ppm: 3.99 (s, 2H), 6.72 (s, 1H), 6.84 (d, J = 15.65 
Hz, 1H) 7.41–7.51 (m, 5H) 7.59–7.67 (m, 3H) 7.85–7.93 (m, 2H) 
8.05–8.17 (m, 2H) 8.31 (s, 1H). 13C NMR (101 MHz, CDCl3), δ/ppm: 
36.81, 97.80, 109.93, 120.22, 121.33, 125.39, 129.07, 129.19, 131.74, 
134.01, 139.99, 143.83, 144.89, 147.11, 149.00, 179.76, 182.39. IR 
(KBr), υ/cm− 1: 3130 (OHass), 3065, 030 (C-HPh), 1626 (C––C), 1610 
(C––O), 1537 (C––C), 1386, 1371 (δ B-O), 1197, 1180, 1153 (δ B-F), 
1087, 1057 (δ B-O) Mass spectrum (ESI− ), m/z (I, %):[M + Na]+ 421 
(100). Anal. calc. for C24H17BF2O2, %: C, 74.64; H, 4.44. Found, %: C 
74.62; H 4.46. 

2,2-Difluoro6-(1′-phenylphen-4′-yl)-4-cinnamoyl-1,3,2-dioxaborine 
(9a). Yellow powder, yield 65.5 %, melting point 243.6–244.5◦ C. 1H 
NMR (400 MHz, CDCl3), δ/ppm: 6.70 (s, 1H), 6.85 (d, J = 15.53 Hz, 1H), 
7.48 (s, 6H), 7.66 (s, 4H), 7.77 (m, J = 8.56 Hz, 2H), 8.13 (d, J = 15.65 
Hz, 1H), 8.18 (m, J = 8.56 Hz, 2H). 13C NMR (101 MHz, CDCl3), δ/ppm: 
97.79, 120.65, 127.31, 127.65, 128.84, 129.08, 129.17, 129.23, 129.49, 
131.93, 133.90, 147.68, 180.44, 182.01. IR (KBr), υ/cm− 1: 3136 
(OHass), 3057, 3028 (C–HPh), 1637 (C––C), 1606 (C––O), 1568, 1542 
(C––C), 1384 (δ B-O), 1143, 1126 (δ B-F), 1074, 1051 (δ B-O). (ESI-), m/ 
z (I, %): 297 [M− C6H5] (50), 239 [M− C6H4− C6H5] (100). Anal. calc. for 
C23H17BF2O2, %: C, 73.83; H, 4.58. Found, %: C 73.78; H, 4.60. 

2,2-Difluoro6-(trans-1′,2′-diphenylethylene-4′-yl)-4-cinnamoyl- 
1,3,2-dioxaborine (10a). Dark orange powder, yield 46.9 %, melting 
point 205.1–206.4◦ C. 1H NMR (400 MHz, CDCl3), δ/ppm: 6.66 (s, 1H), 

6.83 (d, J = 15.65 Hz, 1H), 7.12–7.19 (m, 1H), 7.31 (d, J = 15.77 Hz, 
2H), 7.36–7.49 (m, 5H), 7.56 (d, J = 7.46 Hz, 2H), 7.61–7.69 (m, 4H), 
8.07–8.13 (m, 3H). 13C NMR (101 MHz, CDCl3), δ/ppm: 97.72, 120.70, 
126.93, 127.01, 128.76, 128.86, 129.14, 129.21, 129.47, 130.41, 
131.85, 133.05, 133.95, 136.30, 144.35, 147.41, 180.11, 181.57. IR 
(KBr), υ/cm− 1: 3126 (OHass), 3055, 3028 (C-HPh), 1631 (C––C), 1600 
(C––O), 1539 (C––C), 1380 (δ B-O), 1184, 1126 (δ B-F), 1074, 1035 (δ B- 
O). (ESI− ), m/z (I, %): 399 [M− H] (20). Anal. calc. C25H19BF2O2, %: C, 
75.02; H, 4.70. Found, %: C 75.08; H, 4.69. 

2.2. Measurements 

Melting point was determined on a Buchi Melting Point B-540 in
strument. IR spectra were recorded on a Spectrum BX 400 FTIR spec
trometer (Perkin Elmer, USA) in potassium bromide. Mass spectra were 
recorded in the mode of registration of positive and negative ions, the 
ESI ionization source, the Shimadzu LCMS-2010EV mass spectrometric 
detector in the system acetonitrile:water – 9:1. NMR spectra were 
recorded using an Avance II 400 MHz high resolution spectrometer 
(Bruker, Germany) on 1H and 13C nuclei at various operating fre
quencies. Deuterated chloroform was used as a solvent. Absorption 
spectra were recorded on a Shimadzu UV 2550 spectrophotometer 
(Japan), Shimadzu UV 3101 PC (Japan). Luminescence and excitation 
spectra were obtained using a Shimadzu RF 5301 spectrofluorimeter 
(Japan) and PicoQuant FluoTime 200 fluorometer (Germany) A solution 
of anthracene in ethanol was used as a standard for measuring the 
fluorescence quantum yield (ϕ = 0.27) [40]. 

2.3. Calculations 

Quantum chemistry simulation of electronic absorption spectra of 
1a-10a was carried out using the GAMESS VERSION = 30 SEP 2021 (R2 
Patch 1) software complex [41] and Firefly version 8.2.0, build number 
10203. The results of the comparative analysis of the calculation results 
are given in the table. The results obtained using GAMESS (B3LYP) are 
the closest to the experiment. A comparative study of various electron 
density functionals of the GAMESS and Firefly/ software complexes for 
the 1a spectra was carried out. B3LYP showed better convergence with 
the experiment. The compounds structural parameters, energy charac
teristics, and electronic structure were determined at complete geome
try optimization in the 6-311G(d, p) basis by the nonempirical method 
and the density functional theory (DFT) with the exchange–correlation 
potential B3LYP [42]. Electronic absorption spectra of compounds tak
ing into account excited singlet states were calculated by the TDDFT 
method in the 6-311G(d, p) basis with the B3LYP potential. The effect of 
the solvent was taken into account using the PCM model for solvents 
(CCl4, CHCl3, CH2Cl2, acetone). Visualization of the obtained data was 
carried out using the ChemCraft program, 

2.4. Confocal microscope 

HCT116 cells were grown in 35 mm dishes with a glass bottom until 
confluence of 50 % (SPL, Korea) in DMEM culture medium (10 % Fetal 
Bovine Serum). To determine intracellular localization of dyes 4a, 6a, 
7a, human colon carcinoma HCT116 cells were incubated with 4a, 6a, 
7a (5 μM) in culture medium (10 % DMEM) for 12 h, then washed with 
PBS. Compounds 4a, 6a, 7a were detected in the range 450–550 nm, λex 
= 405 nm in PBS. Laser scanning confocal microscope Leica TCS SPE 5 
with LAS AF software (Leica Microsystems GmbH, Germany) was used 
for registration. 

2.5. Cell culture 

The human colon adenocarcinoma cell line HCT116 was obtained 
from the American Type Culture Collection (Manassas, VA). Cells were 
propagated in Dulbecco’s modified Eagle’s medium supplemented with 
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10 % fetal bovine serum (HyClone, Logan, UT), 2 mM L-glutamine, 100 
U/mL penicillin and 100 µg/mL streptomycin (PanEco, Russia) at 37 ◦C, 
5 % CO2 in a humidified atmosphere. Cells in the logarithmic phase of 
growth were used in the experiments. 

2.6. Cytotoxicity studies 

The cytotoxic activity of compounds was assessed in vitro using the 
MTT assay against human colon cancer cells HCT116. Cells were plated 
in 96 well plates (NUNC, USA, 5⋅103 cells in 190 µl culture medium per 
well). After 24 h of incubation at 37 ◦C (5 % CO2, in a humidified at
mosphere), 10 µl cell media solutions of compounds (from 1 mM stocks 
in DMSO, stored a +4 ◦C, thawed at room temperature immediately 
before use) for final concentrations 0.9–15 µmol/L were added. Dark 
cytotoxicity of compounds was assessed in a formazan conversion assay 
(MTT-test) after a 72 h drug exposure. After the completion of drug 
exposure in the dark, 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT reagent) was added to cells. Cells 
were incubated with MTT for 2 h, the culture medium was removed, the 
cells were re-suspended in 100 µl DMSO, and the optical density of the 
solution was measured on a Multiscan FC plate spectrophotometer 
(Thermo Scientific, USA) at a wavelength of 571 nm. The percentage of 
survived cells for each dose was calculated as the quotient of the average 
optical density in the wells after incubation with this dose to the average 
optical density of the control wells (the values of the latter are taken as 
100 %). Four independent experiments were performed for each con
centration. Standard deviations did not exceed 10 %. 

3. Results and discussion 

3.1. Synthesis of 1-arene-5-phenylpent-2,4-diene-1-onates of boron 
difluoride 

In this work, we synthesized a number of 1-arene-5-phenylpent-2,4- 
diene-1-onates of boron difluoride 1a-10a (Fig. 2) by aldol-croton 
condensation of benzaldehyde with arenoylacetonates of boron 
difluoride (1–10). The following conditions were selected: ethylacetate 
was used as a solvent and butylamine as a base, the yield of the resulting 
compounds was from 11 to 75 %. 

3.2. Electronic structure of compounds 1a-10a 

Optimization of geometry in the ground and excited state and 
modeling of absorption spectra were carried out for complexes 1a-10a. 
For all complexes, the obtained regularities of changes in spectral 
properties in a series of compounds 1a-10a in one solvent and one 
compound in a series of solvents are in good agreement with the 
experiment (ESI Tables 2S-6S). The structure of the boundary orbitals 

and the bond lengths of the molecule do not undergo significant changes 
during the transition from the vacuum approximation to taking into 
account the interaction with the solvent (PCM), this allows the discus
sion to use the results of calculations in the vacuum approximation. 
During vibrational relaxation in the excited state (S1 → S’1) for the dyes 
1a–4a, there is observed a decrease of the length of single bonds be
tween the chelate ring and the substituent, between the phenyl ring and 
the double bond. The Table 1 shows the bond lengths that undergo the 
greatest change during relaxation of the molecule in the excited state. 
The length of the C–C bonds of the chelate ring for 1a–4a increases. At 
the same time, an increase of the length of double bonds is observed 
(Table 1). The length of the C1-C2 bond between the α-substituent and 
the chelate ring in the S’1 geometry decreases for 1a-4a and increases for 
5a-10a. The bond lengths of the C2-C3 and C3-C4 chelate cycle for 1a- 
5a are aligned, and for 6a-10a the C2-C3 bond is shortened, C3-C4 is 
lengthened (Table. 1). For all complexes in the S’1 geometry, the 

Fig. 2. Scheme of synthesis of the compounds 1a-10a.  

Table 1 
Calculated lengths of C–C bonds (Å) in the studied complexes in the ground (1a- 
10a) and excited relaxed (1a*-10a*) state in vacuum approximation.

C1-C2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 

1a  1.477  1.396  1.400  1.452  1.349  1.459 
1a*  1.448  1.420  1.417  1.270  1.383  1.455 
2a  1.473  1.398  1.399  1.453  1.349  1.459 
2a*  1.455  1.404  1.437  1.415  1.388  1.423 
3a  1.473  1.398  1.398  1.453  1.349  1.458 
3a*  1.456  1.402  1.439  1.414  1.389  1.427 
4a  1.473  1.398  1.398  1.453  1.349  1.459 
4a*  1.464  1.392  1.442  1.403  1.391  1.426 
5a  1.477  1.400  1.399  1.453  1.349  1.458 
5a*  1.505  1.346  1.456  1.393  1.391  1.432 
6a  1.468  1.400  1.399  1.453  1.349  1.458 
6a*  1.494  1.363  1.466  1.399  1.396  1.424 
7a  1.474  1.397  1.399  1.451  1.349  1.458 
7a*  1.507  1.349  1.453  1.397  1.390  1.433 
8a  1.471  1.399  1.397  1.452  1.348  1.460 
8a*  1.502  1.356  1.456  1.400  1.391  1.429 
9a  1.473  1.397  1.399  1.452  1.349  1.459 
9a*  1.425  1.369  1.449  1.402  1.387  1.431 
10a  1.471  1.398  1.399  1.452  1.349  1.459 
10a*  1.505  1.355  1.401  1.452  1.388  1.432  

A.G. Mirochnik et al.                                                                                                                                                                                                                           



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 291 (2023) 122319

5

alignment of bond lengths and electron density for the fragment C4- 
C5=C6-C7 is observed: single bonds are shortened, and double bonds 
are lengthened, which contributes to the delocalization of the electron 
density in the S’1 state. One should mention that, in the ground and 
excited states, alternating charges and bond orders are observed in the 
dye molecules (Table 1), which are similar to alternating charges in 
polymethine dyes. Therefore, for boron difluoride curcuminoids, 
changes in the geometry of molecules during relaxation in the excited 
state are similar to the changes occurring during the transition of pol
ymethine dyes from neutral polyene to polymethine [43]. Here, the ef
ficiency of the π-π conjugation in a molecule increases, and the transfer 
of electron density from the substituent to the stilbenyl fragment and the 
planarity of the substituent in the excited relaxed state increase, which 
contributes to the formation of a conjugative π-system of the molecule 
(Fig. 3). 

All the complexes can be divided into two groups: 1) 1a-4a with alkyl 
σ-donor substituents in the phenyl ring, for which the bond between the 
α-substituent and the chelate ring (C3-C4 and C4-C5) in the geometry S’1 
is shortened, the electron density on the HOMO is evenly distributed 
over the molecule, and on the LUMO is localized on the chelate cycle and 
double bond (Fig. 3); 2) 6a-10a, in the geometry of the ground and 
excited relaxed states, the electron density is localized on the aromatic 
α-substituent and the chelate cycle, during the HOMO-LUMO transition, 
the electron density transferred from the α-substituent to the stilbenyl 
fragment (Fig. 3). 

The electron density, in contrast to the geometry of S0, is almost 
completely localized on the aromatic α-substituent. For the second 
group of compounds 6a-10a, when the molecules are excited, the 
Intramolecular Charge Transfer (ICT) is realized. The structure of the 

frontiers orbitals 7a in the geometry of the ground and excited relaxed 
states is shown (Fig. 4). 

3.3. Spectral properties of curcuminoids 1a-10a 

Absorption, excitation and luminescence spectra were recorded for 
the synthesized complexes. The absorption and excitation spectra of the 
complexes practically coincide for each of the compounds 1a-10a (ESI 
Tables 2S-6S, Figs. 32S-35S). Curcuminoid 1a was chosen as the stan
dard to identify the effect of substituents on the luminescent properties 
of the prepared dyes, since this compound has no substituents in phenyl 
rings and is very simple in structure. When comparing the absorption 
and luminescence spectra (Fig. 5) of compounds he following regular
ities can be noted: when alkyl substituents (σ-donors) are introduced 
into the phenyl ring in the samples 1a-5a, a slight bathochromic shift of 
the maxima of the luminescence spectra (5–7 nm) is observed (Figs. 5, 
32S-35S). 

For 1a-10a, the structure of the absorption and luminescence spectra 
depends not only on the structure of the molecule, but also on the po
larity of the solvent. In carbon tetrachloride, an almost nonpolar solvent, 
the spectra of all complexes have an vibronic structure, the absorption 
and luminescence spectra clearly show bands of 0–0 and 0–1 transitions 
(Figs. 5, 32S-35S). In a much more polar acetone, for most spectra, the 
vibrational structure disappears and one broad band is observed in the 
luminescence spectra. In other solvents, the spectra of 1a-5a are struc
tured, unlike the spectra of 6a-10a. Such an effect for organic com
pounds is usually associated with a decrease in energy and convergence 
of energy levels under the action of the solvent field, while the vibra
tional sublevels merge [44]. 

Fig. 3. Frontier molecular orbitals of the compounds 1a-10a.  

A.G. Mirochnik et al.                                                                                                                                                                                                                           



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 291 (2023) 122319

6

The Stokes shift of 1a-4a varies very slightly and equals to 23–24 nm. 
The quantum yield of luminescence 1a-5a is 0.02–0.15 (Table 3). When 
introducing π-donor substituents such as the methoxy group (6a), 
quantum yield increases to 0.87–0.95 and luminescence maxima shifts 
with increasing polarity from 409 to 440 nm. For curcuminoids with an 
extended π-system (7a-10a), a bathochromic shift of the maxima of the 
absorption to 417–440 nm and luminescence spectra to 460–560 nm is 
observed (Figs. 5, 32S-35S). With an increase in the π-conjugation in the 
α-substituent, the quantum yield of luminescence increases in the 
following sequence: methoxyphenyl, naphthyl, diphenyl, fluorenyl, 
stilbenyl (Table 2). In a row 1a-10A with an increased of π-system the 

maxima of the absorption and luminescence spectra are significantly 
shifted to the red region as compared to 1a, the quantum yield of 
luminescence for these compounds also increases (Tables 3, 2S-6S). 

With an increase in the size of the molecule π-system in the series 1a- 
8a, 10a, the value of the Stokes shift increases markedly from 24 to 82 
nm. In the series 1a-4a, the position of alkyl groups in the phenyl sub
stituent change, but the π-system of molecules remains virtually un
changed (Fig. 5), whereas the positions of the maxima of the absorption 
spectra and the value of the Stokes shift differ slightly (Table 4, Fig. 5). 
The introduction of the methoxy-group increases the π-system of the 
molecule by two π-electrons of the oxygen atom, while the maximum of 

Fig. 4. ICT formation in molecule 7a during photoexcitation.  

Fig. 5. Absorption (right) and luminescence (left) spectra 1a-10a in tetrachlormethane.  
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the absorption spectrum bathochromic shift. The replacement of the 
methoxy-group with phenyl leads to a further bathochromic shift of the 
maxima of the absorption spectra (Fig. 5b). The Stokes shift value in
creases along with the increase of the π-system: 1a < 7a < 9a < 8a <
10a < 6a (Table 4). At bathochromic the same time, the efficiency of 
electron density transfer from the phenyl substituent to the chelate cycle 
increases during the HOMO-LUMO transition (Fig. 3). Indeed, quantum 
chemical calculations show that, in the samples 1a, 6a, 8a, 10a (phenyl, 
methoxyphenyl, fluorenyl, stilbenyl), the total energy of the molecule 
(Etot) decreases: − 1030.5, − 1109.11, − 1145.0, − 1338.9 a.e. respec
tively, and the distance between the first and second energy levels de
creases: ΔE = 3.60, 3.50, 3.45, 2.52 eV. 

3.4. The effect of the steric factor on the luminescent properties of the 
complexes 

The position of substituents in the phenyl ring has a significant effect 
on the luminescent properties of the obtained compounds, an illustrative 
example is the comparison of the luminescent properties of isomers 4a 

and 5a (Fig. 6). For these isomers, which differ only in the position of 
methyl groups in the phenyl α-substituent, the maxima of the spectra 5a 
are hypsochromically shifted relatively to 4a: luminescence by 3 nm, 
absorption (excitation) spectra by 10 nm (Fig. 6a, Table 2). For complex 
5a, an abnormally large value of the Stokes shift is observed in a number 
of compounds 1a-5a: for 1a-4a, 560–1300 cm− 1, depending on the 
polarity of the solvent, and for 5a – 1700–3200 cm− 1 (Table 3). This 
indicates another way of deactivating the excited state in 5a. 

According to the results of calculations for 5a, there are two 
rotamers. In the 5a molecule, the phenyl and chelate rings of 5a cannot 
be located in the same plane due to the repulsion of the methyl group 
and the proton in the γ-position (rotamer A) or the methyl group and the 
oxygen atom of the chelate cycle (rotamer B) (Figs. 6c, 7). According to 
the calculation data, the angle between the planes of the phenyl sub
stituent and the chelate cycle is 30◦ and, as a result, the π-π conjugation 
between the phenyl and β-diketonate cycles is weakening, and the 
electron density distribution on HOMO changes (Fig. 3). The conclusion 
about the non-planar structure of the 5a molecule is consistent with the 
result of the analysis of the 1H NMR spectra 4a and 5a, indicating a weak 
interaction of the phenyl substituent and the 5a chelate cycle (ESI 
Figs. 4S,5S). 

If for the rest of the studied complexes the bond length between the 
phenyl substituent and the chelate cycle decreases during the transition 
S 1 → S’1, in the case of 5a, it increases to the value of the single bond 
(1.5 Å) (Table 2), the angle between the planes of the phenyl and chelate 
cycles also increases from 30 to 57◦. The increase of the interplanar 
angle in the excited state is characteristic of the formation of Twisted 
Intramolecular Charge Transfer (TICT) [45,46]. The distribution of the 
electron density in the geometry of the excited relaxed state for 5a is 
drastically different from the rest of the compounds: for 5a HOMO, the 
electron density is completely concentrated on the phenyl substituent, 
for 1a-4a, it is delocalized throughout the molecule (Fig. 8). 

To sum up, for 5a in S’1 geometry, in contrast to the rest of the 
studied complexes, TICT is realized, which increases the Stokes shift and 
leads to the quenching of luminescence. 

For a pair of compounds, 8a and 9a, which have the same number 
and location of π-electrons in the molecule, there is also a significant 
difference in spectral properties: the position of the maximum of the 
absorption spectrum differs by 32 nm, while that of luminescence – by 
18 nm (Table 2, Fig. 9). The difference in the structure of the frontier 
orbitals 8a and 9a is much greater in the ground than in the excited 
relaxed state. 

At comparing the initial compounds 8 and 9 (Fig. 2) with the same 
π-system of molecules, a difference in spectral properties was also 
revealed. For the initial compounds, 8 and 9, the X-ray method estab
lished: 1) the planes of the first and second phenyl rings of molecule 9 
are at an angle of 23.9◦ [39], the planes of the second phenyl and chelate 
rings are at an angle of 9.1◦; for 9, the dissipation of excitation energy by 
a non–radiative mechanism through the rotation of the phenyl rings is 
possible; 2) the methylene bridge between the phenyl rings in molecule 

Table 2 
Luminescence maximums of solutions and crystals of 1a-10a.  

N◦ λ*lum, nm λlum, nm crystals 

CCl4 Dioxane CHCl3 CH2Cl2 Acetone 

1a 425, 452 435, 457 439, 460 445 444 536 
2a 426, 453 432, 463 445, 468 449, 459 442, 457 523 
3a 425, 453 437, 461 447, 461 445, 470 445, 461 544 
4a 430. 455 440, 464 443, 460 445,472 445, 463 524 
5a 431, 454 436, 462 442, 465 445 452 532 
6a 409, 428 421 427 432 440 537 
7a 442, 466 455, 462 460 490 505 544 
8a 444, 470 454, 480 465 469 461 627 
9a 454, 474 465 483 495 496 530 
10a 470, 498 502 529 545 563 593 

The maxima of 0–0 and 1–0 transitions are given for structured spectra. 

Table 3 
The quantum yield of luminescence (φ) of solutions of 1a-10a.  

N◦ φ 

CCl4 Dioxane CHCl3 CH2Cl2 Acetone 

1a 0.05 0.06  0.02  0.01 0,01 
2a 0.12 0.10  0.09  0.08 0,07 
3a 0.12 0.15  0.09  0.08 0,16 
4a 0.15 0.14  0.11  0.13 0,32 
5a 0.10 0.07  0.06  0.06 0,08 
6a 0.87 0,98  0.95  0.95 0,95 
7a 017 0,27  0.27  0.19 0,22 
8a 0.30 0,19  0.20  0.21 0,23 
9a 0.49 0,40  0.58  0.59 0,62 
10a 0.57 0,57  0.50  0.52 0,21  

Table 4 
The Stokes shifts of solutions of 1a-10a.  

N◦
ΔυST, cm− 1 

CCl4 Dioxane CHCl3 CH2Cl2 Acetone 

1a 567 923 1113 1338 1458 
2a 567 661 1438 1313 1766 
3a 567 926 1236 1169 1281 
4a 840 649 2692 1113 1394 
5a 2373 2317 1770 2528 3129 
6a 1191 1436 4665 1852 2462 
7a 740 1551 1378 2423 3346 
8a 2252 857 1568 1457 1456 
9a 2117 547 4085 2371 2514 
10a 2364 3833 4085 4357 4559  
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8 keeps them in the same plane and blocks the rotation of the second 
phenyl ring, which leads to increased conjugation in the molecule of 8. 
Here, there is a bathochromic shift and a higher quantum yield of 
complex 8 compared to 9 [19]. 

A similar dependence is observed for 8a and 9a; the absorption and 
luminescence spectra of 8a are bathochromically shifted relatively to 
the spectra of 9a (Table 2), which could indicate a weakened conjuga
tion in the dye molecule 9a due to the removal of the second phenyl 
substituent from the plane of the molecule. Indeed, according to the 
calculation data, the angle between the planes of the diketonate cycle 
and the phenyl ring of the substituent for 9a is 14◦, while that between 
the planes of the diphenyl rings – 35◦. In the 8a molecule, the angle 
between the planes of the diketonate cycle and the substituent is 18◦, 
while the substituent itself is flat (Fig. 9c). The strengthening of the 
coupling of the π-system in the 8a molecule is also observed when 

comparing the bond lengths between the phenyl rings, 8a (1.473 Å) and 
9a (1.483 Å). Thus, the structural features of 9a (the non-planar struc
ture of the molecule) prevent the effective formation of excimers in 
crystals, leads to a decrease in the quantum yield and a noticeable 
hypsochromic shift in the luminescence spectra of solutions and crystals 
relative to 8a (Tables 2, 3). 

3.5. Spectral properties of crystals 1a-10a 

Fig. 10 shows photographs of solutions and crystals 1a-10a under UV 
light irradiation (365 nm). The luminescence color of solutions in a 
number of compounds varies from blue to yellow (420–560 nm). The 
prepared compounds 1a-10a comprise crystalline substances with a 
color from yellow to red that exhibit a bright luminescence in the 
yellow-orange region (530–630 nm) (Table 2). 

The excimer nature of the 1a-10a luminescence is evidenced by the 
data of time-resolved luminescence spectroscopy (Fig. 11a,b, ESI 
Table 7S). The lifetime of 1a-10a is in the range from 4 to 15 ns (ESI 
Table 7S), which is typical for excimers of boron difluoride β-diketonates 
[38,50]. The exception is 2a with τ = 1.3 ns, in the series 1a-10a 
(Fig. 11a,b, ESI Table 7S), for 2a crystals the minimum half-width of the 
luminescence band is observed (Fig. 11c, ESI Fig. 36S). 

The maximum of the luminescence and excitation spectrum of 
crystals is significantly shifted bathochromically relative to solutions 
(Table 2). In the excitation spectra of crystals, the long-wave band, as
signs to the excitation of J-aggregates, prevails (Fig. 11). According to 
the X-ray data, β-diketonates of boron difluoride often form infinite 
stacks in crystals, representing J-aggregates consisting of H-dimers. In 
this case, the H-dimers act as an excimer traps and exhibit excimer 
luminescence [37–39]. 

For most β–diketonates of boron difluoride [51], such dimers consist 

Fig. 6. (a) Absorption spectra of the solutions of 4a and 5a in chloroform, (b) excitation (dotted line) and luminescence (solid line) spectra of 4a and 5a, (c) 
optimized structures 4a and 5a in ground state. 

Fig. 7. Structure of rotamers A and B compound 5a.  
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of antiparallel molecules in which the donor α–substituent of one 
molecule is located above the diketonate cycle of the neighboring one 
and vice versa. The structure of three complexes similar to the studied 
ones, boron difluoride 5-aryl-1-(2-hydroxyphenyl)pent-4-ene-1,3-dio
nates, is defined in [52], where the structure of dimers is shown. 
Based on the structural data [52] for the studied curcuminoids 1a − 10a, 
the structure of dimers forming excimers is proposed (Fig. 12). 

The presence of fluorescence for aggregates and crystals of com
pounds 1a-10a is a positive factor that allows them to be used for bio- 
visualization. 

3.6. Bio-visualization 

Fluorescent sensors combined with confocal microscopy imaging are 
a promising analytical tool for real-time monitoring of bio-endogenous 
molecules and environmental factors in living systems. Fluorescence 
spectroscopy is of broad interest in bioanalysis, especially in cell imag
ing, owing to its obvious advantages, such as sensitivity, speed, and the 
ability to perform real-time monitoring [47–49]. 

The dyes signals were registered in live HCT116 cells after 12 h of 
dye incubation using confocal microscopy. The compounds 4a, 6a, 7a 
were not found in the nuclei. Compounds 4a, 6a, 7a are diffusely 
distributed in the cytoplasm (Fig. 13). 

Fig. 8. Frontier orbitals of 4a and 5a in S’1 geometry.  

с
Fig. 9. (a) Absorption spectra of the solutions of compounds 8a and 9a in chloroform; (b) excitation (dotted line) and luminescence (solid line) spectra of the 8a and 
9a, (c) optimized structure of 8a (left) and 9a (right) in ground state. 
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Fig. 10. Images of crystals and solutions in chloroform of the compounds 1a-10a under UV irradiation (365 nm).  

Fig. 11. (a) Kinetic curves of luminescence of crystals 1a-5a; (b) kinetic curves of luminescence quenching of crystals 6a-10a; (c) excitation (1) and luminescence (2) 
spectra of crystals 2; (d) excitation (1) and luminescence (2) spectra of crystals 4a. 
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Fig. 12. (a) A base fragment of the structure of the curcuminoids studied in this work and in [52]; (b) the proposed structure of the 1a-10a H-dimer.  

Fig. 13. Cytoplasmic distribution of compounds 4a, 6a, 7a in HCT116 cells after 12 h incubation at final concentrations 5 µM (cells were washed with PBS after the 
incubation). Compounds were detected in the range 450–550 nm, λex = 405 nm. Fields from left to right: bright field, fluorescence of the compound into the cell, 
image overlap. 
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Penetration of compounds into cells after 12 h of incubation does not 
disturb their morphology. Cells do not lose adhesion and do not have 
morphological signs of early death. Fluorescence of compounds 6a, 7a is 
not too high; the signal is evenly distributed over the cytoplasm which 
allows you to visualize the entire cytoplasm of the cells. The fluorescent 
signal of compound 4a is not uniformly distributed in a cell, which in
dicates selective accumulation in cell organelles. In accordance with the 
presence of fluorescence in the crystalline form of boron curcuminoids 
(Fig. 11), it can be assumed that the penetration of the studied com
pounds into the cell when introduced into the cell medium occurs in the 
form of aggregates that have their own fluorescence, which can be 
detected on a confocal microscope. This means that the synthesized 
boron curcuminoids do not require additional deaggregation during 
sample preparation for biovisualization. Although it is possible to as
sume an increase in their fluorescence due to spontaneous deag
gregation by intracellular surfactants or proteins. 

The dark cytotoxicity of boron curcuminoids on HCT116 human 
colon carcinoma cells was studied by the MTT test during long-term (72 
h) incubation with cells (Fig. 14). 

The data of the MTT test make it possible to determine the range of 
non-toxic concentrations of these compounds during long-term incu
bation with tumor cells. The compound 4a demonstrated the most 
cytotoxic activity, with IC50 3.1 ± 0.2 μM after 72 h incubation in the 
dark. Compounds 6a, 7a had less cytotoxicity (up to 5 µM for 72 h) with 
IC50 values of 6.4 ± 0.4 and 11.7 ± 0.9 µM, respectively. The obtained 
curcuminoids of boron difluoride are promising for fluorescence imag
ing of cells at submicromolar concentrations at short incubation times 
and at less than 1 μM for long experiments, since cell death even after 
prolonged (72 h) incubation does not exceed 20 % of the control. De
rivative 7a is the lowest cytotoxic of the studied series, its concentra
tions for cell fluorescent visualization can be up to 5 µM. 

We additionally studied the spectral characteristics of derivatives 4a, 
6a and 7a in water with different pH values. According to the pH range 
into the cell organelles from 4.5 (lysosomes) to 8.0 (nucleus) [53], we 
characterized the absorption and fluorescence of boron curcuminoids in 
this pH range. We also expanded the pH range to analyze the changes in 
the spectra under more severe conditions by adding measurements for 
pH 2 and 11. The data obtained are shown in Fig. 15 and in the sup
plementary materials in Figs. 37S, 38S. 

The studied dependence of the spectral characteristics of 7a at 
physiological pH values (4.5–7) there was no significant difference in 
both the absorption and the fluorescence intensity. However, for pH 8, 
which corresponds to a weak alkaline environment into the nuclei, a 
decrease in fluorescence was observed without significant change in 
absorption intensity at 405 nm. Also for a solution with a lowest pH 2, a 
bathochromic shift of the absorption spectrum was observed, and the 
absorption band at 450 nm became most pronounced. In the case of a 
highest pH 11, the opposite result was observed. At the extreme pH 
values, fluorescence was markedly reduced. Similar results were 
observed for compounds 4a and 6a, with the difference that in the 
neutral medium (pH 7) the fluorescence intensity was maxima for 4a 
and its fluorescence in physiological pH range is less pH-dependent than 
for 6a and 7a with π-donor substituents. Thus, the absorbance spectra 
demonstrate that the compounds can be in two pH-dependent forms. In 
particular, for the compound 7a, which has the best characteristics for 
biovisualization, the absorption band at 350–420 nm was more pro
nounced in an acidic medium, and 420–500 nm - in an alkaline medium. 

Thus, the lead of synthesized boron curcuminoids 7a, despite its 
weak fluorescence, have a number of interesting advantages for bio
imaging: it can visualize acidic cell organelles (for example, lysosomes) 
and it also do not need to be disaggregated by surfactants after formation 
the aggregates or colloidal particles as a result of re-dissolution from 
DMSO into water, because they have its own fluorescence, sufficient to 
visualize the cytoplasm of cells. This means that for this series of com
pounds, when passing from spectral studies in cell-free systems to 
fluorescent staining of cells using these boron curcuminoids, it is 
possible not to carry out additional deaggregating sample preparation, 
and therefore, optimization (synthesis and bioimaging studies) of such 
structures for the tasks of enhancing fluorescence seems to be more 
simpler than in the case of popular hydrophobic fluorescent agents, 
which, when aggregated, lose fluorescence and require controlled 
disaggregation. 

Fig. 14. Survival curves of HCT116 cells after 72 h incubation with 4a, 6a, 7a.  

Fig. 15. Absorption (a) and fluorescence (b, λexc = 405 nm) spectra of 7a in water solutions with different pH.  
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4. Conclusions 

A comparative study of the electronic structure and luminescent 
properties of a series of boron difluoride curcuminoids: 1-aryl(getaryl)- 
5-phenylpent-2,4-diene-1-onates of boron difluoride (1a-10a) has been 
performed. 

The influence of the electronic structure of α-substituents on the 
luminescence of the compounds has been revealed. The introduction of 
alkyl (σ-donor) substituents into the phenyl ring of chelates slightly 
increases the quantum yield and shifts the bathochromic luminescence 
spectra. In a series of complexes with alkyl substituents for 5a, the 
presence of a methyl group in the ortho-position of the phenyl substit
uent, which prevents the flat structure of the molecule, contributes to 
the appearance of TICT, an increase in the Stokes shift, and a weakening 
of luminescence. Curcuminoids 6a-10a with an extended π-system 
exhibit positive solvatochromism. The introduction of π-donor sub
stituents leads to a noticeable bathochromic shift and an increase in the 
Stokes shift in the luminescence spectra. During the transition from 
σ-donor substituents in the phenyl ring to π-donor substituents, the 
quantum yield of luminescence increases from 0.03 to 0.22. The 
maximum Stokes shift and high quantum yield of luminescence are 
exhibited by the complex with a stilbene substituent, which has the 
longest π-system and the maximum charge transfer efficiency. The 
compounds 1a-10a comprise crystalline substances with a color from 
yellow to red that exhibit a bright luminescence in the yellow-orange 
region (530–630 nm). The synthesized boron difluoride curcuminoids 
with a high luminescence quantum yield and a large Stokes shift are 
promising in terms of the development of luminescent smart materials. 

The presented dyes are capable to penetrate into the cells of the 
model cell line and accumulate. The dyes 4a, 6a, 7a accumulate mainly 
in the cytoplasm of cells. 6a and 7a are evenly distributed over the 
cytoplasm; the signal from 4a indicates the selectivity of its accumula
tion. After 72 h of incubation these derivatives with cells, 4a has the 
highest cytotoxicity, while 7a has the lowest. Thus, compound 7a is 
promising for visualization of the cell cytoplasm and acidic organelles. 
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