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IN ELECTROLYTIC SOLUTIONS
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This article is devoted to the synthesis and characterization of the C70 hydrosol of the 
son/nC70 type and to its coagulation by sodium chloride and cetyltrimethylammoni-
um bromide (CTAB). At C70 concentration of 3.3×10–6 M, the electrokinetic potential is  
ζ= –40 ± 4 mV, the particle size expressed as Zeta-average is 97±3 nm; at higher C70 concen-
trations, 1.7×10–5 and 6.9×10–5 M, the size stays the same: 99 – 100 nm. The critical concentra-
tion of coagulation (CCC) values were determined using the diameter increasing rate (DIR) 
on NaCl concentration. The CCCs are concentration-dependent: 250, 145, and 130 mM at 
C70 concentrations 3.3×10–6, 1.7×10–5, and 6.9×10–5 M, respectively. The CCC for the CTAB 
surfactant is much lower, about 5×10–3 mM. At 0.02 mM CTAB, however, the overcharging 
up to ζ = + 40 mV and stabilization of the colloidal particles take place. Interpretation of the 
hydrosol coagulation by NaCl using the Derjaguin–Landau–Verwey–Overbeek theory makes 
it possible to determine the Hamaker constant of the C70–C70 interaction in vacuum, if only 
electrostatic repulsion and molecular attraction are taking into account: AFF ≈ 7×10–20 J. On 
the other hand, if we use the value AFF = (16.0–16.6)×10–20 J, obtained earlier in the study 
of organosols, then the data for hydrosols can be explained only by the introduction of an 
additional type of interactions. Following the terms of Churaev and Derjaguin, one should 
take into account the structural contribution to the interaction energy, which stabilizes the 
hydrosol.

Keywords: fullerene C70 hydrosol, electrokinetic potential, sodium chloride, cetyltrime
thylammonium bromide, critical concentration of coagulation, Derjaguin – Landau – Ver-
wey – Overbeek theory, Hamaker diagram, fullerene–fullerene Hamaker constant, structural 
contribution to the inter-particle interaction. 
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INTRODUCTION. The chemistry of fulle
rene solutions, including colloidal ones, is 
still one of the most interesting areas of nano
science. Recent reviews give some idea of ​​the 
current state of affairs in this area [1–3]. An 
important issue is the nature of aqueous sus-
pensions and hydrosols of fullerenes [2]; the 
results of new detailed studies of these systems 
were published this year [4–6]. The last work 
[6] develops a previously published technique 
of preparation of the C60 hydrosol from the 
fullerene anion radical [7]. Another group of 
authors [8] published a molecular dynamics 
simulation study to understand the stabiliza-
tion of fullerenes in water; the discussion was 
based on the idea of important role of the oxi
dized species C60O, which was previously put 
forward by the Ausman’s group [9]. 

During a study of C70 organosols in acetonit
rile-based solvents and some other systems 
[10], as well as analogous dispersions of C60 
[11, 12], we estimated the Hamaker constant, 
AFF, of fullerene-fullerene interactions basing 
on the Derjaguin–Landau–Verwey–Overbeek 
(DLVO) theory. There are, however, two expla-
nations of the data [10]. First one is based on 
averaging-out all the estimates obtained with 
different electrolytes. The average AFF value 
is close to that estimated in aqueous systems 
[13–15], but the scatter is substantial. Alterna-
tively, utilization of only several selected sys-
tems results in a substantially higher AFF [10]. 
If the last value is accepted, the presence of a 
strong stabilizing factor in hydrosols should be 
presumed. 

 This paper is aimed to characterize the 
stability of the C70 hydrosol of the so-called  
son/nC70 type prepared by a somewhat modi
fied procedure. Earlier Aich et al. [16, 17] 
studied in detail this hydrosol as well as those 

formed by C60, C76, and C84. Values of the cri
tical concentrations of coagulation of fullerene 
hydrosols and suspensions by electrolytes pub-
lished in the literature were gathered in a re-
view paper [2]. 

EXPERIMENT AND DISCUSSION OF THE 
RESULTS. Preparation of the C70 hydrosol. The 
first stage consisted in preparing a solution of 
fullerene in benzene. It is importantly to note 
that the water content in benzene should not 
exceed 0.01%. A weight amount of C70 (Neo-
TechProduct, >99%) was placed into benzene 
without intensive mixing; the final concentra-
tion was 5×10–4 M. The solution was stored for 
two weeks, stirring slowly every 3–5 days, and 
then filtered through a 0.22 μm membrane fil-
ter. The second stage was aimed to transfer the 
fullerene from benzene to water. In a 500 ml 
beaker, 400 ml of deionized water (conduc-
tivity ≤ 1.0 μS) was added and 30 ml of a C70 
benzene solution (2.5×10–4 M) was added. The 
titanium tip of an ultrasonic disperser (22 kHz, 
400–600 W) is immersed in the solution. Soni
cation was performed at reduced pressure 
of 100 mm. Hg. First, a white emulsion was 
formed. Then, the solution becomes trans-
parent with brown tint. The solution thus ob-
tained was centrifuged for 15–20 min at 7000–
8000 rpm in order to remove the titanium par-
ticles and the coarse fraction of C70 particles. 
The supernatant part of the solution is placed 
in a round-bottomed flask of a rotary evapo-
rator and evaporated at a bath temperature of  
65 ºС to 12 – 15 ml. Then the solution is filtered 
through membrane filters with pore diameters 
of 0.45 and 0.22μm. The result is a clear dark 
brown solution containing (6–8)×10–4 M C70. 

 Determination of the fullerene concentra-
tion and molar absorptivity in water. 2 ml of 
C70 aqueous solution are placed in a 10 ml eva
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porating flask and evaporated to dryness on 
a rotary evaporator. Then, 2 ml of a mixture 
of water/acetone in a ratio of 1: 1 are poured 
into the flask and evaporated to dryness. Then 
2 ml of acetone is poured into the flask twice 
and each time is evaporated to dryness. After 
drying and removing traces of acetone, 2 ml 
of benzene are placed in the flask and left to 
dissolve completely. The concentration of the 
fullerene in the hydrosol, 4.30×10–4 M, was es-
timated using the molar absorptivity of C70 in 
benzene, 44.7×103 M–1cm–1, at 382.1 nm. {The 
molar absorptivity in benzene was estimated 
by 100-fold dilution by highly purified tolu-
ene and using the molar absorptivity of C70 in 
toluene used previously [10]}. Then, the molar 
absorptivity of C70 in the hydrosol at 385.7 nm 
was estimated as 48.0×103 M–1cm–1. The ab-
sorption spectra are presented in Figure 1. 

Figure 1 – UV/visible absorption spectra of C70 
in different media. 

 This spectrum of the hydrosol is very simi-
lar to those reported by Aich et al. [16, 17] and 
Mikheev et al. [18]. 

 Other chemicals. To determine the hydro-
sols CCC, the solutions of NaCl (analytical 
grade) and cetriltrimethylammonium bro-

mide (CTAB, 99 %, Sigma-Aldrich) were used. 
These solutions were prepared by dissolving of 
required salt amount in distillate water. 

Preparation of the working solutions. The 
required amount of electrolyte solution was 
added to the flask, then distillate water. After 
mixing, an aliquot of the C70 stock solution was 
added to the flask and the solution was stirred 
again. 

Apparatus. UV/visible spectra were run 
with a Hitachi U-2000 spectrophotometer 
against solvent blanks. Particle size distribution 
was obtained using dynamic light scattering 
via Zetasizer Nano ZS Malvern Instruments, 
scattering angle 173о; each measurement was 
made by 12 runs and reproduced at least three 
times. The values of the ζ-potentials were de-
termined using the Zetasizer Nano ZS Mal-
vern Instruments, scattering angle 12.8o; each 
measurement was performed by 3–5 runs. The 
spectral and DLS measurements were made at 
25.0±0.5 oC. 

Characterization of the hydrosols. Particle 
size distribution at different fullerene concen-
trations is presented in Figure 2. 

Figure 2 – Particle size distribution of the  
son/nC70 hydrosol at various dilutions of the ini-
tial sol. 
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Main experiments were processed with the 
concentration of 3.29×10–6 M C70. The par-
ticles are negatively charged, ς = –40 ± 4 mV. 
The Z-average value is d = 97 ± 3 nm (by number 
51 nm; by volume 60; by intensity 110; PDI = 
0.18). For C70 concentration of 1.71×10–5 M, 
Z-average is 99 nm; the size by number, vo
lume, and intensity is 51; 63; and 114 nm, 
and PDI = 0.18. For 6.91×10–5 M C70, the cor-
responding values are 100 nm; 51; 59; and 
120  nm, PDI = 0.22. All the values of the  
zeta-potential presented here are calculated  
using the Ohshima equation [19, 20]; in salt-
free water, this corresponds to the Onsager–

Hückel equation. Note, that other authors [15, 
16, 18, 21] use the Smoluchowsky equation. 

Aich et al. report the hydrodynamic dia
meter of 92 ± 14 nm and ς= –39 ± 4 mV [15], 
Mikheev et al. [18] report d = 175±5 nm  
(PDI = 0.11±0.02), ς= –34.4 ± 0.7 mV (measu
rements at 6.2×10–5 M C70). 

Coagulation by sodium chloride. The critical 
coagulation concentration was determined us-
ing the dependence of the diameter increasing 
rate (DIR) on NaCl concentration (Figure 3), 
which is in fact a sort of the Fuchs approach 
[10–15, 17]. 

Figure 3 – Determination of the critical coagulation concentration of the C70 hydrosol by NaCl: the 
results of two independent experiments; asterisks indicate the ς values. 

The CCC value at 3.3×10–6 M C70 is 250 mM 
NaCl. Increasing in the fullerene concentra-
tion up to 1.71×10–5 M decreases the CCC va
lue down to 145 mM. This is in line with the re-
sults obtained with C60 hydrosols [2]. Further 
rise of C70 concentration to 6.91×10–5 M also 
decreases the CCC to 130 mM. However, the 
system is unstable under such conditions, and 
the coagulation occurs in spurts. Note, that at 
1×10–4 M of C60 hydrosol CCC = 85 mM NaCl 
(determined by visual titration) [22]. Aich  
et al. [17] reported a CCC value of 150 mM 

at 7.9×10–7 M C70 (the fullerene concentra-
tion was calculated using the information on 
the experimental details kindly sent to us by  
Dr. Aich). 

Interaction of the C70 hydrosol particles with 
CTAB. Small concentrations of CTAB cause 
charge neutralization of the particles and coa
gulation of the hydrosol; the size jump ap-
proximately corresponds to the isoionic state 
(Figure 4). The CCC value is about 0.005 mM 
CTAB. In contrast, further increase in CTAB 
concentration results in overcharging and 
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thus stabilization of the sol. This phenome-
non is typical for colloidal systems, e.g., for the  
SiO2/CTAB [23]. Whereas the coagulation 
within the range of micromolar CTAB concen-
trations is obviously caused by adsorption and 
hence charges neutralization of colloidal parti-
cles, the stabilization via particles overcharging 
is probably a result of surfactant bilayer forma-
tion [22, 24]. 

Interpretation of the CCC(NaCl) value. 
Despite some differences of the CCCs deter-
mined at various C70 concentrations and by 

different authors, these values as well as those 
for C60 hydrosol [2, 13-15, 17, 18, 21, 22], 
are two-three orders of magnitude higher as 
compared with the values in organic solvents 
[10–12]. In both cases, attempts were made 
to estimate the fullerene–fullerene Hamaker 
constant, AFF, which characterizes the C70–C70 
interaction in vacuum, selecting in one way 
or another a value consistent with a given 
coagulation threshold. For example, an equa-
tion derived by Dukhin et al. [25] can be used, 
Eq. 1. 

Figure 4 – Size and zeta-potential dependence of the C70 colloid in CTAB solutions; asterisks indicate 
the ς values. 

7 
 
stabilization via particles overcharging is probably a result of surfactant bilayer formation [22, 

24].  
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Here, h is the distance between the centers 
of the particles, s  = 2 + /h r , dΨ  is the electri-
cal surface potential of the colloidal particles, 

0ε  = 8.854× 10–12 F m–1, κ  is the reciprocal 
Debye length, R, T, F have their usual mean-
ings. The measured values of ς  can be used for 
low and medium charged interfaces instead of 

dΨ , in accord to the accepted viewpoint. The 
*
FSFA  value characterizes the fullerene – sol-

vent – fullerene interaction in solution and is 

connected with the AFF and ASS values, which 
characterize the fullerene–fullerene and sol-
vent–solvent interactions in vacuum, respec-
tively, through Eq. 2.  

* 1/2 1/2 2
FSF FF SS( )A A A= − .               (2)

Different dependences of U  on h  can be 
constructed using various *

FSFA  values, and 
those which meet the coagulation conditions 
should be selected. Accordingly, the FFA  can 
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be estimated using Eq. 2. In our recent work, 
in this way we estimated the A*

FSF  and AFF  va-
lues for C70 in acetonitrile and methanol (with 
10  vol. % toluene) [10]. Using the data for a 
set of electrolytes, we obtained the AFF values 
within a wide range of (5.8 – 16.6)×10–20 J 
[10]; similar AFF were estimated for C60 in 
acetoni-trile and methanol [11, 12]. 

At the same time, Elimelech and his co-
workers obtained the value FFA  = 7.5×10–20 J 
for C60 hydrosols prepared by different proce-
dures [13, 15]. Aich et al. [17] used this value 
for successful explanation of the coagulation of 
aqueous suspensions of C60, C70, C76, and C84. 
Therefore, the data obtained with organosols 
can be considered as an approximate estimate, 
with the value 7.5 × 10–20 J falling within this 
range. 

However, an alternative explanation can be 
proposed. A careful consideration of the data 
for organosols demonstrates an expressed 
tendency to overcharging of the negatively 
charged colloidal particles of the fullerenes 
by the metal cations. This most likely leads 
to hetero- and mutual coagulation, and the 
simple interpretation of the CCCs using Eq. 1 
becomes impossible. Therefore, we select-
ed the data for two electrolytes as coagula-
tors in organic solvents. They are as follows: 
tetra-n-butylammonim perchlorate, chosen 
because of no signs of overcharging, and cal-
cium perchlorate, which exhibits a second 
CCC value for completely overcharged C70 
aggregates [10]. This allows estimating the 

FFA  value (16.0 – 16.6) ×10–20 J [10], which 
is substantially higher as compared with the 
“aqueous” value,  FFA  = 7.5×10–20 J. This, in 
turn, allows suspecting the presence of an 
additional stabilizing factor in the case of the 
hydrosols [10]. 

In Figure 5, series of Hamaker diagrams are 
presented for ionic strength of 250 mM and ς = 
–17 mV, i.e., under conditions of rapid coagu-
lation by NaCl (see above), and different *

FSFA
values; SSA  for water is 3.86×10-20 J. 

Figure 5 – Hamaker diagrams for the C70 hydro-
sol for 250 mM NaCl. 

In Figure 6, the maxU  values in kBT units are 
plotted against the *

FSFA  values. 

Figure 6 – Potential barrier height as a func-
tion of the Hamaker constant. 

If the values of the potential barrier maxU  = 
(0 – 1) kBT are accepted as the margin of the 
stability, then FFA  = (7.0 to 6.2)×10–20 J (Ta-
ble 1). Average value is 6.6×10–20 J; for maxU  = 0, 

FFA  = 7.0×10–20 J. 
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Table 1
Calculated values of the Hamaker con-

stant.

maxU , kBT *
FSFA , 10-20 J AFF, 10-20 J

0.00 0.47 7.02

1.00 0.27 6.17

2.00 0.17 5.65

Mean 0.30 6.3

These estimates are in line with the above 
mentioned publications [13, 15]. On the 
other hand, if we use the “refined” data ob-
tained from the examination of organosols, 

AFF = (16.0 to 16.6)×10–20 J, then the picture 
changes radically. In Figure 7, the Hamaker 
diagrams are constructed with these values. For 
ionic strength of 100 mM, ς  = –22 mV and the 
DIR value is low but not zero (heavy curve). 
Here, as well as for higher NaCl concentra-
tions, the system would have to be completely 
unstable, while experimentally the slow coagu-
lation is observed (Figure 3). At 30 mM NaCl, 
where the system is quite stable (ς  = –30 mV, 
DIR approaches zero), the barrier height is 
about 0.5 kBT (light curves, built for several AFF 
values from 16.0×10–20 J to 16.6×10–20 J). Thus, 
here the rapid coagulation can be expected, 
which is, however, not the case (Figure 3). 

Figure 7 – Hypothetical Hamaker diagrams based on molecular attraction, AFF = (16.0 to 16.6)×10–20 J, 
and electrostatic repulsion.

Therefore, the experimental CCC is ca. one 
order of magnitude higher than the predicted 
threshold calculated with the AFF values esti-
mated in organic solvents. As it was mentioned 
above, an interaction that stabilizes the hydro-
sol should be expected. According to Derjagu-
in and Churaev, a structural (hydration) con-
tribution to the disjoining pressure must be 
taken into account [26]. In other words, the U  

value in Eq. 1 may contain an additional quan-
tity, sU , Eq. (3). 

exp( / )sU Kl h l= − .                    (3)

Here K and l are constants; for hydrophilic 
and hydrophobic surfaces, K > 0 (structural 
repulsion) and K < 0 (structural attraction), 
respectively. Without knowing the two con-
stants, K and l, it is difficult to draw precise 
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quantitative conclusions. In fact, the addi
tional contribution, sU , is opposed to the  
second item of the rhs of Eq. 1, but the type 
of the function is exponential. Approximate 
estimation for AFF = 7.0×10–20 J is as follows: at 
30 mM NaCl and ς  = –30 mV, the maxU value 
is 26 kBT. This value is much higher than that 
given in Figure 7. If the U value is compared at 
the distance, which corresponds to the barrier 
maximum in Figure 7, the difference is around 
13 kBT. In any case, the model proposed in the 
present paper looks out as self-consisted. This 
also is in line with numerous reports devoted 
to specific fullerene–water interactions [2, 10, 
27–31]. 

CONCLUSIONS. The C70 hydrosol prepared 
by solvent-exchange method (a system of the 
son/nC70 type) is characterized by a electro
kinetic potential of –40 ± 4 mV and particle 
size 97±3  nm at fullerene concentration of 
3.3×10–6 M. The critical concentrations of coa
gulation (CCC) values are decreasing from 
250 to 130  mM NaCl along with the rise of 
the hydrosol concentration from 3.3×10–6 to 
6.9×10–5 M. The CCC for the CTAB surfactant 
is about 5×10–3 mM, i.e., fifty thousand times 
lower. Higher CTAB concentrations lead to 
overcharging of the colloidal particles up to  
ζ  = + 40 mV and stabilization of the hydrosol. 

Using the DLVO theory to explain the coa
gulation of the hydrosol by NaCl allows deter-
mining the Hamaker constant of the C70–C70 
interaction in vacuum, if only electrostatic 
repulsion and molecular attraction are taking 
into account: AFF ≈ 7×10–20 J. On the other 
hand, if the value AFF = (16.0–16.6)×10–20 J, 
obtained earlier during the study of organo-
sols, is used, then the data for hydrosols can 
be explained only by taking into account an 
additional type of interactions. Following the 

terms of Churaev and Derjaguin, one should 
take into account the structural contribution 
to the interaction energy, sU , which stabilizes 
the hydrosol.
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Статтю присвячено синтезу та характе-
ризації гідрозолю C70 і його коагуляції хло-
ридом натрію та бромідом цетилтриме-
тиламонію (CTAB). При концентрації C70 
3.3×10–6 M електрокінетичний потенціал 
дорівнює ζ  = –40 ± 4 мВ, а розмір колоїд-
них частинок, виражений як Zeta-average, 
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дорівнює 97±3 нм; при концентраціях C70 
1.7×10–5 і 6.9×10–5 M розмір частинок за-
лишається таким же: 99–100 нм. Значення 
критичної концентрації коагуляції (CCC) 
було визначено, використовуючи залеж-
ність швидкості зростання діаметру від 
концентрації NaCl. Значення CCC зале-
жать від концентрації гідрозолю: вони 
дорівнюють 250, 145 і 130 мM при концен-
траціях C70 3.3×10–6, 1.7×10–5 і 6.9×10–5 M, 
відповідно. Значення CCC при коагуляції 
за допомогою CTAB є набагато нижчим: 
≈ 5×10–3 мМ. Але при концентрації CTAB 
0.02 мМ спостерігаємо перезарядження 
до ζ  = + 40 мВ і стабілізацію колоїдних 
частинок. Інтерпретація коагуляції гід-
розолю хлоридом натрію за допомогою 
теорії ДЛФО робить можливим оцінку 
константи Гамакера для взаємодії C70–C70 
у вакуумі, AFF ≈ 7×10–20 Дж, якщо врахову-
вати тільки електростатичне відштовху-
вання та молекулярне притягання. З іншо-
го боку, якщо використовувати значення  
AFF = (16.0–16.6)×10–20 J, знайдене раніше 
при вивченні органозолів, тоді результат 
для гідрозолю стає можливим тільки при 
введенні до розгляду додаткового типу 
взаємодій. Згідно з Чураєвим і Дерягіним, 
треба враховувати внесок структурної 
складової до загальної енергії взаємодії, 
який стабілізує гідрозоль. 

Keywords: гідрозоль фулерену С70, елек-
трокінетичний потенціал, хлорид натрію, 
бромід цетилтриметиламонію, критична 
концентрація коагуляції, теорія Дерягіна – 
Ландау – Вервея – Овербека, діаграма Гама-
кера, константа Гамакера фулерен – фуле-
рен, структурний внесок у взаємодію між 
частинками.
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The review describes modern physicochemical systems based on complex compounds 
with organic ligands, which may have fluorescent properties when interacting with metal 
ions or proteins. Modern methods of synthesis of these compounds and their use in physi-
cal-chemical methods of analysis are given. Approaches to detecting the content of metals and 
proteins using the fluorescent properties of morin complex compounds are considered. Areas 
of use of the effects of amplification and quenching of fluorescence for the determination of 
organic compounds and metal ions, especially in the presence of DNA and RNA of different 
biological origin are described. The influence of surfactants on the fluorescence intensity of 
complexes with morin was analyzed separately.

Key words: morin, complex compounds, fluorescence, analysis, metal ions, protein.

INTRODUCTION. Physical-chemical me
thods using fluorescent materials make it pos-
sible to solve various scientific and applied 
problems in the field of chemistry, physics, bio
logy, environmental monitoring and medical 
diagnostics due to high sensitivity, selectivity 
and expressiveness [1]. It is noteworthy that in 
many cases the use of micellar systems leads 
to an increase in the intensity of fluorescence 
and quantum yields by more than two orders 
of magnitude, and, accordingly, to a decrease 
in the detection limits of analytes. Surfactants 
have specific and sometimes unique proper-

ties. They are not only analytical reagents, but 
also able to effectively affect the physicochemi-
cal properties of other substances in solutions, 
such as proteins [2, 3], which are involved 
in building muscle tissue, as well as parts of 
the hair, nails and internal bodies. Therefore, 
qualitative and quantitative analysis of pro-
teins is important in clinical trials and appli-
cations [4–6]. Therefore, the development of 
new physical-chemical methods and selection 
of conditions for the rapid determination of 
microquantities of protein is very relevant to-
day. In addition, fluorescent properties can be 
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used in the development of labeling reagents 
for the further development of such methods 
as: high performance liquid chromatogra-
phy, spectrophotometry and selective sensors 
[7–9]. For the development of these methods, 
the conditions for the synthesis of reagents and 
their organic component are of great impor-
tance, which in many cases is the key to the 
substance's acquisition of selective properties 
in reactions with organic compounds. Flavo-
noids are of particular interest, which are the 
most numerous class of natural phenolic com-
pounds, characterized by structural diversity, 
high chemical activity and low toxicity. They 
have a wide range of biological activity, which 
is associated with many structures that lead to 
changes in the physicochemical properties of 
systems based on them [10,11].

Synthesis and use of organic reagents with 
fluorescent properties in physical-chemical 
methods of analysis. In recent years, the deve
lopment of new organic fluorescent reagents, 
which are further used in various fields of ana
lysis, is becoming more widespread. Thus, in 
[12] an organic reagent was obtained through 
the reaction of selenoic acid with three aro-
matic orthodiamines. Selenoic acid reacted 
with 2,3-diaminonaphthalene in an acidic 
solution to form 4,5-benzopiaselenol, which 
has fluorescent properties. It was found that 
this compound can then be extracted from the 
acidic phase with organic solvents and used to 
determine selenium with a detection limit of 
0.002  μg. 2,3-diaminonaphthalene has been 
found to be significantly more sensitive than 
the previously recommended 3,3'-diamino
benzidine as a fluorescent reagent.

In [13], new bipyridyl receptors for rutheni-
um (II) imidazole were synthesized, which can 
recognize anions of chloride, bromide, dihydro-

gen phosphate, and ATP in mixed polar aque-
ous-organic solutions by fluorescence. Inte
restingly, the combined amidimidazole receptor 
Ruthenium (II) exhibits selectivity for the deter-
mination of  anhydrous chloride in a solution of 
acetonitrile – water with a ratio of 90:10. Also, 
this receptor is selective for the determination of 
ATP in the acetonitrile – water (50:50) solvent. 
The aim of [14] was to develop a new fluores-
cent labeling reagent 9-anthryldiazomethane 
(ADAM), for carboxylic acids. 9-anthraldehyde 
hydrazone was first oxidized with N-chlorosuc-
cinimide in an organic solvent such as ethyl ace
tate to obtain 9-anthryldiazomethane and then 
used directly as a reagent for the derivatization 
of carboxylic acids. Both the oxidation reaction 
and the derivatization reaction were performed 
at room temperature, and an aliquot of the de-
rivative mixture was introduced directly into the 
chromatograph. Derivatives of 9-anthrylmethyl 
esters formed from ADAM and various carbo
xylic acids were separated on a reversed-phase 
column by fluorometric detection. This me
thod can be used for the high performance li
quid chromatographic determination of long 
and short chains of fatty acids, keto acids and  
hydroxy acids.

Also, in [15] the use of fluorescent reagents 
such as 4-bromomethyl-7-acetoxycomarin 
(Br-Mac) in high performance liquid chro-
matography is described. It was found that 
Br-Mac reacts with carboxylic acids to form 
esters, which are then separated by liquid 
phase chromatography. Next, the column elu-
ate was mixed with an alkaline solution, where 
the labeled carboxylic acids were hydrolyzed 
to fluorescent coumarin derivatives, which 
were then passed through a fluorimeter. Thus, 
a fluorescent hydrolyzate equimolar to a car-
boxylic acid was determined, the fluorophore 
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of which is common to each carboxylic acid. 
There are only slight peak differences for dif-
ferent carboxylic acids. It is established that 
this method can detect low levels of femto-
mol in carboxylic acids. 6-oxy-(N-succinimyl 
acetate)-9-(2'-methoxycarbonyl) fluorescein 
(SAMF) is a new fluorescein-based fluorescent 
probe that was developed in [16] as a deriva
tizing reagent for the determination of aliphat-
ic amines. Stable fluorescence intensity was 
observed at pH 4–9. Derivatization took place 
at room temperature for 6 minutes. Separation 
was performed on a C18 column, where SAMF 
derivatives with eight aliphatic amines were 
separated after 28 min with a mobile metha-
nol-water phase (57:43) containing 10 mmol/l 
H3Cit3-NaOH buffer (pH 5.0). In fluorescent 
detection at λex/λem = 484/516 nm, the detec-
tion limit reached 2–320 fmol (signal-to-noise 
ratio = 3), which is better than the detection 
limits obtained in other analytical methods 
for the determination of aliphatic amines (Ta-
ble 1). The proposed method has been success-
fully used to determine aliphatic amines in en-
vironmental samples and food products such 
as lake water, red wine, white wine and cheese.

In [17] morin was studied (Fig. 1) and its in-
teraction with organotin compounds (chemical 
compounds with tin and carbon substitutes), 
which is accompanied by green fluorescence.

Fig. 1 Structural formula of morin (3,5,7,2',4'- 
pentahydroxyflavone). 

The sensitivity of the reagent for the deter-
mination of dialkyltin compounds was espe-
cially noted. The excitation and luminescence 
wavelengths were 415 nm and 495 nm for 
alkyltin-morin complexes and approximately 
405 nm and 520 nm for triphenyltin-morin 
complexes, respectively. The maximum fluo-
rescence intensity was achieved with the ra-
tio of reagents: from 3 to 9 mol of morin per  
1 mol of dialkyl and triphenyltin and from  
6 to 12 mol of morin to 1 mol for trialkyltin. 
The authors set the following limits for the de-
tection of organotin compounds: for dialkyl
tins 1·10-9 mol/l, for monoalkyltins 1·10-7 mol/l, 
for trialkyltins 5·10-7 mol/l and 5·10-7 mol/l for 
triphenyltins (Table 1).

The authors [18] investigated the formation 
of fluorescent compounds of o-phthaldialde-
hyde with amino acids in an alkaline medium 
in the presence of a reducing agent. The excita-
tion and emission wavelengths were 340 nm 
and 455 nm, respectively. The technique allows 
to perform fluometric analysis of amino acids 
to the nanomolar range. It was found that the 
sensitivity of the method using o-phthaldial-
dehyde is much higher than that of the method 
of determination of amino acids by ninhydrin, 
which was used previously (Table 1).

The phenomenon of fluorescence quench-
ing of rhodamine B due to its interaction with 
hydroxyl radicals formed by the Fenton rea-
gent was studied in [19]. The inhibitory effect 
of pentachlorophenol on this interaction has 
been established. The obtained data allowed the 
determination of pentachlorophenol with a de-
tection limit of 3.0 ng/ml and a linear range of 
determination of 4.0–240 ng/ml. The method 
was used to determine pentachlorophenol in 
synthetic samples and natural water samples 
with satisfactory results. A rapid method for 
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Fig. 1 Structural formula of morin (3,5,7,2',4'- pentahydroxyflavone).  
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The authors [18] investigated the formation of fluorescent compounds of o-
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The excitation and emission wavelengths were 340 nm and 455 nm, respectively. The technique 
allows to perform fluometric analysis of amino acids to the nanomolar range. It was found that 
the sensitivity of the method using o-phthaldialdehyde is much higher than that of the method of 
determination of amino acids by ninhydrin, which was used previously (Table 1). 

The phenomenon of fluorescence quenching of rhodamine B due to its interaction with 
hydroxyl radicals formed by the Fenton reagent was studied in [19]. The inhibitory effect of 
pentachlorophenol on this interaction has been established. The obtained data allowed the 
determination of pentachlorophenol with a detection limit of 3.0 ng/ml and a linear range of 
determination of 4.0-240 ng/ml. The method was used to determine pentachlorophenol in 
synthetic samples and natural water samples with satisfactory results. A rapid method for the 
fluorescence determination of uranium using the interaction between a uranylbenzoic acid 
complex and Rhodamine B was developed. It was found that the fluorescence intensity depends 
on the concentration of benzoic acid, the concentration of rhodamine B, pH and the volume of the 
aqueous phase, and that the increase in fluorescence intensity is proportional to the increase in the 
concentration of uranium. The detection limit of uranium was 5·10-8 mol/l [20] (Table 1). 

A new fluorescent reagent 2-amino-5,7-dimethyl-1,8-naphthyridine was synthesized [21], 
which was further used to determine trace amounts of nitrites. The authors found that the 
fluorescence quenching of the reagent by nitrite ion has a linear relationship in the range of nitrite 
concentrations from 1·10−7 to 2.5·10−6 mol/l with a detection limit of 4.06·10−8 mol/l (Table. 1). 
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the fluorescence determination of uranium 
using the interaction between a uranylben-
zoic acid complex and Rhodamine B was de-
veloped. It was found that the fluorescence 
intensity depends on the concentration of 
benzoic acid, the concentration of rhodamine 
B, pH and the volume of the aqueous phase, 
and that the increase in fluorescence intensi-
ty is proportional to the increase in the con-
centration of uranium. The detection limit 

of uranium was 5·10-8 mol/l [20] (Table 1).
A new fluorescent reagent 2-amino-5,7-

dimethyl-1,8-naphthyridine was synthesized 
[21], which was further used to determine 
trace amounts of nitrites. The authors found 
that the fluorescence quenching of the reagent 
by nitrite ion has a linear relationship in the 
range of nitrite concentrations from 1·10−7 to  
2.5·10−6 mol/l with a detection limit of 4.06·10−8 
mol/l (Table. 1).

Fig. 2. Enhancement of fluorescent properties in a Co-salen complex 
in the presence of cyanide ions [22].

A sensor based on a Co (II) complex [22] 
was developed to determine cyanide ani-
ons, which are able to form a 1:2 complex in 
comparison with other anions. The complex 
was synthesized by adding 2,2-dihydroxy-
phenyl ethylenediamine to two equivalents of 
7-di-ethylaminocoumarin-3-carboxaldehyde. 
The resulting compound was then mixed with 
cobalt (II) acetate in the presence of triethyl-
amine (TEA) followed by recrystallization of 
the complex in methanol and dichlorometh-
ane. With increasing cyanide concentration, 
the authors observed an increase in the fluo-

rescence intensity of the complex due to the 
cessation of the process of photoinduced elec-
tron transfer from coumarin fluorophore to 
cobalt (II) ion (Fig. 2).

Analysis of  literature shows that increas-
ing the fluorescent properties of complexes in 
the presence of anions is possible by stopping 
the process of photoinduced electron transfer 
from the organic fluorophore to metal ion, and 
that determination of organotin compounds is 
possible using complexes with morin. Other 
complexing agents are  ineffective.
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Table 1
Detection limits and linear ranges of fluometric methods using organic reagents.

Organic reagent Analytes Determination 
limit

Linear range of con-
centration change Reference

2,3-diaminonaphtalene Selenium 0,002 мкг – [12]
(3,5,7,2',4'- pentahydroxyflavone) 

Morin
Organotin 

compounds
1·10-7 - 1·10-9 

mol/l – [16]

6-oxy-(N- succinimilacetate)-9-(2'- 
methoxycarbonyl) fluorescein

Aliphatic 
amines 2–320 fmol – [17]

[9-(2- carboxyphenyl)-6-diethyl
amino-3- xanthenyliden]-diethyl
ammonium cloride) Rhodamine B

Pentachloro
phenol 3,0 ng/ml 4,0-240 ng/ml [19]

Rhodamine B Uranium 5·10-8 mol/l – [20]
2-amino-5,7-dimethyl-1,8- 

naphthyridine Nitrites 4,06·10−8 mol/l 1·10−7 - 5·10−6 mol/l [21]

Approaches to detecting the content of me
tals and proteins using the fluorescent properties 
of morin complex compounds. Flavonoids are 
most often used in modern methods of analysis 
to determine metals. Morin, which belongs to 
this class of compounds (Fig. 1), can form stable 
complexes with metal cations, which in some 
cases have fluorescent properties in the presence 
of protein structures in solutions. Also, these 
complexes are quite stable when interacting 
with protein molecules in a wide pH range (ta-
ble 2). In [23], the interaction of a Bi (III)-morin 
complex with DNA using  methyl blue dye was 
studied using fluorescence, spectrophotometry 

and voltammetry. A Bi (III)-morin (2:1) com-
plex was used in the work, the composition of 
which was calculated from the results of UV-
Vis spectroscopy. It was found experimentally 
that the fluorescence signal of the Bi (III)-morin 
complex increases with the addition of DNA, 
while the fluorescence signal of pure morin de-
creases accordingly. Addition of methyl blue to 
the Bi (III)–morin–DNA complex reduces the 
emission signal and causes a hypochromic shift 
of 2 nm, which confirms the intercalation of the 
complex into the DNA molecule. The stability 
constant of the Bi (III)–morine complex with 
DNA, which is 2,8⋅104, was found in the work.

Table 2
Stability constants of metal complexes with morin [24].

Metal ion Stability constant, logβ рН
Cu (II) 4,94 5,8
Zn (II) 6,74 5,5
WO4

2- 11,6 3,0
Pd(II) 4,55 4,0

Ti(C2O4)2
2- 7,35 8,0

Ba (II) 4,55 4,2
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During extraction into isopropyl alcohol 
from acid solutions at different pH values, the 
duration of fluorescence of morin complexes 
was established [25]. Complexes of Al (III), Ga 
(III) and In (III) change their composition in 
accordance with the change in the acidity of 
the medium and form complexes with molar 
ratios of 1:1 or 1:2 (metal:morin). The lifetime 
of  fluorescence or the average lifetime of the 
molecule in the excited state also changed ac-
cording to the change in the composition of 
the complex. Such properties have made it 
possible to develop optical sensors for detect-
ing ions of these metals. The sensor was based 
on the formation of a complex between specific 
metal ions and the complexing ligand. Several 
chelate systems and several mechanisms of 
their immobilization are proposed. Morin and 
its complexes with AI3+, Ga3+ and In3+ at a con-
centration of 5 μmol are markedly fluorescent 
when exposed to normal indoor lighting. Mo
rin complexes with AI3+, Ga3+ and In3+ were ex-
cited at a wavelength of 457.9 nm, the emission 
wavelength was 525 nm. These spectra overlap 
strongly, and therefore morin complexes are 
difficult or impossible to distinguish by con-
ventional fluometric methods. Immobilization 
did not lead to significant changes in the dura-
tion of luminescence of metal-morin complex-
es. Thus, the sensor based on morin and the 
formation of its complexes with AI3+, Ga3+ and 
In3+ was not suitable for multi-element deter-
minations using spectrofluorometry [26].

The aim of [27] was to determine Aluminum 
using three different methods based on an Al 
(III)-morin complex. The methods of spectro-
photometry, spectrofluorometry and differen
tial pulse adsorption stripping voltammetry 
were compared under optimized experimental 
conditions. Fluorescence spectra were mea

sured in acetoacetate at pH = 5, the concen-
tration of morin was 10 μmol. The maximum 
excitation wavelength was set to λex = 350 nm, 
and the emmition spectra were recorded in the 
range from 400 to 650 nm. The maximum fluo-
rescence intensity was reached at λem = 505 nm. 
The authors found that the emission intensity 
is influenced by many factors, including the 
acidity of the solutions and the concentration 
of morin. A calibration graph for the determi-
nation of Al (III) from 0.1 to 1.0 μmol was also 
obtained. The method showed good reprodu
cibility and a detection limit of 110 nmol.

In [28], complexes of Al (III) with morin 
and quercetin were studied by fluorescence. 
The stoichiometry of the complexes was eva
luated by the Job method, the number of flu-
orescent forms in the solution was calculated 
by the TRES method. It was found that Al (III) 
with morin is able to form two complexes with 
stoichiometries of morin:Al (III) either 1:1 or 
2:1 with lifetimes of 4.3 and 2.0 ns, respective-
ly. Morin, which was immobilized on cellulose 
powder and attached to the end of bifurcated 
optical fiber, was used to determine Al3+ based 
on their fluorescent complex [29]. When im-
mobilized morin was placed in a solution con-
taining Al3+, the authors observed the fluores-
cence of the Al (III)-morin complex. A linear 
dependence of the fluorescence intensity on 
the wavelength in the range of Al (III) con-
centrations from 1·10-6 to 1·10-4 mol/l with 
the detection limit of 1·10-6 mol/l was estab-
lished. The study of the effect of pH on the flu-
orescence of the complex showed that at a low 
acidity of solutions, the stability constant of the 
complex decreases due to the destruction of 
the complex due to Al3+ protonation, and that 
at high pH, most of  aluminum is in the form 
of hydroxides. Based on this, the most optimal 
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pH value of 4.8 was established, at which all 
measurements were performed. The stability 
constant of the Al (III)–immobilized morin 
complex of 1.7⋅104 was determined.

The fluorescent activity of the Lanthanum 
(III)–quercetin–nucleic acid ternary complex 
was established in [30]. The authors chose na
tural calf thymus DNA and thermally denatured 
yeast DNA and RNA as nucleic acids. The fluo
rescence intensity of the complexes increased 
with the formation of ternary complexes in the 
pH range of 7.8-8.3, NH3 - NH4Cl was used as a 
buffer mixture. The maximum fluorescence in-
tensity of the ternary complexes was observed 
at an emission wavelength of 470  nm and at 
an excitation wavelength of 280 nm. Based 
on these observations, a technique for the de-
termination of nucleic acids was developed. 
The concentrations of La (III) (2.2·10-5 mol/l) 
and quercetin (5.0·10-5 mol/l) were selected to 
establish the optimal conditions. The authors 
obtained calibration graphs with linear rang-
es of 0.5-3.0 μg/ml for calf thymus DNA and 
0.5-4.0 μg/ml for yeast DNA and RNA. The 
limits of detection were calculated by the 3σ 
test and were 0.072 μg/ml, 0.142 μg/ml and  
0.307 μg/ml for calf thymus DNA, yeast DNA 
and RNA, respectively.

It is also possible to determine the content 
of nitric oxide in aqueous and methanolic 
solutions based on fluorescence using a copper 
complex with tridentate N-donor ligand, in 
which with increasing amount of nitric oxide 
there is an increase in the fluorescence intensi-
ty of copper with fluorescent ligand in degassed 
methanol and aqueous solution (pH=7.2) [31]. 
Thus, this complex can function as a sensor of 
nitric oxide based on fluorescence. It is note-
worthy that it is possible to determine nano-
molar amounts of nitric oxide.

The effect of room temperature ionic li
quid on the formation of the fluorescent ter-
nary oxalate-sodium morine-5-Aluminum 
sulfonate complex was studied [32]. In the 
presence of 1-butyl-3-methylimidazole hexa
fluorophosphate (BMIM-PF6) the formation 
of a complex with better fluorescent charac-
teristics is achieved and as a result a sensitive 
method for the determination of oxalate ions 
has been developed. The maximum excitation 
wavelength was set λex = 420 nm, and  emission  
λem = 513 nm. The detection limit of oxalate is 
0.57 ng/ml. The method showed satisfactory 
results in determining the content of oxalate in 
plant tissue (spinach leaves).

Using the effects of amplification and quench-
ing of fluorescence to determine organic com-
pounds and metal ions. In [33], the enhance-
ment of fluorescence of a Eu3+ tetracycline com-
plex due to DNA or RNA was studied. It was 
found that double-stranded and single-strand-
ed DNA can strongly enhance the fluorescence 
of the Eu3+ tetracycline complex, in contrast 
to RNA, which showed a very small amplifi-
cation effect, based on which a method of se-
lective determination of DNA in the presence 
of RNA was developed. The most optimal pH 
conditions, when the maximum fluorescence 
intensity was reached at an acidity of solutions 
of 8.0–9.7. The excitation wavelength at which 
the complex was excited was 398 nm, and the 
fluorescence wavelength was 615 nm. Calibra-
tion graphs with linearity ranging from 0.02 to 
1.0 μg for single-stranded and double-stranded 
DNA were obtained. The relative standard de-
viation (at n = 7) was in the range of 3.0%.

In [34], a new spectrofluometric method for 
the determination of lysozyme in the forma-
tion of its triple complex with Eu3+-metacyc
line was developed. Due to the intramolecular 
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energy transfer from the ligands to the central 
Eu3+ atom, the fluorescence intensity increases 
threefold at an emission wavelength of 612 nm. 
The excitation wavelength is 285 nm. Opti-
mal conditions were also established: pH 9.6, 
metacycline concentration 2.0·10-5 mol/l and 
Eu3+ concentration 2.4·10-5 mol/l The increase 
in fluorescence intensity is proportional to 
the lyozyme concentration, the linear range is 
from 0 to 3.5·10-5 mol/l with a detection limit 
of 4.74·10-7 mol/l. The mechanism by which 
an increase in fluorescence between the Eu3+ 
metacycline complex and lysozyme occurred 
was also investigated. The developed method 
is simple, sensitive and has been successfully 
used to determine lysozyme in urine.

In [35], another approach was used to de-
termine cysteine and glutathione with quench-
ing of the fluorescence of the complex. It was 
found that the addition of thiol compounds 
to the fluorescent system Zn (II)-8-hydroxy
quinoline-5-sulfonic acid Zn (II)-HQS in a 
buffer mixture of H3BO3-Na2B4O7 (pH 8.50) 
leads to quenching of the fluorescence of the 
complex. Based on these studies, a linear de-
pendency was obtained between the amount of 
cysteine or glutathione and the corresponding 
decrease in the relative fluorescence intensi-
ty of the Zn (II)-HQS system. The complexes 
were excited at a wavelength of 365 nm, and 
the emission wavelength was 512 nm. For op-
timal conditions, HQS and Zn (II) concentra-
tions of 4.44·10-6 mol/l and 4.59·10-6 mol/l were 
taken. In the analysis of cysteine in the protein 
hydrolyzate and reduced glutathione in blood 
serum, the detection limits were 17 ng/ml and  
0.6 μg/ml, respectively. The removal degree 
was 95.6-104.5%.

The effect of protein on the fluorescence of 
zinc complexes with morin and fluorescein was 

studied [36]. The introduction of protein into 
the Zn-morin complex causes the quenching 
of fluorescence, which is proportional to the 
amount of protein. Under optimal conditions, 
the limits of detection for the determination of 
bovine serum albumin and human serum al-
bumin are 0.22 g/ml and 0.18 g/ml, respecti
vely.

Based on the fluorescence of DNA-plati-
num complexes, new methods for the deter-
mination of platinum have been developed 
[37]. The authors found that cis- or trans-bi-
dentate complexes are formed between DNA 
and platinum. DNA with ethidium bromide 
forms fluorescent complexes, and the addition 
of platinum inhibits the intercalation of ethi
dium bromide, and as a result there is a line-
ar decrease in fluorescence intensity. The me
thod was tested in different ionic media and in 
a wide range of ionic strength. The detection 
limit of platinum is 5·10-8 g/ml.

The aim of the study [38] was to develop 
a sensor for mercury ions based on the fluo-
rescence of iodide anion with the complex  
T-HgII-T (T = thymine). The authors synthe-
sized a fluorescent anthracene-thymine (An-T) 
dyad, which forms with the Mercury ion an 
An-T-HgII-T-An complex, and it was found 
that the addition of mercury reduces the fluo-
rescence intensity. In this case, the dyad A-T is 
a sensor for mercury (II) ions in aqueous me-
dia based on fluorescence quenching. However, 
with the addition of iodide, the fluorescence of 
the An-T-HgII-T-An complex is restored due 
to the binding of mercury to the iodide ion. 
The detection limit for iodine is 126 nmol. 
The sensor has shown high selectivity over  
other common anions and can be used to de-
tect iodide in drinking water and biological 
fluids such as urine.
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Influence of surfactants on the fluorescence 
intensity of complexes with morin. The use of 
micellar systems in spectrophotometric me
thods of analysis is the most popular and old-
est field of application of surfactants in analyti-
cal chemistry. In recent years, surfactants have 
been successfully used in fluorometric deter-
minations. In many cases, there is a multiple 
increase in  fluorescence intensity, which leads 
to increased interest in these systems due to 
high sensitivity and selectivity.

In [39] the effect of cationic surfactants on 
the fluorescence of the zirconium (IV)-morine 
system is described. It was found that in a sul-
furic acid medium the fluorescence intensity of 
this complex can be greatly enhanced by the 
cationic surfactant cetyltrimethylammonium 
bromide (CTAB). However, the addition of a 
nonionic surfactant TritonX-100 only slightly 
enhanced fluorescence, and the introduction 
of anionic surfactants such as sodium lauryl 
sulfate (SLS) and sodium dodecyl sulfonate 
(SDS) did not increase the fluorescence inten-
sity. It was found  that the determinant factor is 
the change of the composition of the analyzed 
complex in the presence of CTAB. When the 
concentration of CTAB reaches the critical 
concentration of micelle formation, a complex 
is formed with the ratio  Zr (IV):morin = 1:3. 
As the concentration of CTAB increases, a 
mixed complex with the composition Zr (IV): 
morin:SO4

2- = 1:1:2 is formed, and the fluores-
cence intensity sharply increases. It was found 
that the formation of mixed-ligand complexes 
of zirconium with several anions in the pres-
ence of cationic surfactants increase the fluo-
rescence intensity of the system.

The effect of different surfactants on the sys-
tems Hf-quercetin, Zr-quercetin, Sn-morin, 
Mg-oxine-5-sulfonic acid (HIQS), Zn-HzQS, 

Cd-HZQS and Tb-EDTA-sulfosalicylic acid 
(SSA) was studied in [40]. Increase in fluores-
cence occurs due to the formation of complex-
es such as ionic associates with a rigid struc-
ture, which leads to a significant increase in 
fluorescence intensity. Not only traditional no-
nionic and cationic surfactants were used, but 
also zwitterionic and anionic one. It is estab-
lished that the fluorescence intensity of each 
investigated complex strongly increases in the 
presence of the corresponding surfactant. The  
authors also determined the optimal condi-
tions for the formation of ternary complex-
es, their structure and quantum yield. It was 
found that the fluorescence intensity of the 
complexes changes little when surfactants are 
added at concentrations lower than the critical 
micelle concentration (CMC). With a further 
increase in the surfactant content, the fluo-
rescence intensity begins to increase sharply. 
Thus, the addition of anionic sodium dodecyl 
sulfonate (SDS) to the Sn-morin complex in-
creases the fluorescent properties of the system 
by a factor of 4, and a ternary complex with  
Sn:morin:SDS = 1:2:2. stoichiometry is formed.

In [41], a simple and sensitive spectrofluori-
metric method for the determination of Al (III) 
based on the formation of the ternary complex 
Al (III) - morin - Triton X-100 is described. The 
effects of other nonionic surfactants, such as 
Tween 80, Tween 20 and octyl glucoside (OG), 
have also been studied. The addition of Triton 
X-100 increases the sensitivity fivefold in the 
fluorometric determination of Al (III) using 
morin. The complex was excited at a wave-
length of 410 nm, and the fluorescence signal 
was measured at a wavelength of 495 nm. The 
maximum fluorescence signal was observed at 
pH 4.0 (acetate buffer), with 0.6% TX-100 and 
at a morin concentration of 1.35·10-3 mol/l. The 
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authors also obtained a calibration graph that 
is linear up to 7 mg/l, and the detection limit is 
0.022 mg/l. The use of Triton X-100 eliminates 
the need to use additional extraction steps for 
the sensitive and selective determination of 
Al (III).

The effect of the anionic surfactant sodi-
um dodecylbenzenesulfonate (SDBS) on the 
fluorescence intensity of the Al (III) – morin 
complex and the mechanism of their inter-
action were studied in [42]. It was found that 
the luminescence increases and, on this basis, 
a fluometric method for the determination of 
proteins was developed. The highest fluores-
cence intensity was achieved at pH 6.84, and 
it was also shown that the fluorescence inten-
sity is influenced by the type of buffer mixture, 
among which the most effective was HMTA – 
HCl. The maximum fluorescence intensity was 
reached at concentrations of morin and Al (III) 
of 1.0·10−6 mol/l and 1.0·10−5 mol/l, respective-
ly. Regarding the anionic surfactant SDBS, its 
concentration was 2.0·10–4 mol/l, which is lower 
than the critical micelle concentration, which is 
3.3·10–4 mol/l for SDBS. Under optimal condi-
tions, the increased fluorescence intensity was 
proportional to the protein concentration in 
the range of 1.0·10−8–1.3·10−5 g/ml for bovine 
serum albumin (BSA), 4.0·10–8–1,2·10–5 g/ml 
for egg albumin (EA) and 5.0·10–8–1.2·10–5 g/ml 
for human serum albumin (HSA). The limits 
of their detection were 5.0·10−9, 1.8·10−8 and 
1.6·10−8 g/ml, respectively. Thus, the authors 
obtained a highly sensitive, stable and rapid 
method for the determination of proteins.

An increased fluorescence intensity of the 
aluminum (III)-morin complex was observed 
in [43] in the presence of the nonionic sur-
factant Tween-20. The fluorescence of the 
complex was measured at an excitation wave-

length of 425 nm and an emission wavelength 
of 495 nm. The authors also established opti-
mal conditions: pH = 4.5, the concentration of 
morin 20 mmol, and 0.8% Tween-20. A linear 
calibration graph from 50 to 100 μg/l was also 
obtained, and the detection limit was 3 μg/l.

In [44], a highly sensitive method of fluo-
rometric determination of Fe (III) by reaction 
with 5-(4-methoxyphenylazo)-8-(4-toluene
sulfonamido) quinoline in the presence of the 
cationic surfactant cetyltrimethylammoni-
um bromide (CTAB) is described. As a result, 
a linear fluorescence intensity (λex = 317 nm, 
λem = 534 nm) of up to 3 mmol (170 ng/ml) of 
Iron (III) in an aqueous solution was observed. 
A similar experiment was also performed in the 
presence of the anionic surfactant sodium do-
decyl sulfate. The introduction of anionic sur-
factants led to a decrease in fluorescence intensi-
ty. In contrast to this, the introduction of the no-
nionic surfactants Tween-80 and TritonX-100 
into the studied system as well as cationic sur-
factants (CTAB) increased the fluorescence 
intensity but gave larger background signals. 
The most optimal concentration of CTAB was 
determined, which was 1.7·10-3 mol/l, which is 
higher than the critical concentration of micelle 
formation (CMC (CTAB) = 1.3·10-3 mol/l). This 
method can also be used to determine the trace 
amounts of Fe (III) and Fe (II) without the need 
for prior concentration.

In [45], the authors determined how the 
addition of nonionic surfactants affects the 
fluorescence intensity of Al (III)-morin com-
plexes in order to improve the analytical cha
racteristics of the complex. Morin is one of 
the reagents most often used for the qualita-
tive and quantitative determination of Al (III). 
The authors found that the addition of cationic 
surfactants such as cetyltrimethylammonium 
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bromide (CTAB) and nonionic surfactants 
such as: polyoxyethylene noniphenols, poly-
oxyethylene higher alcohols, fatty carboxylic 
acid esters and alkanolamides do not increase 
the fluorescence intensity, but on the contrary, 
cause its significant decrease contrary to the 
expectations of the authors. Only in some cases 
there were an initial increase in luminescence 
intensity at high surfactant concentrations and 
subsequent quenching with increasing content 
of nonionic surfactant in the system. In con-
trast, the authors found that the addition of 
GenapolPF-20 (ethylene oxide – condensate 
of epoxypropane) to the metal-morin complex 
causes an increase in fluorescence intensity, 
so the sensitivity of the determination can be 
increased tenfold, as well as the selectivity of 
the method compared to other methods. The 
optimal conditions for increasing the fluores-
cence intensity were: the concentration of no-
nionic surfactant 3%, morin 0.005%, pH 3.8 
in an acetate buffer at a temperature of 25 °C. 
The excitation and emission wavelength maxi
ma were λex = 430 nm and λem = 495 nm, re-
spectively. The maximum fluorescence intensi-
ty was observed after 1.5 hours and remained 
stable for another 5 hours, the detection limit 
was 0.2 µg/l. The introduction of surfactants 
did not lead to either bathochromic or hypso
chromic shift, which indicates a slight effect of 
surfactants on the ground and excited states of 
the complex. It was also shown that other de-
rivatives of polyoxyethyl compounds resulted 
in increased sensitivity in the same order, but 
with a different surfactant concentration.

In [46], the fluorometric determination of 
samarium and gadolinium by increasing the 
fluorescence of the samarium-tenoyltrifluoro
acetone-gadolinium 1,10-phenanthrolinate 
complex (Sm (III) – TTA – Phen – Gd (III)) 

was investigated, which increases the fluores-
cence intensity almost twofold. To increase 
the stability of the Sm (III) – TTA – Phen –  
Gd (III) system, surfactants were added, and 
their effects were investigated. Thus, the cationic 
surfactant CTAB and nonionic surfactant 
Tween-80 caused a decrease in fluorescence 
intensity. In contrast, the nonionic surfactants 
TX-100 and PVA caused a sharp increase in 
the fluorescence intensity of the complex.

Therefore, TX-100 was used for further ex-
periments. An increase in the fluorescence in-
tensity at the concentration of TX-100 at the 
level of the critical micelle concentration was 
shown. The most optimal concentration range 
of TX-100 was 0.018–0.064% (fivefold increase 
in emissions). A further increase in the con-
centration of TX-100 led to a decrease in emis-
sion intensity. It is noteworthy that the excess 
of TX-100 caused a bathochromic shift of the 
maximum excitation wavelength. The maxi-
mum fluorescence intensity was obtained in 
a pH range of 5.3–6.0 at a wavelength of ex-
citation and emission of 349 nm and 648 nm, 
respectively. Thus, the system Sm (III) – TTA – 
Phen – Gd (III) – TritonX-100 can be used to 
determine trace amounts of samarium in lan-
thanide oxides.

The aim of [47] was to determine tetra-
cyclines (TC) in aqueous solutions based on 
the formation of fluorescent chelates with 
europium using EDTA as a coligand and cet-
yltrimethylammonium chloride (CTAC) as 
a surfactant. The method involves the for-
mation of a chelate, where the lanthanide ion 
will be associated with the β-diketone group. 
Contrary to the authors' expectations, the 
addition of the nonionic surfactant TX-100 
almost does not change the luminescence in-
tensity in the pH range 5-9, and the addition 
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of EDTA has a negative effect and sharply re-
duces the fluorescence intensity. At the same 
time, with the addition of CTAC, the emission 
intensity increased and reached a maximum 
at pH 9. The Eu – TC – CTAC system has a 
sensitivity that is 6 times higher than that of 
the Eu – TC – TX-100 system, and the detec-
tion limits were 2,5·10-10, 5·10-10, 1,5·10-9 and  
2·10-9 mol/l for TC, oxytetracycline, chlortetra-
cycline and doxycycline, respectively.

In [48], the authors found how the mole
cular structure of the anionic surfactant af-
fects the fluorescence of bovine serum albu-
min (BSA). Sodium alkyl sulfates (CnSO3,  
n = 8, 10, and 12) and sodium alkyl carbox-
ylates (CnCOONa, n = 9 and 11) were used 
as anionic surfactants. It was established that 
with the increase of the hydrophobic chain the 
ability to quench the fluorescence of BSA in-
creases, and the hypsochromic shift increases. 
It is noteworthy that the replacement of acidic 
groups of anionic surfactants does not show a 
significant effect on the fluorescence of the al-
bumin complex.

The authors of [49] studied the effect of 
surfactants on the fluorescence of the beryl-
lium-morin system. It was found that the 
addition of the nonionic surfactant TX-100 
significantly increases the fluorescence inten-
sity of the complex, as opposed to the anionic 
surfactant sodium lauryl sulfate (SLS), zwitte-
rionic surfactant dodecyldimethylaminoacetic 
acid (DDMAA), and cationic surfactant cetyl-
trimethylammonium bromide (CTAB), which 
cause only a slight increase of fluorescence. 
It was also found that when adding all sur-
factants, except for anionic SLS, a bathochro-
mic shift occurs (up to 25 nm). The addition 
of Triton X-100 makes it possible to determine 
the nanoquantities of beryllium in weakly 

acidic solutions (pH 5.8–6.2, hexamine buffer 
solution), detection limit  0.06 ng/ml. The rel-
ative standard deviation is 2.2% for beryllium 
at a concentration of 0.5 ng/ml and 0.7% for 
5.0 ng/ml. The method is used to determine 
beryllium in water quality control samples and 
therefore the effect of 25 ions that can affect the 
fluorescence of the Be-morin-TX-100 com-
plex, among which Zn2+ and F− interfere the 
most, was also studied.

In [50], a method of determination of Al (III) 
in a luminescent complex with lumogallion is 
presented. The addition of the nonionic sur-
factant Triton X-100 increased the fluores-
cence intensity of the Al (III)-morin complex 
by a factor of 5–6. Optimal conditions were 
also determined: pH 4.7, the concentrations of 
lumogallion and TX-100 were 1 µg/l and 0.5%, 
respectively. The detection limit of Al (III) is 
0.2 μg/l. The sensitivity of the method does not 
depend on the salt concentration in  water and 
can be used to determine aluminum in water.

Therefore, to date, the study of the effect of 
surfactants on the fluorescent properties of or-
ganic reagents and their complexes continues, 
because the increase or decrease in fluorescent 
properties is not systematic and is not always 
explainable.

CONCLUSIONS. To date, the complexes 
of morin with metals are actively studied and 
tend to be widely used in such physicoche
mical methods of analysis as: high perfor-
mance liquid chromatography, spectropho-
tometry and fluorometry. It has been proved 
that in complex compounds of cobalt and 
salen, the increase of the fluorescent properties 
of complexes in the presence of anions is pos-
sible by stopping the process of photoinduced 
electron transfer from organic fluorophore to 
metal ion, and the determination of organotin 
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compounds is possible using complexes with 
morin. Other complexing agents are less ef-
fective and ineffective. The most studied is the 
complex Al (III) - morin in comparison with 
complexes of morin with other metals, such as 
In (III), Bi (III) and Ga (III). These complexes 
can be used to determine metals or to detect 
DNA of different biological origin or for the 
quantitative analysis of protein. All complexes 
with morin are stable in a wide pH range (3-8) 
and have a high fluorescence intensity. The 
fluorescence intensity can be increased by add-
ing surfactants. For protein systems of morin 
with some metals (zinc and mercury), an op-
posite phenomenon is observed – fluorescence 
quenching, which can be used for the quantita-
tive determination of proteins and metals.
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МЕТОДИ СИНТЕЗУ ТА ОСОБЛИВОСТІ ВИКО-
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КОМПЛЕКСІВ МОРІН У МЕТОДАХ ФЛУОРЕС-
ЦЕНТНОГО АНАЛІЗУ
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В огляді описано сучасні фізико-хіміч-
ні системи на основі комплексних сполук 
з органічними лігандами, які можуть мати 
флуоресцентні властивості при взаємодії 
з іонами металів або білками. Наведено 
сучасні методи синтезу цих сполук та ви-
користання їх у фізико-хімічних методах 
аналізу. Розглянуто підходи до визначення 
вмісту металів і білків за флуоресцентними 
властивостями комплексних сполук мори-
ну. Описано сфери використання ефектів 
ампліфікації та гасіння флуоресценції для 
визначення органічних сполук та іонів ме-
талів, особливо за наявності ДНК та РНК 
різного біологічного походження. Окремо 
проаналізовано вплив поверхнево-актив-
них речовин на інтенсивність флуоресцен-
ції комплексів із морином. 

Ключові слова: морін, комплексні спо-
луки, флуоресценція, аналіз, іони металів, 
білок.
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SPECTROSCOPIC STUDIES OF Cu (II) AND Co (II) COMPLEXES 
WITH RUTIN IN SOLUTIONS
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V.I. Vernadsky Institute of General and Inorganic Chemistry of the National Academy of Sciences 
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Complexation in M (II) – Rut systems (M(II) = Co, Cu) was studied by electron absorption 
spectroscopy and pH-metric titration in water-ethanol solutions depending on the metal: 
ligand ratio (1: 1; 2: 1) and the pH of the medium. It was shown that the structure and stoi-
chiometric composition of the complexation reaction products are influenced by such basic 
parameters as L:M and the pH value of the medium. Depending on the pH value,  chelation 
involves certain binding sites, which primarily is associated with the redistribution of the 
electron density in the flavonoid molecule. In a weakly acidic or neutral medium, regardless 
of the M(II): Rut ratio, the formation of monoligand complexes of rutin with 3-d metals oc-
curs with the participation of 5-OH and 4-C=O fragments of the A and C rings, and in an 
alkaline medium, chelation proceeds on the catecholic fragment of  ring B rutin. Biligand 
complexes are formed with the participation of the gydroxo groups of the catechol fragment 
of each rutin molecule, and the formation of compounds with a ratio of 2:1 occurs both due 
to 5-OH and 4C=O and due to 3 ', 4'-OH groups. The calculated values of the stability con-
stants of the complexes showed that the stability of the Co (II) complexes is several orders of 
magnitude lower than the stability of the corresponding Cu (II) complexes.

Keywords: complexes, copper, cobalt, rutin, flavonoids, absorption spectra.

INTRODUCTION. Flavonoids are a large 
class of natural low-molecular-weight poly
phenolic compounds of the general С6–С3–С6 
carbon skeleton formula, as well as their de-
rivatives, which are characterized by high bio
logical activity and low toxicity. The targeted 
biological action of flavonoids is related to the 
physicochemical properties of various struc-
tures, including conformations of molecules, 
the presence of which provides, for example, 

radioprotective and antioxidant properties. 
Flavonoids are widely used in plants, in which 
they play several very important functions, in-
cluding antioxidant one [1–5]. Rutin (3, 3 ', 4', 
5,7-pentahydroxyflavone-3-rhamnoglucoside 
C27H26O16H4, H4L, Rut) is a natural flavonoid 
of the flavonol type, consisting of the flavo-
nol quercetin and the rutinose disaccharide 
(rhamnose and glucose):
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It exhibits high biological and pharmaco-
logical activity (antioxidant, anti-inflammato-
ry, antiviral, antimicrobial, etc.) [6–12]. Due 
to its medicinal properties, rutin is widely 
used as a component of many pharmaceuticals  
(eg, vitamin P). The most important structu
ral elements of rutin, which determine its pro
perties, are: o-dihydroxo group in the B-cycle 
(catechol structure) as a potential radical label; 
the double bond between positions 2 and 3 of 
the C-cycle is conjugated with the keto group 
at position 4 (due to the ability to delocalize 
the unpaired electron of the flavonoid radical) 
and C-3, C-5 and C-7 hydroxyl groups (C and 
A cycles)  as potential acceptors of free radicals 
[13,14].

Flavonoids bind metal ions well, forming 
chelate complexes, which is of great impor-
tance for the analytical and pharmaceutical 
use of these compounds. The formation of 
different CS structures of flavonoids with me
tal ions with the  stoichiometric composition   
L: M from 1: 2 to 2: 1 depends on the binding 
sites that participate in the reaction. As can be 
seen from the structure of the rutin molecule, 
in complexes with metals, this flavonoid has 

two potential centers for coordination to me
tal ions: 5-OH and 4-C = O, 3'-OH and 4'-OH 
(Fig. 1). Most metal ions are able to form com-
plexes with rutin in a wide range of pH (2-10), 
the stereochemistry of which strongly depends 
on the acidity of the solutions [15-17]. The 
best complexation occurs at pH 4-8, because at  
pH<4 rutin is in undissociated form (weak 
acid), and at pH>8 there is the formation of 
stoichiometrically different coordination com-
pounds or dissociation of existing complexes. 
In aqueous solutions, the complexes are poorly 
soluble, so, as a rule, they are investigated in 
the form of solid compounds.

Considerable attention in the study of flavo-
noids is paid to complexes with transition me
tals, which can be used for the prevention and 
treatment of many diseases [15, 18,19]. Studies 
of flavonoids in oxidative processes show that 
the formation of chelates gives them antioxi-
dant properties, which are more effective in 
binding free radicals [20–22]. In [20] it was 
shown that rutin complexes with iron, copper 
and zinc show increased efficiency in the ab-
sorption of free radicals, the most effective of 
which is the copper complex. The rutin com-
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Complexation in  M (II) - Rut systems (M(II) = Co, Cu) was studied by electron absorption 
spectroscopy and pH-metric titration in water-ethanol solutions depending on the metal: ligand ratio 
(1: 1; 2: 1) and the pH of the medium. It was shown that the structure and stoichiometric 
composition of the complexation reaction products are influenced by such basic parameters as L:M 
and the pH value of the medium. Depending on the pH value,  chelation involves certain binding 
sites, which primarily is associated with the redistribution of the electron density in the flavonoid 
molecule. In a weakly acidic or neutral medium, regardless of the M(II): Rut ratio, the formation of 
monoligand complexes of rutin with 3-d metals occurs with the participation of 5-OH and 4-C=O 
fragments of the A and C rings, and in an alkaline medium, chelation proceeds on the catecholic 
fragment of  ring B rutin. Biligand complexes are formed with the participation of the gydroxo 
groups of the catechol fragment of each rutin molecule, and the formation of compounds with a 
ratio of 2:1 occurs both due to 5-OH and 4C=O and due to 3 ', 4'-OH groups. The calculated values 
of the stability constants of the complexes showed that the stability of the Co (II) complexes is 
several orders of magnitude lower than the stability of the corresponding Cu (II) complexes. 

 
Keywords: complexes, copper, cobalt, rutin, flavonoids, absorption spectra. 
 
 INTRODUCTION. Flavonoids are a large class of natural low-molecular-weight 
polyphenolic compounds of the general С6–С3–С6 carbon skeleton formula, as well as their 
derivatives, which are characterized by high biological activity and low toxicity. The targeted 
biological action of flavonoids is related to the physicochemical properties of various structures, 
including conformations of molecules, the presence of which provides, for example, radioprotective 
and antioxidant properties. Flavonoids are widely used in plants, in which they play several very 
important functions, including antioxidant one [1–5]. Rutin (3, 3 ', 4', 5,7-pentahydroxyflavone-3-
rhamnoglucoside C27H26O16H4, H4L, Rut) is a natural flavonoid of the flavonol type, consisting of 
the flavonol quercetin and the rutinose disaccharide (rhamnose and glucose): 

 
Fig.1 The structure of the rutin molecule 

 
 It exhibits high biological and pharmacological activity (antioxidant, anti-inflammatory, 
antiviral, antimicrobial, etc.) [6–12]. Due to its medicinal properties, rutin is widely used as a 
component of many pharmaceuticals (eg, vitamin P). The most important structural elements of 

Fig. 1. The structure of the rutin molecule.
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plex with copper has a greater ability to retard 
the oxidation process, and rutin complexes 
with iron(II) and copper(II) are more effective 
in removing free radicals compared to pure ru-
tin [23, 24].

It should be noted that rutin and its com-
plexes due to poor solubility in water and body 
fluids have a very low bioavailability in the body, 
which limits the use of their useful pharmaco-
logical properties. Increased solubility can be 
achieved by using other solvents that will also 
be non-toxic to living organisms. The literature 
mainly investigates the complexation of rutin 
with metals in methanol solutions, DMSO or 
mixtures of different organic solvents [23, 25–
28]. Since rutin is poorly soluble in water, but 
better soluble in ethanol (0.66∙10-5 mol/dm3 

and 436.5∙10-5 mol/dm3, respectively) [1, 29, 
30], for the potential application of its useful 
properties in pharmacology, there is a need to 
investigate the properties of rutin and its com-
plexes with Cu (II) and Co (II) in aqueous-
ethanolic solutions. The choice of metal ions is 
due to their role in the life of organisms. Cop-
per and cobalt are transition metals and es-
sential trace elements. Cu (II) is part of many 
vitamins, hormones, enzymes, respiratory pig-
ments, is involved in metabolic processes, tis-
sue respiration and more. Copper ions play an 
important role of cofactors in living systems, so 
the presence of competing complexing agents 
can affect their biological activity [20,31], Co 
(II) is present in vitamin B12, is involved in 
enzymatic processes and hormone synthesis 
[31]. Therefore, the aim of this work is to study 
the acid-base forms of rutin depending on the 
pH of the solution and its complexation with 
Cu(II) and Co(II) in aqueous-ethanol solu-
tions by pH-metric titration and electron ab-
sorption spectroscopy.

EXPERIMENT AND DISCUSSION OF 
THE RESULTS. The study of the complexa-
tion of Cu(II) and Co(II) ions with rutin was 
carried out in water-ethanol solutions (1: 2) 
depending on pH (~ 2÷11) and the metal:li-
gand ratio. Inorganic salts of 3-d metals were 
used as starting compounds: cobalt chloride  
СоCl2⋅6H2O (analytical grade) and copper 
sulfate СuSO4∙5H2O (analytical grade). Rutin 
manufactured by Sigma- Aldrich was used 
without further purification.

The exact concentration of metal ions was 
determined by complexometric titration [32]. 
Working solutions of rutin were prepared 
using a precisely weighed sample. Potentio-
metric titration was carried out with a 0,1 M 
solution of alkali (NaOH) or acid (HCl) as a 
titrant. The pH value was recorded on a Met-
tler Toledo Seven Easy pH meter (accuracy  
± 0.05)at 20 ± 3 °C and constant ionic strength  
μ = 0,1 M (KNO3). Electronic absorption spectra 
were recorded on a UV/VIS Specord 210 Plus 
spectrophotometer (Analytik Jena AG) in 
quartz cuvettes with l=1 cm (measurement 
range 190-1100 nm; relative error in the measu
rement of optical density ±0,005). A series of 
Co(II) and Cu(II) solutions with rutin was stud-
ied at a concentration of 1·10-4 М and the ratio   
M:Rut = 1:1, 2:1. The comparison solution is 
water. To establish the stoichiometric compo-
sition and stability of the formed complexes, 
the method of equilibrium displacement was 
used [33]. Step constants of complex formation 
were determined by the titration of a solution 
containing known amounts of C (II) chloride 
C (II) sulfate and rutin with an acid/alkali 
solution.

In the electronic absorption spectrum of an 
aqueous  ethanolic solution of rutin (Fig. 2) 
there are two absorption bands, which are 
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due to intramolecular π → π * transitions: 
the first band with a maximum in the area of 
327–408 nm corresponds to the absorption of 
a cynnamoyl fragment of the molecule asso
ciated with a conjugated system between cy-

cle B and a carbonyl fragment of  cycle C. The 
second absorption band in the region of 250–
290 nm refers to π → π* transitions in the A 
ring benzoyl fragment [34]

Fig. 2. UV absorption spectrum of an aqueous-ethanol solution of rutin at pH: 1. – 5.6; 2. – 6.3;  
3. – 7.0; 4. – 8.2; 5. – 9.7; 6. – 10.4; 7. – 11.4.

 3 

ratio  M:Rut = 1:1, 2:1. The comparison solution is water. To establish the stoichiometric 
composition and stability of the formed complexes, the method of equilibrium displacement was 
used [33]. Step constants of complex formation were determined by the titration of a solution 
containing known amounts of C (II) chloride C (II) sulfate and rutin with an acid/alkali solution. 
 In the electronic absorption spectrum of an aqueous  ethanolic solution of rutin (Fig. 2) there 
are two absorption bands, which are due to intramolecular π → π * transitions: the first band with a 
maximum in the area of 327–408 nm corresponds to the absorption of a cynnamoyl fragment of the 
molecule associated with a conjugated system between  cycle B  and a carbonyl fragment of  cycle 
C. The second absorption band in the region of 250-290 nm refers to π → π* transitions in the A 
ring benzoyl fragment [34] 
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Fig. 2. UV absorption spectrum of an aqueous-ethanol solution of rutin at pH: 1. – 5.6; 2. – 6.3; 3. – 

7.0; 4. – 8.2; 5. – 9.7; 6. – 10.4; 7. – 11.4. 
 

The gradual bathochromic shift at pH>6 is associated with the formation of differently 
protonated forms of rutin, which are in dynamic equilibrium depending on the acidity of the 
solutions. In the acidic pH range, there is a bathochromic shift of  absorption band  II with the 
formation of a shoulder at 290 nm, which disappears at pH~7. At the same time, there is a 
bathochromic shift of the band I maximum (357 nm→363 nm), which is accompanied by a 
hypochromic effect. Such changes may be related to the dissociation of the OH group at position 7 
of cycle A of the rutin molecule. At pH = 7.74 there are a hypsochromic shift and an increase in the 
optical density of the solution, which indicates the further dissociation of proton rutin. At pH = 
9.65, the optical properties of the system change significantly – two absorption maxima are clearly 
manifested at λmax = 329 nm and 407 nm. At pH = 11.90, a hypsochromic shift of these absorption 
maxima is observed, which may be associated with partial oxidation of rutin.  
According to  spectrophotometric titration, the dissociation constants of rutin and the distribution of 
acid-base forms of rutin depending on the pH of the solution were calculated using the 
mathematical program CLINP 2.1 [35] (tab. 1, fig. 3, respectively). 
 

Table 1  
Values of rutin dissociation constants in an aqueous ethanol solution. 
 

Dissociation stage рК Dissociating group 
H4L ↔ H3L- + H+ 8,17 ± 0,15 7-ОН 

H3L- ↔ H2L2- + H+ 9,63 ± 0,16 3’-ОН 
H2L2- ↔ HL3- + H+ 10,76 ± 0,14 5-ОН 

HL3- ↔ L4- + H+ 11,85 ± 0,26 4’-ОН 

The gradual bathochromic shift at pH>6 
is associated with the formation of different-
ly protonated forms of rutin, which are in 
dynamic equilibrium depending on the aci
dity of the solutions. In the acidic pH range, 
there is a bathochromic shift of  absorption 
band II with the formation of a shoulder at  
290 nm, which disappears at pH~7. At the 
same time, there is a bathochromic shift of the 
band I maximum (357 nm→363 nm), which 
is accompanied by a hypochromic effect. Such 
changes may be related to the dissociation of 
the OH group at position 7 of cycle A of the 
rutin molecule. At pH = 7.74 there are a hyp-
sochromic shift and an increase in the opti-

cal density of the solution, which indicates 
the further dissociation of proton rutin. At  
pH = 9.65, the optical properties of the system 
change significantly – two absorption maxi-
ma are clearly manifested at λmax = 329 nm 
and 407 nm. At pH = 11.90, a hypsochromic 
shift of these absorption maxima is observed, 
which may be associated with partial oxida-
tion of rutin. 

According to  spectrophotometric titration, 
the dissociation constants of rutin and the dis-
tribution of acid-base forms of rutin depend-
ing on the pH of the solution were calculated 
using the mathematical program CLINP 2.1 
[35] (tab. 1, fig. 3, respectively).
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Table 1 
Values of rutin dissociation constants in 

an aqueous ethanol solution.

Dissociation 
stage рК Dissociating 

group
H4L ↔ H3L

- + H+ 8,17 ± 0,15 7-ОН
H3L

- ↔ H2L
2- + H+ 9,63 ± 0,16 3’-ОН

H2L
2- ↔ HL3- + H+ 10,76 ± 0,14 5-ОН

HL3- ↔ L4- + H+ 11,85 ± 0,26 4’-ОН

It should be noted that the calculated disso-
ciation constants of the OH groups of rutin dif-
fer slightly from the pK values given in [36,37] 
due to the use of different solvents (methanol 
or water)

Thus, the analysis of electronic absorption 
spectra shows that the dissociation of the hy-
droxyl groups of rutin in aqueous-ethano
lic solutions takes place in the order: 7-OH,  
3´-OH, 5-OH, 4´-OH.

Fig.3 Dissociation diagram of rutin: H4L undissociated form of rutin (1); H3L
- (2); H2L

2- (3); HL3- (4), 
L4-

 (5).

 4 
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Fig.3 Dissociation diagram of rutin: H4L undissociated form of rutin (1); H3L- (2); H2L2- (3); HL3- 
(4), L4- (5). 
 
Thus, the analysis of  electronic absorption spectra shows that the dissociation of the hydroxyl 
groups of rutin in aqueous-ethanolic solutions takes place in the order: 7-OH, 3´-OH, 5-OH, 4´-OH. 

The study of complex formation processes of rutin with Co (II) and Cu (II) ions was 
performed by pH-potentiometric titration. Figure 4 shows  titration curves of the Co(II):Rut (a) and 
Cu(II):Rut (b) systems, which are in a more acidic pH range relative to the critical titration of rutin, 
which is associated with the formation of metal complexes with  functional groups Rut (carbonyl 
СO or ОН). The titration curves of cobalt and copper systems at M: Rut = 1: 1 (Fig. 4, curves 2) 
have almost the same appearance: two poorly defined buffer regions (pH ~ 6-8 and 8-10) and a 
blurred jump at pH ~ 10. It is likely that tapered complexes are formed in a more acidic medium in 
which the metals are bonded to the 5-hydroxyl and 4-carbonyl groups of rings A and C. In an 
alkaline medium, the metals are bonded to the deprotonated hydroxyls of the catechol moiety. The 
titration curve of the system Cu(II):Rut = 2:1 (Fig. 4, curve 3) has two distinct jumps (pH 5.5 and 
9), shifted to a more acidic pH region compared to the equimolar system. Under these conditions, 
the interaction of a copper ion with the  3´-4´-hydroxyl groups of the ring B of two rutin molecules 
is possible similar to the interaction of Cu (II) with quercetin [38]. 

а  b 

The study of complex formation processes 
of rutin with Co (II) and Cu (II) ions was per-
formed by pH-potentiometric titration. Figu
re 4 shows  titration curves of the Co(II):Rut 
(a) and Cu(II):Rut (b) systems, which are in 
a more acidic pH range relative to the critical 
titration of rutin, which is associated with the 
formation of metal complexes with  functio
nal groups Rut (carbonyl –СO= or –ОН). The 
titration curves of cobalt and copper systems 

at M: Rut = 1: 1 (Fig. 4, curves 2) have almost 
the same appearance: two poorly defined buff-
er regions (pH ~ 6-8 and 8-10) and a blurred 
jump at pH ~ 10. It is likely that tapered com-
plexes are formed in a more acidic medium in 
which the metals are bonded to the 5-hydro
xyl and 4-carbonyl groups of rings A and C. 
In an alkaline medium, the metals are bond-
ed to the deprotonated hydroxyls of the cate
chol moiety. The titration curve of the system  
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Cu(II):Rut = 2:1 (Fig. 4, curve 3) has two dis-
tinct jumps (pH 5.5 and 9), shifted to a more 
acidic pH region compared to the equimolar 
system. Under these conditions, the interac-

tion of a copper ion with the  3´-4´-hydroxyl 
groups of the ring B of two rutin molecules is 
possible similar to the interaction of Cu (II) 
with quercetin [38].

Fig. 4. Curves of pH-metric titration of the systems Co(II):Rut (a) and Cu (II):Rut (b): 1. – Rut; 2. – 
M:Rut = 1:1; 3. – M:Rut = 2: 1. 4 
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Fig.3 Dissociation diagram of rutin: H4L undissociated form of rutin (1); H3L- (2); H2L2- (3); HL3- 
(4), L4- (5). 
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Fig.3 Dissociation diagram of rutin: H4L undissociated form of rutin (1); H3L- (2); H2L2- (3); HL3- 
(4), L4- (5). 
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groups of rutin in aqueous-ethanolic solutions takes place in the order: 7-OH, 3´-OH, 5-OH, 4´-OH. 
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Based on the obtained titration curves, the 
concentration of the free ligand [L–] and the 
formation function were calculated using the 
formulas:

–lg[L–] = pka – paH+ – lg(CL – CT – aH+),

ñ = (CT + aH+ – [L–]) / CМ,
(1)
(2)

where CL – the total ligand concentration, CМ – 
the total metal concentration, CT – the con-
centration of added titrant, aH+ – the activity of 
hydrogen ions, ka –  the acid dissociation con-
stant of rutin.

Based on the values of ñ according to the 
Bjerrum method [39] stepwise stability con-
stants of complexes of cobalt and copper with 
rutin are calculated (Table 2).

The stability of  Co(II) complexes is several 
orders of magnitude lower than the stability of 
copper complexes, which is obviously due to 
the high affinity of Cu2+ for rutin donor oxygen 
atoms, and especially for the ortho-dihydroxyl 
group [34]. 

Table 2 
The calculated values of the stability con-

stants of complexes of Co (II) and Cu (II) 
with rutin*.

Metals M: Rut lgβ

Co2+
1:1 8,85±0,05
2:1 8,16±0,07

Cu2+
1:1 18,51±0,08
2: 1 11,76±0,05

*lgβ is given for the form of complexes [ML] and [M2L] 

The complexation of rutin with Co(II) and 
Cu(II) ions was analyzed using  electronic ab-
sorption spectra in the ultraviolet and visible 
regions depending on pH (fig. 5, a, b)

In the spectra of all studied systems with 
a change in pH and the ratio of components,  
there are a change in the optical density of 
solutions and a bathochromic shift of the ab-
sorption maxima of bands I and II in complex-
es relative to their position in the spectra of 
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pure rutin. This indicates  complexation in M: 
Rut systems. It should be noted that in acidic 
media (pH <4) rutin is in the protonated form  
H4L, the participation of which in  complexa-
tion is not possible. At pH≥6, rutin turns into 
an electron-donating form, which further dis-

sociates with the formation of a flavonolate ion 
and can interact with the metal-complexing 
agent. The largest bathochromic shift λmax 
for all studied systems occurs at pH≥5.5 due 
to the involvement in chelation of different  
binding sites.

Fig. 5 UV spectra of  systems as a function of pH: a – Co: Rut=1:1 (2.56 (1); 4.16 (2); 6.5 (3); 7.52 (4); 
8.44 (5); 9.79 (6); 10.48 (7)); b – Cu:Rut=2:1 (2.6 (1); 3.67 (2); 4.62 (3); 5.55 (4); 6.38 (5); 7.95 (6); 9.47 (7); 
10.0 (8)). Insertion: UV spectra of systems in the range of 700–900 nm.

 5 

Fig.4. Curves of pH-metric titration of the systems Co(II):Rut (a) and Cu (II):Rut (b): 1-Rut; 2- 
M:Rut = 1:1; 3- M:Rut = 2: 1. 
 

Based on the obtained titration curves, the concentration of the free ligand [L–] and the 
formation function were calculated using the formulas: 
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where CL –  the total ligand concentration, CМ –  the total metal concentration, CT – the 
concentration of added titrant, aH+ –  the activity of hydrogen ions, ka –  the acid dissociation 
constant of rutin. 

Based on the values of ñ according to the Bjerrum method [39] stepwise stability constants 
of complexes of cobalt and copper with rutin are calculated (Table 2). 

 
Table 2  

The calculated values of the stability constants of  complexes of Co (II) and Cu (II) with 
rutin*. 
 

Metals M: Rut lgβ 

Co2+ 1:1 8,85±0,05 
2:1 8,16±0,07 

Cu2+ 1:1 18,51±0,08 
2: 1 11,76±0,05 

*lgβ is given for the form of complexes [ML] and [M2L]  
 

The stability of  Co(II) complexes is several orders of magnitude lower than the stability of copper 
complexes, which is obviously due to the high affinity of Cu2+ for rutin donor oxygen atoms, and 
especially for the ortho-dihydroxyl group [34].  

The complexation of rutin with Co(II) and Cu(II) ions was analyzed using  electronic 
absorption spectra in the ultraviolet and visible regions depending on pH (fig. 5, a, b) 
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Fig. 5 UV spectra of  systems as a function of pH: a – Co: Rut=1:1 (2.56 (1); 4.16 (2); 6.5 (3); 7.52 
(4); 8.44 (5); 9.79 (6); 10.48 (7)); b – Cu:Rut=2:1 (2.6 (1); 3.67 (2); 4.62 (3); 5.55 (4); 6.38 (5); 7.95 
(6); 9.47 (7); 10.0 (8)). Insertion: UV spectra of systems in the range of 700–900 nm. 
 
 In the spectra of all studied systems with a change in pH and the ratio of components,  there 
are a change in the optical density of solutions and a bathochromic shift of the absorption maxima 
of bands I and II in complexes relative to their position in the spectra of pure rutin. This indicates  
complexation in M: Rut systems. It should be noted that in acidic media (pH <4) rutin is in the 
protonated form  H4L, the participation of which in  complexation is not possible. At pH≥6, rutin 
turns into an electron-donating form, which further dissociates with the formation of a flavonolate 
ion and can interact with the metal-complexing agent. The largest bathochromic shift λmax for all 
studied systems occurs at pH≥5.5 due to the involvement in chelation of different binding sites. 
 Regardless of the metal, for all systems, the maximum of band I  shifts toward long 
wavelengths compared to the solution of pure rutin (Fig. 6).  
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Fig.6 UV spectra of rutin and complexes CoRut, CuRut. 

 
For a Cu-containing system, band I is strongly shifted to the visible region by 53 nm (λmax. = 413 
nm, band IV). Under similar conditions, band II of rutin in the presence of metal ions has a 
bathochromic shift of ~ 10 nm, but in the spectra of metal complexes appears band III at 204 (209) 
nm, which may be due to different modes of coordination of  cations to the  functional groups of 
rutin. 
Figure 7 shows a comparison of electronic absorption spectra for systems with different M: Rut 
ratios. 
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Fig.6 UV spectra of rutin and complexes CoRut, CuRut.
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Regardless of the metal, for all systems, the 
maximum of band I  shifts toward long wave-
lengths compared to the solution of pure rutin 
(Fig. 6). 

For a Cu-containing system, band I is 
strongly shifted to the visible region by 53 nm 
(λmax. = 413 nm, band IV). Under similar con-
ditions, band II of rutin in the presence of me
tal ions has a bathochromic shift of ~ 10 nm, 
but in the spectra of metal complexes appears 
band III at 204 (209) nm, which may be due to 
different modes of coordination of  cations to 
the  functional groups of rutin.

Figure 7 shows a comparison of electronic 
absorption spectra for systems with different 
M: Rut ratios.

In the UV spectra of copper complexes with 
the  Cu:L=2:1 ratio for bands II and I, a hyp-
sochromic shift relative to equimolar metal 
complex (λI 277 → 267 nm; λII 420 → 409 nm) 
is observed, which can be explained by the dif-
ferent structure of metal complex and an in-
crease in conjugation in the heterocyclic ring. 
Probably, at the ratio Cu:L=1:1, chelation oc-
curs at the 5-OH hydroxyl group and the oxy

gen atom of the carbonyl group (4-C=O) of 
the C-ring of rutin. The maximum absorption 
responsible for the absorption of the A-ring of 
rutin (7-OH) for both systems does not actu-
ally change (210 nm), which indicates that the 
7-OH group does not participate in complexa
tion due to its lower protic acidity. The forma-
tion of copper complexes with a ratio of 2:1 
occurs both due to 5-OH and 4C=O and due 
to two hydroxo groups of the catechol frag-
ment. The different structures of the complex-
es are confirmed by the change in the values 
of optical density as a function of the pH of 
solutions (fig. 7a, inset). The catechol group is 
the most likely metal binding site, especially 
in alkaline media (pH ≥9) due to the depro-
tonation of hydroxyls. At the ratio Cu: Rut = 
2: 1, the copper ion can bind to the hydroxyls 
of the catechol groups from two rutin mole-
cules, which are located in orthogonal planes. 
The different mode of coordination of Cu(II) 
is also evidenced by the position of the bands 
of the d – d transition B1g→A1g, corresponding 
to  planar-square complexes: 644 nm (2:1) and 
634 nm (1:1). 



SPECTROSCOPIC STUDIES OF Cu (II) AND Co (II) COMPLEXES WITH RUTIN IN SOLUTIONS

98 ISSN 2708-129X. Укр. хім. журн., 2021

INORGANIC CHEMISTRY

Fig. 7 Сomparison of UV spectra for systems with different  Cu:Rut (а), Со:Rut (b) rations (рН=6).

Insert: dependence of optical density on pH 
at ratios M:Rut = 1:1; 2:1 In the electronic ab-
sorption spectra of Co(II) complexes, regard-
less of the Co: Rut ratio, the maxima of the ab-
sorption bands are at the same wavelength, and 
the course of the А → pH curves is the same  
(fig. 7, b). This indicates the formation of com-
plexes of the same composition in both systems. 
However, at a ratio of 2:1, the spectral bands are 
split into 3 components, which may be associ-
ated with the formation of biligand complexes 
in which the Co2+ ion is coordinated through 

the catechol fragment B of the ring of each ru-
tin molecule. In this case, the cobalt ion is in a 
distorted octahedral environment, as evidenced 
by the maxima of the d-d transitions in the elec-
tronic absorption spectra corresponding to the 
4T1g(F)→ 4T1g(P) transition in high-spin six-co-
ordinate complexes of cobalt(II) (λmax=508 (1:1) 
and 512 (2:1) nm). The bathochromic shift λmax 
in the 2:1 system is due to the formation of a 
tetragonally deformed octahedron of D4h sym-
metry due to a significant spin-orbit interaction 
in the excited state 4T1g(P).
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According to the results of electrospray 
mass spectrometry, the composition of the 
products formed in the studied systems was 
determined (tabl. 3). 

Table 3
The mass-to-charge ratio of fragments 

and their interpretation in the ESI mass 
spectrum of the Co (II) and Cu (II) complex-
es with Rut.

m/z

InterpretationCo(II):Rut Cu (II):Rut

1:1 2:1 1:1 2:1
611 611 611 611 (L+H)+

633 - 636 [NaI(L)]+

668 668 672 672 [МII(L-H)]+

726 725 - 738 [М2
II(L-H5,3’,4’)]+

1278 1282 [МII(L-H3’,4’)L]+

The peak of protonated flavonoid (m/z= 611) 
is observed in all spectra. In the mass spectra 
of the M:Rut = 2:1 systems, quite intense peaks 
with m/z=633 and 636 appear, which corre-
spond to the salts of rutin with Na. In addi-
tion, the ESI MS identified key characteristic 
fragments with m/z=668 (for Co) and 672 (for 
Cu), which correspond to species [MII(L - H)]+, 
which clearly indicates the formation of metal 
complexes with monodeprotonated rutine mole
cules. In this case, the peak of the [MII(L - H)]+ 

ion is the main one in the studied mass spec-
tra. Also in the mass spectra there is a weak-
ly intense peak with m/z = 726 (738), which 
corresponds to the formation of dimeric cat-
ions [М2

II(L-H5,3’,4’)]
+, in which 3-d metals 

are coordinated by deprotonated catecho
lic hydroxo-groups of the ligand. In ESI MS, 
peaks of biligand complexes [МII(L-H3’,4’)L]+ 

with the inclusion of one neutral rutin molecule 

are recorded. Moreover, the intensity of these 
peaks is quite small.

CONCLUSIONS. Complex formation has 
been studied in the systems M (II) - Rut (M (II) 
= Co (II), Cu (II)) in aqueous alcohol solutions 
depending on pH and the ratio metal: ligand =  
1 :1; 2: 1. It was shown that the structure and 
stoichiometric composition of the complexa-
tion reaction products are influenced by such 
basic parameters as L:M and the pH value of the 
medium. Depending on the pH value,  chelation 
involves certain binding sites, which primarily 
is associated with the redistribution of the elec-
tron density in the flavonoid molecule.

In a weakly acidic or neutral medium, re-
gardless of the M(II): Rut ratio, the formation 
of monoligand complexes of rutin with 3-d 
metals occurs with the participation of 5-OH 
and 4-C=O fragments of the A and C rings, 
and in an alkaline medium, chelation proceeds 
on the catecholic fragment of  ring B rutin. 
Biligand complexes are formed with the parti
cipation of the gydroxo groups of the catechol 
fragment of each rutin molecule, and the for-
mation of compounds with a ratio of 2:1 occurs 
both due to 5-OH and 4C=O and due to 3 ', 
4'-OH groups. The calculated values of the sta-
bility constants of the complexes showed that 
the stability of the Co (II) complexes is several 
orders of magnitude lower than the stability of 
the corresponding Cu (II) complexes.
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Методами електронної спектроскопії 
поглинання та pH-метричного титруван-
ня вивчено комплексоутворення в систе-
мах M(II) – рутин (Rut) (M(II) = Co, Cu) у 
водно-етанольних розчинах залежно від 
співвідношення метал:ліганд (1:1; 2: 1) і рН 
середовища. Показано, що на структуру та 
стехіометричний склад продуктів реакції 
комплексоутворення впливають такі ос-
новні параметри, як L:M та значення pH 
середовища. Залежно від значення pH, в 
хелатуванні беруть участь певні сайти зв'я-
зування, що, перш за все, пов'язано із пере-
розподілом електронної густини в молекулі 
флавоноїду. У слабокислому або нейтраль-
ному середовищі, незалежно від співвідно-
шення M(II):Rut, утворення монолігандних 
комплексів рутину з 3-d-металами відбува-
ється за участю 5-OH і 4-C=O фрагментів А 
і C кільця, а в лужному середовищі хелату-
вання відбувається на катехольному фраг-
менті кільця B рутину. Білігандні комплек-
си утворюються за участю гідроксогруп ка-
техольного фрагменту кожної молекули ру-
тину, а утворення сполук у співвідношенні 
2:1 відбувається як за рахунок 5-OH і 4C=O, 
так і за рахунок 3', 4'-OH груп. Розрахова-

ні значення констант стійкості комплексів 
показали, що стійкість комплексів Co(II) 
на кілька порядків нижча за стійкість від-
повідних комплексів Cu(II).

Ключові слова: комплекс, мідь, кобальт, 
рутин, флавоноїди, електронна спектро
скопія.
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Lanthanide complexes with calix[4]arenes lower rim substituted with two azacrown ether 
fragments are reported. The size of the substituent cavity varied from 4 to 6 heteroatoms. The 
complexes were analyzed by means of IR, NMR, ESI mass spectroscopy. It is assumed that the 
coordination of Ln(III) ions occurs through the donor atoms of the lower rim; the counter 
anion and solvent molecule are also coordinated. Lanthanide-centered characteristic lumi-
nescence was observed in Eu(III), Tb(III) and Yb(III) complexes. The most efficient 4f-lumi-
nescence is observed for terbium-containing complexes with benzo-crown-derived ligands. 
The pathways of the sensitization of 4f-luminescence are discussed.

Keywords: lanthanide complexes, calix[4]arenes, azacrown ethers, luminescence.

INTRODUCTION. Calix[4]arenes can 
be considered as universal building blocks, 
as their molecules have a characteristic fea-
ture – the presence of two «rims», which can 
be modified by functional groups of different 
nature, and a hydrophobic cavity as an addi-
tional binding site. The functionalization of 
the calix[4]arene macrocycle with polydentate 
substituents purposefully influences the com-
plexing properties, including the possibilities 
of the preparation of mono- or heteronuclear 
complexes of various compositions. Particu-
lar interest is shown in the design of calix[4]
arenes lower rim substituted with crown ether 

fragments. Such combination increases the co-
ordination ability of  calixarenes, reduces their 
conformational mobility and can be used for 
ion and molecular recognition [1–3].

As a rule, lanthanide-calix[4]arene com-
plexes are formed through  coordinating groups 
at the lower rim which is easily achieved by the 
functionalization of phenolic OH groups. The 
first structures of mono- and binuclear euro-
pium-containing compounds with p-tert-bu-
tyl-calix[4]arene and its derivatives both in 
solid state and in solutions were reported by 
J.M. Harrowfield and coworkers in the 1985–
1990s [4–6]. In subsequent works, with the 
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development of synthetic procedures, both the 
range of functionalized ligands and the number 
of lanthanide ions were increased. The general 
method of synthesis consists in the interaction 
of lanthanide salts (most often chlorides, nit
rates, or picrates) and calix[4]arenes in an an-
hydrous solvent or in a mixture of solvents in 
the presence of triethylamine. The latter, as in 
the case of other metals, promotes the disso-
ciation of phenolic groups, thereby facilitating 
the formation of complexes. 

4f-Luminescence in lanthanide complexes 
with a number of calix[4]arenes is caused by 
intramolecular energy transfer from the or-
ganic part of the molecule to the metal ion. It 
can be assumed that it manifests itself in such 
compounds as crown-calix[4]arenes, while 
the lanthanide ion can be coordinated by both 
calix[4]arene and crown ether fragments. The 
number of studies on the spectral luminescent 
properties of complexes of such compounds 
with lanthanide ions is rather low. In the pre
sent work, we report our study of the spectral 
luminescent properties of lanthanide complex-
es with calix[4]arene derivatives substituted 
with two azacrown ether fragments. The size of 
the substituent cavity varied from 4 to 6 hete
roatoms. 

EXPERIMENT AND DISCUSSION OF 
THE RESULTS. Calix[4]arenes L1H2 – L7H2 
[7, 8] (Table 1) and the corresponding lantha-
nide-containing complexes were synthesized 
according to the methods described in [9, 10] 
in the presence of equimolar quantities of tri
ethylamine. Complexes were isolated in solid 
state and identified by means of elemental analy-
sis, mass spectrometry, IR, 1H NMR spectrosco-
py. The geometry optimization of the structures 
of complexes was performed by the methods of 
molecular mechanics (HyperChem, MM+).

The absorption spectra in the UV and visi-
ble regions were recorded on a spectrophoto
meter Ulab S261UV in 10 mm quartz cuvettes, 
and in the IR region (4000–400 cm-1) on a 
Shimadzu FT-IR8400S spectrophotometer (in 
KBr pellets).

Fluorescence excitation and emission spec-
tra, as well as phosphorescence and 4f-lumi-
nescence were recorded on a Fluorolog FL 3-22 
spectrofluorimeter (Horiba Jobin Yvon, Xe-
450 W ozone-free lamp) equipped with a pho-
tomultiplier R928P (Hamamatsu, Japan) for 
the visible spectral region and a liquid nitrogen 
cooled InGaAs detector (DSS-IGA020L, Elec-
tro-Optical Systems, Inc.) for the NIR.

The values of the singlet (ES) and triplet 
levels (ET) of the derivatives of calix[4]arenes 
and lutetium-containing complexes were de-
termined by a known procedure [11] at 77K 
using phosphorescence spectra obtained with 
different time delays after the excitation pulse 
ceased. The values of the relative quantum 
yield of 4f-luminescence (φ) of lanthanide 
ions (measurement error ± 20%) in  complexes 
were calculated as in [11, 12]. The number of 
coordinated solvent molecules in complexes 
was estimated using the Horrocks and Sudnick 
method [13, 14]. 

The studied compounds can be divided 
into two groups. The first consists of  calix[4]
arene macrocycles linked to azacrown ether by 
an amide bond (L1H2 - L4H2) and the second 
consists of their reduced analogs (L5H2 - L7H2). 
The complexes with the ratio Ln:LnH2 = 1:1, in 
which f-cations are coordinated by the donor 
OH-groups of calix[4]arene, were obtained by 
the equimolar interaction of the starting mate-
rials. Excess of lanthanide salt provides sand-
wich structures with the 2:1 ratio.
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Table 1
Calix[4]arenes modified with azacrown ethers, used in this work.

OH O 2

R

Ligand Nomenclature name R

L1H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7-trioxa-10-azacyclododec-
10-yl)carbonylmethoxy]-26,28-dihydroxycalix[4]arene

O

O

O

N

O

L2H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7,10-tetraoxa-13-
azacyclopentadec-13-yl)carbonylmethoxy]-26,28- 

dihydroxycalix[4]arene

O

O O

O

N

O

L3H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(6,7,9,10,12,13,15,16-
octahydro-5,8,14,17-tetraoxa-11-azabenzocyclopentadecen-11-yl)

carbonylmethoxy]-26,28-dihydroxycalix[4]arene

O

O O

O

N

O

L4H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7,10,13-pentaoxa-16-
azacyclooctadec-16-yl)carbonylmethoxy]-26,28-

dihydroxycalix[4]arene

O

O
N

O

OO
O

L5H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7-trioxa-10-azacyclododec-
10-yl)ethoxy]-26,28-dihydroxycalix[4]arene

O

O

N

O

L6H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7,10-tetraoxa-13-
azacyclopentadec-13-yl)ethoxy]-26,28-dihydroxycalix[4]arene

O O

O

N

O

L7H2

5,11,17,23-tetra-tert-butyl-25,27-bis[(1,4,7,10,13-pentaoxa-16-
azacyclooctadec-16-yl)ethoxy]-26,28-dihydroxycalix[4]arene

O
N

O

OO
O
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The obtained compounds were analyzed by  
physico-chemical methods. The ESI mass spect
ra of all complexes contain peaks of molecular 
ions corresponding to mononuclear blocks. 
As an example, Fig. 1 shows a mass spectrum 
of a lutetium-containing complex with L2H2, 
which contains the peak of a molecular ion  

(m/z = 1414), which indicates the presence of 
a chloride anion and one solvent molecule in 
the complex. The peaks with a lower m/z val-
ue correspond to fragments without acetonitrile 
molecule,  chlorine atom, and one or two aza-
crown ether fragments (peaks with m / z = 1375, 
1340, 1123, and 906, respectively).

Fig. 1. ESI-mass spectrum of [LuL2Cl(СН3CN)].

The coordination of lanthanide ions by the 
donor groups of calix[4]arene is confirmed by 
IR spectroscopy data. The vibration band of 
the OH groups of the starting calix[4]arenes 
(ν(O-H) = 3150–3250 cm-1) is absent in the 
spectra of all complexes. In the spectra of 
complexes with L1-4H2, the vibration bands of 
carbonyl groups with maxima in the range of 
1640–1690 cm-1 undergo a low-frequency shift 
of 20–30 cm-1, which indicates their participa-
tion in the coordination of the metal ion. The 
vibration band of the ether bonds of the lower 
rim of calix[4]arene (ν(C-O) = 1030–1040 cm-1) 

is shifted to the low-frequency region by 50–
60 cm-1 in comparison with the spectra of the 
initial compounds. At the same time, the vi-
bration bands of the ether groups of azacrown 
substituents (ν(Ccrown-O) = 1125–1135 cm-1) do 
not change. The formation of complexes is also 
evidenced by the appearance of a low-frequen-
cy band at 450–460 cm-1, which refers to the 
vibrations of lanthanide-oxygen bonds. The 
position and intensity of the remaining bands 
in the spectra of complexes do not undergo 
significant changes in comparison with the 
spectra of the starting compounds.
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Fig. 2.1H NMR spectrum [LuL3Cl(CH3CN)] (CDCl3, 25 °C).

A 1H NMR spectrum of the [LuL4Cl(CH3CN)] 
complex as an example is shown in Fig. 2. 
The signals of the protons of phenyl hydroxo 
groups, which are at 7.50–7.70 ppm in the 
spectra of free ligands, disappear upon comp
lexation, which indicates their substitution.

All signals corresponding to the calix[4]
arene macrocycle are shifted: the signals of aryl 
protons and the protons of tert-butyl groups 
are shifted downfield by 0.09–0.11 and 0.05–
0.08  ppm, respectively, and the doublets from 
methylene bridges, which are in the spectra of  
calixarenes at 3.28 and 4.44 ppm, shift towards 
each other by 0.09–0.15 ppm, which indicates 
a smaller flattening of the calix[4]arene con-
formation in the complex. The participation of 
the carbonyl oxygen atoms of the amide group 
in coordination is confirmed by the shift of the 
δ(OCH2CO) signals of 0.08–0.13 ppm, as well 
as the appearance of a triplet of N-CH2 groups 
at 3.87–3.95 ppm. The position of the signals of 
the remaining protons of the azacrown ether 

substituent in the range 3.60–3.70 ppm does not 
change. As for amine derivatives (complexes 
with L5H2 – L7H2), small changes in the intensity 
of the main signals of the methylene groups of 
azacrown ethers in the region of 3.55–4.10 ppm 
probably indicate the formation of a system of 
intra- and intermolecular hydrogen bonds.

The data obtained and the MM+ calcula-
tions (Fig. 3) allowed us to conclude that in 
the complexes with L1H2 – L4H2 compounds, 
the coordination polyhedron of lanthanide is 
formed by four oxygen atoms of the lower rim 
and carbonyl groups. Considering the coordi-
nation of the counterion of lanthanide salt and 
one solvent molecule (acetonitrile), the coor-
dination number of lanthanide ion in com-
plexes is 8. As for the complexes with calix[4]
arenes L5H2 – L7H2, the coordination site of the 
lanthanide ion consists of four oxygen atoms 
of the lower rim of calix[4]arene, the chloride 
anion, and the solvent molecule, the coordina-
tion number of  Ln(III) is 6. 



STRUCTURE AND SPECTRAL-LUMUINESCENT PROPERTIES OF LANTHANIDE-CONTAINING 
COMPLEXES WITH AZACROWN CALIXARENES

108 ISSN 2708-129X. Укр. хім. журн., 2021

INORGANIC CHEMISTRY

Fig. 3. Calculated spatial models of Ln(III) complexes with L2H2 (left) 
and L6H2 (right) (hydrogen atoms are omitted).

The absorption spectra of lanthanide com-
plexes with azacrown ether-functionalized ca-
lix[4]arenes are characterized by three bands. 
The introduction of substituents leads to the 
appearance of an additional band in the region  
λmax = 270–275 nm (37040–36360 cm–1, logε = 
1.2–1.5).Manifesting as a shoulder, it overlaps 
with the band of the calix[4]arene molecule at 
276–283 nm (36230–35340 cm-1), and the  bands 
at 284–291 nm (35210–34360 cm-1), which cor-
respond to π→π* transitions in the aromatic 
fragments of calix[4]arenes. The absorption 
spectra of the complexes in acetonitrile are also 
characterized by three bands in the range of 281–
286 nm (35590–34970 cm-1, logε = 3.78–3.86), 
290–294  nm (34480–34000 cm-1, logε = 3.74–
4.17) and 304–310 nm (32890–32260 cm-1, logε 
= 3.57–3.73). The bathochromic shift of the first 
two bands is 240–380 cm-1 compared to ligands, 
except for the complex with benzo-crown-de-
rivative [LuL3Cl(CH3CN] - Δλ = =1260 cm-1 

and 1210 cm-1, for the first and second bands, 
respectively. The appearance of a band with 
a maximum in the region of 304–310 nm is 
characteristic of complexes of phenolic calix[4]
arenes, when the metal ion replaces protons of 
OH groups. An increase in the number of gly-
col fragments in the azacrown ether substitu-
ent, as well as the presence of a carbonyl group 
in the link, practically does not affect the cha
racteristics of the absorption bands of ligands 
and complexes (Table 2). 

One of the conditions for effective 4f-lumi-
nescence in the coordination compounds of 
lanthanides is the presence of excited singlet 
(S1) and triplet (T1) levels of ligands higher than 
the resonance levels of metals. The energy of  
excited levels was determined by studying the 
molecular fluorescence and phosphorescence 
spectra of solutions of the corresponding luteti-
um complexes (Table 2). The fluorescence spec-
tra of Lu(III) complexes are similar and consist 
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of a wide band in the range of 390-450 nm with  
nanosecond range decay time. In comparison 
with the spectra of free ligands, they are charac-
terized mainly by a bathochromic shift of the flu-
orescence bands (940–2880 cm-1) and an almost 
2.5–3 fold decrease in lif time. The difference is 
the complexes with 12-azacrown-4-derivatives 
L1H2 and L5H2, where a hypsochromic shift was 
recorded: 970 cm-1 and 1500 cm-1, respectively, 
which is probably associated with a deviation 
of the coplanarity of the complex. Phospho-
rescence spectra recorded at 77K with a 50 ms 
time delay are presented as a wide band in the 
range of 430–470 nm. The energies of triplet 

states in lutetium complexes (ET) were found to 
be in the range of 21650–22570 cm-1. It should 
be noted that the energy difference between the 
S1- and T1-levels is small: 570–1300 cm-1, which 
makes possible  energy transfer from the S1-le
vel of the ligand to the radiative levels of lan-
thanide ions. The possibility of  energy transfer 
from the S1-levels to Ln(III) ions does not ex-
clude the participation of T1-levels in the sen-
sitization of the lanthanide-centered lumines-
cence, as well as  energy back transfer from the 
radiative level of, for example, europium ions  
(E(5D2) = 21500 cm-1), which is energetically 
possible [15].  

Table 2
Characteristics of absorption, fluorescence and phosphorescence spectra of lutetium 

complexes with azacrown ether-functionalized calix[4]arenes (С=1×10-3 M, CH3CN).

Complex λI, λII, λIII, nm
(log ε)

λfl,
nm τ, ns ES, cm-1 λphos,

nm ET, cm-1 ΔE-T,
cm-1

[LuL1Сl-
(CH3CN)]

282
(3.83)

291
(3.82)

305
(3.72) 442 13.4 22620 454 22030 590

[LuL2Сl-
(CH3CN)]

281
(3.84)

291
(3.81)

306
(3.70) 438 13.4 22830 452 22120 710

[LuL3Сl-
(CH3CN)]

286
(4.28)

294
(4.17)

310
(3.69) 450 18.5 22220 462 21650 570

[LuL4Сl-
(CH3CN)]

284
(3.78)

291
(3.73)

304
(3.57) 441 13.3 22680 457 21880 800

[LuL5Сl-
(CH3CN)]

282
(3.79)

290
(3.74)

306
(3.68) 421 12.7 23750 443 22570 1180

[LuL6Сl-
(CH3CN)]

282
(3.86)

292
(3.81)

307
(3.73) 427 12.1 23420 446 22420 1000

[LuL7Сl-
(CH3CN)]

281
(3.82)

290
(3.77)

305
(3.62) 424 12.8 23590 449 22270 1320
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The second, no less important condition for 
observing intense luminescence is the optimal 
energy gap between the triplet level of the ligand 
and the resonance level of the lanthanide ion. As 
already noted, for each element and each type 
of ligand, there is a certain optimal energy gap. 
Thus, for efficient energy transfer in europium 
complexes, the difference between the energy of 
the triplet level of the organic ligand and that 
of the resonant 5D0 level of europium (III) ion 
should be between 2500–3500 cm-1 and for terbi-
um (III) ion, 2500–4000 cm-1 [11, 15]. However, 
for example, for 3-methyl-1-phenyl-4-formyl-
5-hydroxypyrazolates of Eu(III) and Tb(III) 
this regularity, so called «Latva’s rule», is not 
observed, and an  intense luminescence of terbi-
um (III) ion is observed at an energy gap of only 
200 cm-1, and the europium complex does not 
exhibit luminescence at ΔE = 3450 cm-1. In this 

case, the luminescence intensity is relatively low 
due to the scattering of  radiation energy at the 
high-lying sublevels of the ground state [16, 17].

It can be seen from the data obtained that  
excitation energy transfer from azacrown ca-
lix[4]arenes is possible to europium (III) ions 
(5D0 and 5D1, E = 17250 cm-1 and 19000 cm-1, re-
spectively), terbium (III) (E(5D4) = 20450 cm-1), 
and to the  low-lying excited levels of Ln(III) 
ions luminescent in the NIR region: neodymi-
um (III) (E(4F3/2) = 11500 cm-1) and ytterbium 
(III) (E(2F5/2) = 10300 cm-1 ). 

Nevertheless, in Nd(III) complexes the 
emission signal is very low, which is proba-
bly caused by the quenching effect of C-H- 
(2950  cm-1) and C-N- (2250 cm-1) vibrations 
in both  the ligand and solvent molecules. In 
Eu(III), Tb(III), and Yb(III) complexes chara
cteristic 4f-luminescence bands are observed.

Fig. 4. 4f-Luminescence spectra of complexes [EuL2Сl(CH3CN)] (left) and [EuL6Сl(CH3CN)] (right).

The coordination environment of the lan-
thanide ion was analyzed using emission spec-
tra of Eu(III) compounds at 77K [14], whose 

luminescence  occurred from the 5D0 and 5D1 
levels. In the spectrum of [EuL2Сl(CH3CN)], 
there is a splitting into three components of 
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the bands corresponding to the transitions 
5D0→7F1 and 5D0→7F2, which is characteristic 
of eight-coordinated europium ion (Fig. 4). 
This indicates that the type of the point sym-
metry group of the polyhedron of the Eu(III) 
ion is close to C2v and the geometric structure 
of square antiprism, in accordance with the 
proposed structural formula. In the spectrum 
of the [EuL6Сl(CH3CN)] complex two intense 
bands corresponding to the transition from 
the 5D0 level to the 7F2 and 7F1 levels undergo 
splitting into two components, which is a con-
sequence of the distortion of the octahedral 
configuration of europium to C4v type.

The excitation spectra of Tb(III) complex-
es (Fig. 5) are similar and consist of a wide 
band with maxima at 363–367 nm. Upon ex-
citation at the maximum of this band, emis-
sion spectra are represented as a set of bands 
of low intensity ligand-centered emission in 
the 380–420 nm region as well as intense nar-
row bands of Tb-centered luminescence in 
the visible region. These peaks correspond to 
energy transitions: 5D4→7F6 (487 nm), 5D4→7F5 
(542  nm), 5D4→7F4 (580 nm and 587 nm), 
5D4→7F3 (620 nm), and 5D4→7F2 (643 nm and 
650 nm). The quantum yield of terbium com-
plexes is higher than that of the corresponding 
europium complexes (Table 3). 

Fig. 5. Photoluminescence excitation (left) and emission (right) 
spectra of [TbL1Сl(CH3CN)].
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The highest values of the quantum yields of 
4f-luminescence are observed for the complex-
es with the benzo-crown ether derivative L3H2, 
as compared to the corresponding complexes 
[LnL2Сl(CH3CN)] and [LnL6Сl(CH3CN)] (Ta-
ble 3). It can be assumed that the presence of a 
benzene ring in the 15-azacrown-5 heterocycle 
leads to a redistribution of the electron densi-
ty not only in the fragments of the substituent, 

but also in the molecule of this compound as a 
whole. This can be caused by an increase in the 
rigidity of the entire azacrown ether unit and a 
violation of the symmetry of the arrangement 
of oxygen atoms in the cycle. The number of 
coordinated solvent molecules in complexes 
was estimated and it was found that one sol-
vent molecule is coordinated in all of the com-
plexes.

Table 3
Characteristics of the 4f-luminescence of Ln(III) complexes with azacrown ether-calix[4]

arenes (С=1×10-4 M, methanol).
Complex φ τ(МеОН), mcs τ(МеОD), mcs q(МеОН)

[EuL1Сl(CH3CN)] 0.024 425 507 0.8
[EuL2Сl(CH3CN)] 0.023 398 469 0.8
[EuL3Сl(CH3CN)] 0.032 551 774 1.1
[EuL4Сl(CH3CN)] 0.019 428 552 1.1
[EuL5Сl(CH3CN)] 0.024 482 607 0.9
[EuL6Сl(CH3CN)] 0.017 419 551 1.2
[EuL7Сl(CH3CN)] 0.020 455 550 0.8
[TbL1Сl(CH3CN)] 0.432 858 2594 0.9
[TbL2Сl(CH3CN)] 0.448 853 3009 1.2
[TbL3Сl(CH3CN)] 0.452 915 3954 1.2
[TbL4Сl(CH3CN)] 0.421 795 2284 1.1
[TbL5Сl(CH3CN)] 0.290 871 2712 0.9
[TbL6Сl(CH3CN)] 0.293 823 2816 1.3
[TbL7Сl(CH3CN)] 0.386 805 2368 1.1

As can be seen, the optimal gap condition 
ΔET1→4f* is not fulfilled for all Ln(III) ions. 
A  particularly large difference between the 
energy of the triplet levels of the ligands and 
the energy of the resonant 2F5/2 level, which 
reaches values greater than 10000 cm – 1, is ob-
served in the case of ytterbium (III) complex-
es, which does not allow one to expect intense 
emission from the complexes. In the lumines-
cence spectrum of the ytterbium complex, one 

band is observed due to the transition from the 
emitting level 2F5/2 to the only ground level 2F7/2; 
however, due to the distortion of the coordi-
nation polyhedron, the luminescence band 
splits with the appearance of three maxima at 
982 nm, 1014 nm, and 1060 nm (Fig. 6). As 
in the case of Eu(III) and Tb(III) complexes, 
the highest quantum yield of Yb-centered lu-
minescence was found in the complex with the 
benzo-crown ether derivative L3H2 (Table 4).
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Fig. 6. Photoluminescence excitation (left) and emission (right) spectra of [YbL3Сl(CH3CN)].

Table 4 
Values of the quantum yield of Yb(III) complexes with azacrown ether-calix[4]arenes.
Ligand L1H2 L2H2 L3H2 L4H2 L5H2 L6H2 L7H2

φ 0.0042 0.0037 0.0054 0.0032 0.0037 0.0048 0.0041

CONCLUSIONS. Thus,  methods of synthe-
sis have been developed and the structure of 
coordination compounds of lanthanides with 
lower rim functionalized calix[4]arenes with 
azacrown ethers has been proposed. It was 
found that the values of the triplet levels of 
the ligands facilitate the transfer of excitation 
energy to the radiative levels of Ln(III) ions, 
which luminesce both in the visible and in  the 
IR spectral regions. The most efficient 4f-lumi-
nescence is observed for terbium-containing 
complexes with benzo-crown-derived ligands. 

It was found that the presence of macrocyclic 
substituents leads to a decrease in the energy of 
the singlet and triplet levels of calix[4]arenes.
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Отримано комплекси лантанідів із ка-
лікс[4]аренами, заміщеними по нижньому 
ободу двома азакраун-естерними фраг
ментами. Розмір порожнини замісника 
варіювався від 4 до 6 гетероатомів. Комп-
лекси аналізували за допомогою ІЧ, ЯМР, 
ЕСІ-мас-спектроскопії. Припущено, що 
координація іонів Ln(III) відбувається 
за допомогою донорних атомів нижньо-
го ободу, протиіон і молекула розчинника 
також є координованими. У комплексах 
Eu(III), Tb(III) та Yb(III) спостерігали лан-
танід-центровану характерну люмінес-
ценцію. Найбільш ефективна 4f-люмінес-
ценція спостерігається для тербійвмісних 
комплексів із лігандами, що містять бензо-
краун-похідні ліганди. Обговорюються 
шляхи сенсибілізації 4f-люмінесценції.

Ключові слова: комплекси лантанідів, 
калікс[4]арени, азакраунестери, люмінес-
ценція.
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