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Two novel chlorin e6 derivatives containing chelating groups on the periphery of the macrocycle were obtained, and 
two novel complexes of ytterbium with these chlorins were synthesized and characterized. It was found that NIR-II 
emission of Yb ion was sensitized by chlorins, the sensitization efficiency depended on the distance from Yb to chlorin 
core. The detailed study of ytterbium complexes luminescence and in vitro experiments were carried out, during 
which the kinetics of accumulation in tumor cells have been studied. Due to their properties, the obtained metal com-
plexes could find potential application in fluorescent imaging in the NIR-II range. 

Keywords: Natural chlorins, luminescence, NIR-II, chelators, ytterbium, chlorophyll a, carboxylate complexes, lan-
thanides.  
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Получены два новых производных хлорина е6, содержащих хелатирующие группы на периферии макроцикла, 
а также были синтезированы и охарактеризованы их комплексы с иттербием. Обнаружено, что излучение 
иона иттербия в ближней инфракрасной области II (NIR-II) сенсибилизировалось хлоринами, при этом  
эффективность сенсибилизации зависела от расстояния между атомом Yb и хлориновым ядром. Проведены 
детальные исследования люминесценции комплексов иттербия и эксперименты in vitro, в ходе которых изу-
чена кинетика накопления в опухолевых клетках. Благодаря своим свойствам полученные металлокомплексы 
могут найти потенциальное применение в флуоресцентной визуализации в NIR-II диапазоне. 

Ключевые слова: Природные хлорины, люминесценция, NIR-II, хелаторы, иттербий, хлорофилл а, карбок-
силатные комплексы, лантаноиды. 

 
 

Introduction 
 

Diagnosing cancer in the early stages is a very impor-
tant task of modern medicine and a key challenge faced by 
scientists from all over the world. The diagnosis and treatment 
of cancer is requiring individualized approaches,[1] which, in 
turn, necessitate highly contrasted, real-time bioimages. 
Non-invasive methodologies are required in order to per-
turb the investigated systems and organs as little as possi-
ble, and optical emissive probes are emerging as strong 
candidates for this purpose, and especially luminescent bio-
probes.[2] Indeed, when appropriate wavelengths are used, 
penetration depth may be substantial, and light can reach 
regions of complex molecular edifices which are not acces-
sible to other molecular probes. In addition, the emitted 
photons are easily detected by highly sensitive devices and 
techniques, including single-photon detection.[3] 

However, to create an effective bioimaging agent, two 
requirements must be met: firstly, the bioprobe with target-
ing ability and selectivity is required,[4] and secondly, the 
penetration depth must be remarkable. The latter hampers 
the application of the most of the conventional luminescent 
sensors, which is only suitable for skin and external tissues 
diagnosing. In order to solve these problems, it is necessary 
to obtain the NIR-II emitter, whose emission wavelength 
would coincide with the transparency window of biological 
tissues, as well as ensure its vector properties.[5–7] 

Ytterbium ion is one of the most prospective candi-
dates for biological applications due to its unique optical 
properties, which include narrow luminescence bands, pro-
viding almost monochromatic emission, and their constant 
position.[8–11] There are some other unsurpassed advantages 
of ytterbium luminescence: 1) being within the NIR-II  
region (λmax = 978 nm), it perfectly fits into the transpar-
ency window of biological tissues;[12,13] 2) large Stokes shift 
(up to hundreds of nm), incomparable to other classes of 
bioprobes,[14,15] allows exciting and emitted light separation; 
3) typical narrow emission bands can be easily detected and 
do not overlap (in contrast to the broad bands of organic 
molecules).[16–19] 

However, the absorption of ytterbium ions is low, and 
for effective luminescence of ytterbium an antenna, able to 
efficiently absorb energy and transfer it to the ytterbium, is 
needed.[20] In addition, a specific requirement for ytterbium 
compounds as bioprobes is the polydentate nature of the 
ligand to ensure strong chelation and to avoid the complex 
dissociation.[21,22] The best Yb sensitizers were found 
among porphyrins,[23–25] phthalocyanines,[26–28] Schiff 
bases,[10,29–32] and aromatic carboxylates.[8,33,34] 

Among the compounds with the efficient targeting 
ability, both small molecules (folic acid, carbohydrates, 
peptides, etc.) and high molecular weight compounds 
(monoclonal antibodies, vector proteins, nanomaterials, 
etc.) were proposed.[35–42] Some of the substances that have an 
increased tropism for tumors are compounds of tetrapyrrole 
nature, which include phthalocyanines and porphyrins, as 
well as their hydrogenated analogues. Among them, a spe-
cial place is occupied by chlorophyll a derivatives, which 
have high availability and abundance in natural raw materi-
als, as well as excellent photophysical properties. Due to 
their ability to generate reactive oxygen species when irra-
diated with light in the near-infrared region, as well as the 
ability to better accumulate in tumor tissues compared to 
normal ones, they have found their use in photodynamic 
therapy of oncological diseases as drugs.[43–46] In addition, 
chlorins are promising materials for application in lumines-
cence bioprobes, in particular as ligands for lanthanide lu-
minescence. Chlorins are derivatives of porphyrins, which 
are the effective sensitizers of ytterbium luminescence, so 
we can expect them to feature the antenna properties and 
efficient transfer of excitation to central ion. Porphyrins 
absorption bands are in the red region,[47,48] which will al-
low porphyrin-based biotags to absorb light not only in the 
external tissues of the body. Besides, the vast possibilities 
for the deliberate design of the chlorin molecules make it 
possible to add plenty carboxyl groups to the ligand struc-
ture. This allows us to achieve coordination not only in the 
tetrapyrrole coordination sphere, but also due to the chela-
tion by the carboxyl groups – this type of coordination is 
well known for ligands such as EDTA, DTPA, DOTA and 
DO3A.[49–52] 

Thus, in the present work, we aim to deliberately  
obtain chlorins, containing four carboxy-groups that can 
strongly chelate ytterbium, and to obtain dual (Vis and 
NIR-II) emissive ytterbium complexes. Their luminescent 
properties, as well as cell penetration, was studied in com-
parison with that of the initial chlorins. As part of this work, 
we intend to answer two important questions: whether the 
resulting chlorins sensitize the luminescence of ytterbium, 
despite the large aliphatic fragment, and whether the vector 
properties of chlorins are preserved during the complex 
formation. 
 
Experimental  

General 
 

All the chemicals were obtained from commercial sources 
(Merck KGaA, Darmstadt, Germany; Acros Organics – part of 
Thermo Fischer Scientific, Waltham, MA, USA). Silica gel 60 
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(Merck KGaA, Darmstadt, Germany) was used for column chro-
matography. Analytical TLC was performed on aluminum plates 
with F254 silica gel 60 (Merck KGaA, Darmstadt, Germany). ESI-
LCMS data were recorded on Agilent 6160 (Agilent, Singapore) 
with electrospray ionization either in a positive or negative mode. 
NMR spectra were obtained on a Bruker DPX300 spectrometer 
(Bruker Corporation, Billerica, MA, USA) using CDCl3 and 
DMSO-d6 as solvents. Residual solvent was used as the reference 
standard for spectra calibrating. MALDI mass spectra (positively 
charged ion detection mode) were recorded on a Bruker autoflex 
speed mass spectrometer (Bruker Daltonics Inc., Germany) 
equipped with a solid-state UV laser (λ = 355 nm) and a reflec-
tron, at the lowest possible laser energy (usually 50% from maxi-
mum). To record MALDI mass spectra, an MTP 384 ground steel 
target (Bruker Daltonics Inc., Germany) was used. The analytes 
solutions in tetrahydrofuran (2 mg/mL) were mixed with the solu-
tion of the matrix compound (trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile) in tetrahydrofuran (30 
mg/mL) in 1:1 ratio, the mixture was applied to the target and air-
dried. Emission and excitation spectra in the visible range were 
measured using a FluoroMax Plus spectrophotometer (Horiba 
Ltd., Japan) equipped with a 150 W Ozone-free xenon arc lamp. 
Luminescence lifetimes in the infrared range were measured at 
25°C using a diode laser with an operating wavelength of 365 nm 
as an excitation source, an MDR-3 monochromator, a KS-19 filter, 
and an FEU-106 photomultiplier (the duration of laser pulse is < 2 
μs; the experimental accuracy Dt1/2 = 5%). Photoluminescence 
quantum yields in the visible range were determined with the 
FluoroMax Plus spectrophotometer at room temperature according 
to an absolute method in the integration sphere. Photolumines-
cence quantum yield in the NIR range were determined with an 
Ocean Optics Maya 2000 spectrometer (Ocean Insight, USA) 
upon excitation with a xenon lamp at 25 °C (λex = 395 nm). The 
absorption spectra of solutions in DMSO were recorded in the 
region 300–750 nm and 900–1100 nm with a Perkin-Elmer 
Lambda 35 spectrometer (Perkin Elmer Inc., USA). Pheophorbide 
a methyl ester was synthesized according to a previously de-
scribed procedure.[53] 

22Rv1 human prostate carcinoma cells and MCF7 human 
breast adenocarcinoma cells were purchased from the American 
Type Culture Collection (ATCC, Manassas, VA, USA) and cul-
tured in RPMI-1640 media (22Rv1) and EMEM (MCF7) (PanEco, 
Russia) supplemented with L-glutamine (PanEco, Russia), and 
10% fetal calf serum (FCS, PanEco, Russia) in a 37 °C, 5% CO2 
atmosphere. All cell lines routinely tested negative for my-
coplasma. Cells were seeded into 24-well plates in an amount of 
10×103 per 1 mL. The test compounds were added to the wells 24 
hours after seeding at a concentration of 0.05 μM and incubated at 
0.25; 1 and 3 hours, then the cells were washed with PBS to re-
move the added substances and fixed with a 4% formaldehyde 
solution. The accumulation and intracellular distribution of com-
pounds 5-8 were studied on human prostate cell lines 22Rv1 and 
breast adenocarcinoma MCF7 using a laser scanning confocal 
microscope LSM-710 (Carl Zeiss, Jena, Germany), 10x Plan-
Apochromat objective with a numerical aperture of 0.45 and ZEN 
2010 software (Carl Zeiss, Jena, Germany). Fluorescence signals 
were recorded in the confocal channel mode with a confocal aperture 
diameter of 46 μm and an image size of 2048×2048 pixels. Fluo-
rescence was excited at λex = 633 nm and recorded in the range λem 
= 650–740 nm. The transmitted laser radiation was recorded by a 
separate T-PMT detector. 

Synthesis 
 
15,17-Dimethyl chlorin e6 13-N-(6-aminohexyl)amide (2). 

Pheophorbide a methyl ester (1) (100 mg, 0.165 mmol) was dis-
solved in CH2Cl2 (7 mL). Hexane-1,6-diamine (575 mg, 4.945 mmol) 
was added to the resulting solution. The reaction was performed 
for 3 h at 35 °C with stirring under argon atmosphere. After cool-
ing the reaction mixture was diluted with CH2Cl2 (15 mL), washed 

with saturated aqueous NaCl solution (5×20 mL), dried over an-
hydrous Na2SO4 and concentrated under reduced pressure. The 
target product was purified by column chromatography in a 
CH2Cl2/CH3OH/NH4OH eluent system (90/10/1, v/v). Yield: 119 mg 
(82 %). UV-Vis (CH2Cl2) λmax nm (ε, M−1 cm−1): 405 (130,100), 
501 (16,400), 528 (8,400), 556 (7,200), 607 (8,900), 663 (44,700). 
1H NMR (300 MHz, CDCl3) δ ppm: 9.67 (H, s, 10-H), 9.63 (H, s, 
5-H), 8.81 (H, s, 20-H), 8.06 (H, dd, J = 17.8 Hz, 11.5 Hz, 31-H), 
6.55 (H, m, 132-NH), 6.32 (H, d, J = 17.8 Hz, E-32-H), 6.10 (H, d, 
J = 11.5 Hz, Z-32-H), 5.54 (H, d, J = 18.9 Hz, 15-CH2

a), 5.25 (H, 
d, J = 19.0 Hz, 15-CH2

b), 4.47 (H, q, J = 7.2 Hz, 18-H), 4.34 (H, 
d, J = 9.5 Hz, 17-H), 3.79 (2H, m, 81-CH2), 3.77 (3H, s,  
152-COOCH3), 3.61 (3H, s, 12-CH3), 3.51 (3H, s, 173-COOCH3), 
3.48 (3H, s, 2-CH3), 3.41 (2H, m, 133-CH2), 3.30 (3H, s, 7-CH3), 
2.84 (2H, m, 138-CH2), 2.55 (H, m, 172-CH2

a), 2.21 (H, m,  
171-CH2

a), 2.15 (H, m, 172-CH2
b), 1.77 (H,  m, 171-CH2

b), 1.73 
(3H, d, J = 7.1 Hz, 18-CH3), 1.68 (3H, t, J = 7.6 Hz, 82-CH3), 1.29 
(8H, m, 134-137-CH2), –1.63 (H, br.s, I-NH), –1.86 (H, br.s, III - NH). 

15,17-Dimethyl chlorin e6 13-N-(6-(bis(2-methoxy-2-oxo-
ethyl)amino)hexyl)amide (3). Compound 2 (99 mg, 0.137 mmol) was 
dissolved in acetonitrile (10 mL). K2CO3 (84 mg, 0.608 mmol) and 
methyl bromoacetate (29 µL, 0.306 mmol) was added to the re-
sulting solution. The reaction was performed overnight at 25 °C 
with stirring under argon atmosphere. The reaction mixture was 
diluted with CH2Cl2 (15 mL), washed with water (3×20 mL), dried 
over anhydrous Na2SO4, and concentrated under reduced pressure. 
The target product was purified by column chromatography in a 
CH2Cl2-CH3OH eluent system (50/1, v/v). Yield: 124 mg (72 %). 
UV-Vis (CH2Cl2) λmax nm (ε, M−1 cm−1): 403 (130,000), 502 
(16,400), 529 (8,400), 555 (7,300), 607 (9,000), 663 (44,800). 1H 
NMR (300 MHz, CDCl3) δ ppm: 9.70 (H, s, 10-H), 9.64 (H, s,  
5-H), 8.81 (H, s, 20-H), 8.08 (H, dd, J = 17.8 Hz, 11.5 Hz, 31-H), 
6.50 (H, m, 132-NH), 6.35 (H, d, J = 17.8 Hz, E-32-H), 6.14 (H, d, 
J = 11.5 Hz, Z-32-H), 5.56 (H, d, J = 18.9 Hz, 15-CH2

a), 5.27 (H, 
d, J = 19.0 Hz, 15-CH2

b), 4.47 (H, q, J = 7.2 Hz, 18-H), 4.37 (H, 
d, J = 9.5 Hz, 17-H), 3.81 (2H, m, 81-CH2), 3.79 (3H, s, 152-
COOCH3), 3.61 (9H, s, 12-CH3, N-CH2-COOCH3), 3.57 (3H, s, 
173-COOCH3), 3.54 (3H, s, 2-CH3), 3.51 (4H, s, N-CH2-
COOCH3), 3.49 (2H, m, 133-CH2), 3.32 (3H, s, 7-CH3), 2.74 (2H, 
m, 138-CH2), 2.53 (H, m, 172-CH2

a), 2.23 (H, m, 171-CH2
a), 2.13 

(H, m, 172-CH2
b), 1.81 (H, m, 171- CH2

b), 1.75 (3H, d, J = 7.1 Hz, 
18-CH3), 1.73 (3H, t, J = 7.6 Hz, 82-CH3), 1.52 (8H, m, 134-137-
CH2), –1.58 (H, br.s, I - NH), –1.81 (H, br.s, III - NH). 

Chlorin e6 13-N-(6-(bis(carboxymethyl)amino)hexyl)amide 
(4). Compound 3 (25 mg, 0.029 mmol) was dissolved in degassed 
acetone (1.5 mL), after which a solution of KOH (10 mg,  
0.178 mmol) in degassed water (1.5 mL) was added to the mix-
ture. The reaction was performed for 2 h at 50 °C. After cooling 
the reaction mixture was diluted with water (10 mL) and neutral-
ized with 1N HCl and then evaporated. DMF was added to the 
evaporation residue containing the target product and NaCl, after 
which the mixture was decanted, and the solution of the target 
product was evaporated. Yield: 22 mg (95 %). UV-Vis (CH2Cl2) 
λmax nm (ε, M−1cm−1): 404 (130,300), 501 (16,400), 529 (8,400), 
557 (7,300), 607 (9,100), 663 (44,700). ESI MS m/z calculated for 
C44H54N6O9 [M]+: 810.3952; Found: 810.3945. 1H NMR (300 
MHz, DMSO-d6) δ ppm: 9.76 (2H, s, 10-H, 5-H), 9.14 (2H, s, 20-
H, 132-NH), 8.33 (H, dd, J = 17.8 Hz, 11.5 Hz, 31-H), 6.45 (H, d,  
J = 17.8 Hz, E-32-H), 6.17 (H, d, J = 11.5 Hz, Z-32-H), 5.46 (H, d, 
J = 18.9 Hz, 15-CH2

a), 5.29 (H, d, J = 19.0 Hz,15-CH2
b), 4.62 (H, 

q, J = 7.2 Hz, 18-H), 4.39 (H, d, J = 9.5 Hz, 17-H), 3.82 (2H, m, 
81-CH2), 3.66 (3H, s, 12-CH3), 3.53 (3H, s, 2-CH3), 3.49 (4H, s, 
N-CH2-COOH), 3.41 (2H, m, 133-CH2), 3.31 (3H, s, 7-CH3), 2.84 
(2H, m, 138-CH2), 2.63 (H, m, 172-CH2

a), 2.30 (H, m, 171-CH2
a), 

2.14 (H, m, 172-CH2
b), 1.80 (H,  m, 171-CH2

b), 1.67 (3H, t,  
J = 7.6 Hz, 82-CH3), 1.62 (3H, d, J = 7.1 Hz, 18-CH3), 1.49 (8H, 
m, 134-137-CH2), -1.89 (H, br.s, I - NH), -2.21 (H, br.s, III - NH). 

15,17-Dimethyl chlorin e6 13-N-(6-(bis(2-(bis(2-(tert-butoxy)-2-
oxoethyl)amino)ethyl)amino)hexyl)amide (6). Compound 3 (150 mg, 
0.207 mmol) was dissolved in CH2Cl2 (2 mL), after which di-tert-
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butyl 2,2'-((2-bromoethyl)azanediyl)diacetate (560 mg, 1.590 
mmol) and anhydrous K2CO3 (55 mg, 0.398 mmol) were added to 
the resulting solution. The reaction was performed for 24 h at 
room temperature. The reaction mixture was diluted with CH2Cl2 
(10 mL), washed with water (3×20 mL), dried over anhydrous 
Na2SO4, and concentrated under reduced pressure. The target 
product was purified by column chromatography in a CH2Cl2-
CH3OH eluent system (25/1, v/v). Yield: 215 mg (85%). UV-Vis 
(CH2Cl2) λmax nm (ε, M−1cm−1): 403 (130,100), 501 (16,400), 529 
(8,400), 556 (7,300), 608 (9,000), 664 (44,500). ESI MS m/z cal-
culated for C70H104N8O13 [M+H]+: 1264.77; [M+2H]2+: 632.39. 
Found: 1265.77; 633.39. 1H NMR (300 MHz, CDCl3) δ ppm: 9.70 
(H, s, 10-H), 9.63 (H, s, 5-H), 8.80 (H, s, 20-H), 8.08 (H, dd, J = 
17.9 Hz, 11.7 Hz, 31-H), 6.60 (H, m, 132-NH), 6.34 (H, d, J = 17.7 
Hz, E-32-H), 6.13 (H, d, J = 11.6 Hz, Z-32-H), 5.55 (H, d, J = 18.8 
Hz, 15-CH2

a), 5.26 (H, d, J = 19.0 Hz, 15-CH2
b), 4.47 (H, q, J = 

7.6 Hz, 18-H), 4.36 (H, d, J = 8.5 Hz, 17-H), 3.80 (3H, s, 153-
CO2CH3), 3.80 (2H, m, 81-CH2), 3.60 (3H, s, 174-CO2CH3), 3.57 
(3H, s, 123-CH3), 3.49 (3H, s, 2-CH3), 3.44 (8H, s, 4CH2COO), 
3.32 (3H, s, 7-CH3), 3.11 (2H, m, N-CH2), 2.54 (2H, m, 172-CH2), 
2.18 (2H, m, 171-CH2), 1.82 (3H, m, 18-CH3), 1.73 (3H, t, J = 7.7 
Hz, 82-CH3), 1.63–1.48 (6H, m, CH2-CH2-N, N-CH2), 1.44 (36H, 
s, O-tBu), 1.36–1.21 (4H, m, CH2-CH2), –1.81 (H, br.s, NH),  
–1.82 (H, br.s, NH). 

15,17-Dimethyl chlorin e6 13-N-(6-(bis(2-(bis(carboxy- 
methyl)amino)ethyl)amino)hexyl)amide (7). Compound 6 (100 mg, 
0.079 mmol) was dissolved in a 20% solution of TFA in CH2Cl2 
(3 mL). The reaction was performed for 3 h at room temperature. 
The reaction mixture was diluted with CH2Cl2 (10 mL), washed 
with 10 % aqueous NaHCO3 solution (3·20 mL), dried over anhy-
drous Na2SO4, and concentrated under reduced pressure. The tar-
get product was purified by column chromatography in a CH2Cl2-
CH3OH eluent system (20/1, v/v). Yield: 78 mg (95%). UV-Vis 
(CH2Cl2) λmax nm (ε, M−1cm−1): 403 (130,100), 501 (16,400), 529 
(8,400), 556 (7,300), 607 (9,000), 663 (44,700). ESI MS m/z cal-
culated for C54H72N8O13 [M+H]+: 1040.52; [M+2H]2+: 520.7. 
Found: 1041.53; 521.27. 1H NMR (300 MHz, DMSO-d6) δ ppm: 
9.85 (H, s, 10-H), 9.82 (H, s, 5-H), 9.17 (H, s, 20-H), 8.33 (H, dd, 
J = 17.8, 11.6 Hz, 31-H), ), 7.75 (H, m, 132-NH), 6.47 (H, d,  
J = 17.8 Hz, E-32-H), 6.21 (H, d, J = 11.6 Hz, Z-32-H), 5.54 (2H, 
d, J = 18.8 Hz, 15-CH2

a), 5.33 (2H, d, J = 18.9 Hz, 15-CH2
b), 4.62 

(H, m, 18-H), 4.43 (H, d, J = 9.9 Hz, 17-H), 3.85 (5H, m, 153-
CO2CH3, 8

1-CH2), 3.68 (3H, s, 174-CO2CH3), 3.54 (14H, m, 123-
CH3, 2-CH3, 4CH2COO), 3.34 (3H, s, 71-CH3), 3.09 (4H, m, N-
CH2, 172-CH2), 1.81 (2H, m, 171-CH2), 1.67 (6H, m, 181-CH3, 8

2-
CH3), 1.24 (10H, m, CH2-CH2-N, N-CH2, CH2-CH2), –1.96 (H, s, 
NH), –2.15 (H, s, NH). 

Preparation of the ytterbium complex of compound 4 (5). 
Compound 4 (26 mg, 0.03 mmol) was suspended in water (50 mL) 
followed by the addition of potassium hydroxide (7 mg, 0.12 
mmol). After complete dissolution of the precipitate, YbCl3 (17 
mg, 0.04 mmol) was added. The solution was then stirred for 2 
hours at a room temperature. The formed precipitate was centri-
fuged and washed with water to remove traces of soluble impuri-
ties. The precipitate was dried and complex 5 was obtained as 
black powder. Yield: 30 mg (93%). UV-Vis (DMSO) λmax nm (ε, 
M−1cm−1): 406 (126,200), 501 (16,700), 532 (8,000), 557 (7,200), 
607 (9,000), 664 (44,100). 

Preparation of the ytterbium complex of compound 7 (8). 
The procedure is similar to the method described for compound 5. 
Starting from compound 7 (11 mg; 0.01 mmol) we obtained 4.5 
mg of 8 (37.5%). UV-Vis (DMSO) λmax nm (ε, M−1cm−1): 405 
(125,900), 505 (15,600), 530 (8,500), 559 (7,000), 614 (7,900), 
667 (43,800). MALDI MS m/z calculated for C54H68N8O13Yb 
[M]+: 1213.45; [M-N-((CH2)2-N-(CH2COOH)2)2]

2+: 450.73. 
Found: 451.43. 

 
 

Results and Discussion 
 

The starting material for the synthesis of chelators was 
pheophorbide a methyl ester (1), which was treated with an 
excess of 1,6-diaminohexane in DCM, which led to the 
opening of exocycle E and the formation of chlorin 2 con-
taining a terminal amino group. The resulting aminoamide 
was alkylated with methyl bromoacetate in the presence of 
potassium carbonate to form compound 3. In the 1H NMR 
spectrum, signals from methyl groups in the iminodiacetic 
fragment were detected. During the alkaline hydrolysis of 
compound 3 under the action of potassium hydroxide, the 
removal of methyl groups was observed both in the chelat-
ing fragment and in positions 152 and 173 of the chlorin 
macrocycle, which was confirmed by the disappearance of 
the corresponding signals in the 1H NMR spectrum. A mo-
lecular ion corresponding to that expected for product 4 was 
detected in the high-resolution mass spectrum. The result-
ing chlorin derivative had high solubility in aqueous solu-
tions, both at acidic and alkaline pH values. For this reason, 
to separate it from the potassium chloride formed after neu-
tralization, the reaction mass was dried and then redissolved 
in DMF, followed by filtering the chlorin solution from the 
inorganic salt. Thus, a water-soluble photosensitizer was 
obtained containing fragments of chlorin and iminodiacetic 
acid, separated by a spacer group. In order to increase the 
chelating ability, a derivative containing a larger number of 
nitrogen atoms and carboxyl groups in the complexing 
fragment was also obtained. For this purpose, aminoamide 
2 was treated with di-tert-butyl 2,2'-((2-bromoethyl)azane-
diyl)diacetate in a basic medium to obtain chlorin 6. In the 
1H NMR spectrum of compound 6, signals of tert-butyl 
groups, as well as methylene units in the composition of 
iminodiacetic acid fragments. Removal of tert-butyl groups 
was carried out by acidolysis using trifluoroacetic acid. The 
resulting carboxylate derivative 7 had excellent solubility in 
aqueous media with pH>7, and was also soluble at pH<3, 
which was apparently due to the presence of methyl groups 
in the chlorin macrocycle. 

Ytterbium complexes of compounds 4 and 7 were  
obtained by the interaction of freshly prepared potassium 
salt of the ligand and ytterbium chloride in the aqueous 
solution. Potassium salt of the ligand was preliminarily ob-
tained, a weighed portion of the ligand was suspended at a 
room temperature and constant stirring in an aqueous solu-
tion and aqueous solution of KOH was added. After com-
plete dissolution of the ligand, ytterbium chloride YbCl3 
was added to it. The solution was then stirred for 2 h at a 
room temperature. The formed precipitate was centrifuged 
and washed with water to remove traces of soluble impuri-
ties. The precipitates were dried in air for 7 days. Black 
powders of complexes 5 and 8 were obtained. The resulting 
ytterbium complexes were characterized by NMR spectros-
copy and MALDI mass spectrometry, as well as lumines-
cence spectroscopy and spectrophotometry. 

Mass-spectroscopy is a powerful method to analyze 
the lanthanide complexes due to the specific isotopic distri-
bution of lanthanide ions. This allows securely distinguish 
between Ln-free and Ln-containing species, as well as to 
verify the presence of oligonuclear species. In the MALDI 
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MS spectra of 5, the most intense signal, corresponding to the 
Yb(L1)2+ species, was detected within the m/z =440–460 
range, as during the ionization of the investigated substance 
the elimination of -CH2COOH group occurs. In the MALDI 
MS spectra of 8, the most intense signals correspond to the 
different eliminated groups of ligand, but the band within the 
m/z = 440–460 range can also be found, corresponding to the 
Yb(L2)2+ species with the eliminated N-((CH2)2-N-
(CH2COOH)2)2 group. The intensities ratio of these bands for 
each ytterbium complex corresponds to the theoretical iso-
topic distribution, calculated for these complexes. The high 
intensity of the signal corresponding to complex Yb(L1)2+ in 
comparison with Yb(L2)2+ may be due to the presence of two 
carboxy-groups attached to the aromatic system rather than to 

the aliphatic fragment. If the aliphatic fragment is eliminated 
under the ionizing radiation (its bands are present in the spec-
trum), ytterbium will be coordinated by these carboxylic 
groups, which are not present in complex Yb(L2)2+. 

1H NMR spectroscopy is also very informative 
method for the analysis of lanthanide complexes. In the 
present case, the reason for that lays in the fact that para-
magnetic central ion results in the lanthanide-induced shift 
(LIS) and broadening, allowing to not only proof the com-
plex formation, but also to get some information about its 
geometry.[54,55] The 1H NMR spectra in DMSO-d6 show the 
signals from ligands, that are broadened and shifted in ac-
cordance with the paramagnetic ion effect (Figure 1), which 
confirms the formation of the ytterbium complex. 

 
Scheme 1. Reagents and conditions: i – hexane-1,6-diamine, CH2Cl2, 35 °C, 3h; ii – methyl bromoacetate, K2CO3, acetonitrile, 25 °C, 
overnight; iii – KOH, acetone/water (1/1, v/v), 50 °C, 2 h; iv – KOH, YbCl3, water, r.t.; v – di-tert-butyl 2,2'-((2-bromoethyl)azanediyl)-
diacetate, K2CO3, CH2Cl2, r.t., 24 h; vi – TFA/CH2Cl2 (20 %, v/v), r.t., 3 h. 

 

 
 
Figure 1. 1H NMR spectra of 5 and 4 (inset) in DMSO-d6. 
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Infrared luminescence of ytterbium complexes 5 and 8 
was studied upon through-ligand excitation (Figure 2) and 
demonstrated typical Yb3+ ion emission, corresponding to 
2F7/2 → 2F5/2 transition (Figure 2). Quantum yields (QY) of 
5 and 8 solutions in DMSO-d6 reached 0.14% and 0.09%, 
respectively (Table 1). 

To understand the factor limiting quantum yield values, 
we separately calculated sensitization efficiency ηsens and 
internal quantum yield QYYb

Yb, which product is the overall 
quantum yield QYL

Yb = ηsens·QYYb
Yb. Internal quantum 

yield equals the ratio between observed and radiative life-
times QYYb

Yb = τobs/τrad, where observed lifetime was ex-
perimentally determined in solution from the luminescence 
decay curves to be 7 μs and 38 μs for 5 and 8 respectively  

(Table 1). Radiative lifetime cannot be determined directly, 
but for ytterbium complexes it can be calculated from the 
absorption spectrum corresponding to the ytterbium emission 
spectrum with the help of the modified Einstein’s equation: 

 

, 
 

where c is the speed of light in vacuum (cm/s), n is refrac-
tive index, NA is Avogadro constant, J and J’ are the quan-
tum numbers of the ground and excited states, respectively, 
ʃ ε(ν)dν is the integrated spectrum of the f-f transition, and 

 is the barycentre of the transition. 

 
 

 
 
Figure 2. Excitation (A) (λem = 670 nm) and emission (B) spectra of complexes 5 and 8 solutions in DMSO-d6 (C = 4 mmol/L). The inten-
sity of ytterbium luminescence bands is increased by 5 times. 
 
 
Table 1. Overall quantum yields, radiative (τrad), and observed (τobs) luminescence lifetimes of ytterbium ions luminescence for studied 
complexes. 

Compound QYL
Yb, % QYL, % τrad (Yb), ms τobs (Yb), μs QYYb

Yb, % ηsens (L-Yb), % 

5 0.14 2.04 0.07 7 10.8 1.30 

8 0.09 3.55 0.07 38 55.9 0.16 
 

 
 

 
 
Figure 3. Fluorescent microscopy images of 22Rv1 prostate carcinoma cells and MCF7 breast adenocarcinoma cells after 3-hour incuba-
tion with compounds 4, 5, 7 and 8; control – cells without treatment. 
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Radiative lifetime in DMSO-d6 is equal to 0.07 ms for 
both complexes 5 and 8 (Table 1). The internal quantum 
yields reach 10.8% for 5 and 55.9% for 8, which is rather 
high for infrared luminescence. The sensitization efficiency 
values of ytterbium ion are rarely reported in the literature, 
and though among published the high value can be found, 
usually these values do not exceed several percent, if pub-
lished. Thus, the limiting factor was the sensitization effi-
ciency, which equals 1.3% for 5 and 0.16% for 8. 

Cancer diagnostic applications demand high luminosity, 
which is equal to the multiplication of the molar absorption 
coefficient and the quantum yield. Despite the not the highest 
quantum yields of ytterbium, we obtain high luminosity val-
ues due to high absorption. In combination with the vector 
properties of our ligands, this makes our complexes promis-
ing for applications as luminescent bioprobes. 

The properties of the obtained derivatives allow the 
use of fluorescence microscopy to study the interaction of 
these compounds with tumor cells. It was found that all 
studied compounds 4, 5, 7, 8 accumulate in 22Rv1 prostate 
carcinoma and MCF7 breast adenocarcinoma cells after 15 
min of incubation; maximum accumulation was observed 
after 1–3 h (Figures 3, S6, S7). The dyes were diffusely 
distributed in the cytoplasmic region. To study the dynam-
ics of accumulation of the resulting metal complexes 5, 8, 
as well as the initial photosensitizers 4, 7, fluorescence in-
tensity calculations were made in tumor cells. The results of 
the study are presented in Figure 4. In the case of complex 
5, a decrease in the accumulation rate was observed com-
pared to metal-free PS 4 in both the cell lines. Thus, in 
22Rv1 cells, the rate of accumulation of compound 5 was 2 

times slower than for the original photosensitizer. In MCF7 
cells, the accumulation of compounds 4 and 5 after 3 h was 
almost the same, but at lower times there was a tendency 
for the penetration rate of the metal complex into the cells 
to decrease. In contrast, when studying the dynamics of 
accumulation of pigment 7 and its Yb-complex 8, improved 
cellular uptake of the latter was observed. This circum-
stance can be explained by the presence of ester groups in 
complex 8, which do not participate in the coordination of 
the ytterbium atom, in contrast to complex 5, which con-
tains carboxyl groups at positions 15 and 17 of the chlorin 
macrocycle. Apparently, the participation of these carboxyl 
groups in complex formation significantly affects the ability 
of chlorins to penetrate into tumor cells. 

 
Conclusions 
 

For the first time, chlorin e6 derivatives containing 
iminodiacetic acid residues for chelation of lanthanides 
were synthesized. In this work, Yb complexes were pre-
pared and long lifetimes and high quantum yields of infra-
red luminescence were demonstrated. It was established 
that the target compounds obtained in the work penetrate 
and accumulate in 22Rv1 prostate carcinoma and MCF7 
breast adenocarcinoma cells after 15 minutes of incubation. 
The most intense accumulation of these compounds occurs 
1-3 hours after the start of incubation, which is typical for 
chlorin derivatives. Due to the photophysical properties of 
the obtained ytterbium chlorin complexes, they have diag-
nostic potential as luminescent bioprobes. 

 

 
Figure 4. Accumulation kinetics of photosensitizers 4, 5, 7, 8 in 22Rv1 (A, B) and MCF7 (C, D) cell lines. 
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