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Chapter 1

The structure and physicochemical properties of gossypol 
and its imine derivatives

N.S. Ilkevych1, B. Brzezinski2, G. Schroeder2, V.I. Rybachenko V.I.1, 
C.Ju. Chotiy1, R.A. Makarova1 and A.F. Dmitruk1

1L.M. Litvinenko Institute of Physical Organic and Coal Chemistry NAS 
of Ukraine, R. Luxemburg 70; 83-114 Donetsk, Ukraine

2Adam Mickiewicz University, Faculty of Chemistry; Grunwaldzka 6, 
60-780 Poznań, Poland

Gossypol and its imine derivatives
Gossypol, 2,2`-bis(8-formyl-1,6,7-trihydroxy-5-isopropyl-3-methyl 

naphthalene) is a yellow colored, polyphenolic binaphthalene compound 
isolated from cotton plants (fig. 1) The biological importance of gossypol and 
various aspects of its physiological and biochemical effects have been the 
subject of many works [1-4]. This compound is clinically used to reduce plasma 
cholesterol, resist tumor, and fungal pathogens [1]. It has also been demonstrated 
that polyphenol shows antiviral activity against enveloped viruses, such as HIV, 
by inhibiting their replication [5]. This bis-sesquiterpene is also capable of 
breaking supercoiled DNA, and its activity in this process strongly increases 
after the addition of Cu2+ and Fe3+ cations [6].

However, as a drug, it has restrained use due to its toxicity and side effect 
to human body. Its toxicity is directly related to the presence of two aldehyde 
groups that are blocked during the formation of imine derivatives [1]. Therefore, 
different reactions between gossypol and primary amines and hydrazines were 
studied. This condensation reaction is undoubtedly the reaction most often 
applied to the gossypol molecule [4].

Schiff bases and hydrazones of gossypol exhibit lower toxicity and still 
are biology active so they could be used instead of gossypol as therapeutic 
agents. Some gossypol Schiff bases show antimalarial activity [7]. Others are 
more efficient than gossypol in inhibiting the replication of HIV in vitro and 
show cytotoxic effect toward human cancer cells [8-10]. Chemical, physical, 
and organoleptic properties of gossypol and some of its derivatives are similar 
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to those of flavonoids such as quercetin and gossepetin, powerful antioxidants 
whose importance in modern medicine cannot be ignored [11, 12]. Gossypol is 
used in industry principally as an antioxidant. As other polyphenols, gossypol is 
multifunctional, and its antioxidant activity may be due to its capability to act 
as reducing agent by donating hydrogen or by quenching singlet oxygen, or by 
chelating.
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Figure 1. The structure and atoms numeration of tautomeric forms of gossypol 

The first synthesized imine derivatives of gossypol were dianilinogossypol 
– condensation product of the reaction of gossypol molecule with two molecules 
of a primary aromatic amine, aniline [13]. In 1918 Carruth [14] was shown 
that aniline and gossypol react with a formation of stable crystalline compound 
and two water molecules. This reaction has been used to remove and quantify 
gossypol contained in cottonseed meal. It was found that this reaction is a typical 
for ammonia, primary amines and lysine amino groups contained in proteins 
[15].

The mechanism of this reaction is outlined in Fig. 2. The reaction between 
the primary amine’s nitrogen and gossypol’s aldehyde groups gives intermediate 
carbinol. Subsequent dehydration leads directly to Schiff’s base [4]. Gossypol 
Schiff bases can occur in imine-imine and enamine-enamine tautomeric forms 
(Fig. 2), being analogues to the aldehyde-aldehyde and ketol-ketol tautomers of 
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gossypol, respectively.
The equilibrium between various tautomeric Schiff base structures has been 

extensively investigated by IR, NMR, and molecular modeling [9, 16–21]. For 
example, NMR experiments by Matlin and colleagues [19] on dianilinogossypol 
showed this compound exists as the enamine-enamine tautomer based on the 
signal observed at 174 ppm in the 13C NMR spectrum, which is characteristic of a 
carbonyl carbon. The molecular crystal structures for dianilinogossypol crystals 
grown from ethyl acetate or dichloromethane indicate that dianilinogossypol 
exists as the enamine-enamine tautomer regardless of the solvent used to grow 
the crystals [21].

Haitbajev and colleagues investigated the Schiff bases tautomeric 
equilibrium by NMR and IR spectroscopy in CDCl3 and Py-d5 solutions. 
The data obtained indicate that for the alkylimines enamine-enamine form is 
predominant and for arylimines – imine-imine form [22]. Quang [23] has studied 
tautomeric equilibrium of some gossypol Schiff bases in different solvents by 
NMR spectroscopy and DFT method. Analysis of 1Н and 13С NMR spectra 
showed that all this compounds exist only in enamine-enamine form.

Figure 2. Tautoneric forms of gossypol Schiff bases.
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Baram [18] and colleagues also have studied some aryl imines of gossypol 
by UV and NMR spectroscopy and showed these compounds in different 
solutions exist generally in enamine form. Dodou [9] have studied tautomeric 
equilibrium of alkyl and aryl imines and also has indicated that in solutions 
only enamine-enamine tautomer exists. Brzezinski and coworkers [24-27] have 
examined the equilibrium of some unique gossypol Schiff’s bases and studied 
the influence of metals complexation on the gossypol Schiff’s base equilibrium 
distribution. As a result of their study revealed that the protonation of nitrogen 
atoms of the gossypol imine derivative causes a complete shift of equilibrium 
from enamine-enamine to imine-imine form. In the case of complexes with 
metal cations complexation does not affect the tautomeric equilibrium and in 
solution is found only enamine-enamine form.

Much less information in the literature is about the hydrazone of gossypol 
(the condensation product of gossypol molecule with two molecules of 
hydrazines). For these derivatives the tautomeric equilibrium shifted from the 
enamine-enamine structure, observed for Schiff’s bases in solution, to the imine-
imine structure [17]. Brzezinski et al. [28, 29] have examined the equilibrium of 
some gossypol hydrazones and come to the conclusion that all this compounds 
exist in solution only in imine-imine form. This tautomeric form is stabilized 
by intramolecular H-bounds, the most strong of them is O7H···N. No reason for 
such equilibrium shift was given, although presumably the additional nitrogen 
atom reduces the nucleophilicity of the corresponding imine nitrogen, making 
it less likely to accept a proton needed to tautomerize into the enamine-enamine 
form [17].

Biological action of gossypol imine derivatives
Biological activity of these compounds is caused not only by the presence 

in their molecules gossypol fragment, but by the nature of imine group. 
Razakantoanina et al. [30] studied the effect of the structure of imine component 
on the activity against Plazmodium falciparum. Apparent antiviral effect gossypol 
Schiff bases exhibit at concentrations 3 - 4 times smaller than gossypol. Schiff 
base of (-)-gossypol with L-phenylalanine methyl ether was more effective than 
the (-)-gossypol against melanoma and leukemia.

Recent studies have shown that biological activity of gossypol and its imine 
derivatives, as well as other natural polyphenols, largely due to their antioxidant 
activity [31, 32].

Gossypol protects the rat heart phospholipids from free radicals generated in 
Fenton reaction [33]. It also effectively inhibits oxidation in rat liver microsomes 
induced by Fe3+/ascorbic acid [11]. Dodou et al. [9] investigated the antioxidant 
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effect of gossypol, gossypolon and two gossypol Schiff bases on the peroxidation 
of liposomes initiated by Fe3+/ascorbic acid using the thiobarbituric acid. It is 
interesting that gossypol itself and all its studied derivatives are more active than 
the standard compound - propyl gallate.

Mukhamedzhanova and coworkers [34] investigated the antioxidant activity 
of bis-diethylaniliniminogossypols, studied the action of these compounds on 
lipid peroxidation and found that the antioxidant activity of gossypol derivatives 
can be strengthened or weakened by functional groups. Jo [35] studied the 
effects of radiation on toxicity and antioxidant properties of gossypol, using 
thiobarbituric acid and stable free radical 2,2-diphenyl-1-picrylhydrazyl. It was 
found that irradiation of methanol solutions of gossypol significantly reduces its 
antioxidant activity. Wang [36] and co-workers, studying the biological activity 
of gossypol and some of its derivatives, have also shown the possibility of their 
interaction with free radicals. Kovacic [31] reviewed the various mechanisms 
of antioxidant action of gossypol and its derivatives in vivo and identified the 
following possible mechanism of they action:

1.	 quenching free radicals;
2.	 complex formation with metal ions;
3.	 formation of derivatives, possessing an antioxidant effect (enzymatic 

oxidation to gossypolon, Schiff bases formation with the molecules of 
proteins and peptides).

The structure of gossypol and its imine derivatives
We have synthesised five gossypol imine derivatives (Fig. 3).
In FT-IR spectra of gossypol and GDA (Table 1) intensive carbonyl 

absorption and C=C stretching vibrations are observed.

Table 1. Frequencies of characteristic vibrations of gossypol and its derivatives 

Compound
ν, cm-1 (KBr)

C=O C=N C=C

G 1619 - 1573

GDA 1615 - 1541

GAPP 1611 - 1554

GGСP 1694 1569 1635, 1569

GGСPP 1606 1565 1570

GTDA 1624 - 1525



14

N.S. Ilkevych, B. Brzezinski, G. Schroeder, V.I. Rybachenko, C.Ju. Chotiy, R.A. Makarova...

NNH

N

OH

O

OH

OH

Cl-+
Cl-+

N
HNH

NO

O

OH

OH

) )
2 2

1

3
45

6

7 8

11

     
imine-imine                 enamin-enamine

GGСP 

N N

OH

N
OH

OH

N
O

N N

N
O

N

O

OH

OH

)
2 )

2

 
   imine-imine             enamine-enamine

GGСPP 

)
2

N

O

OH

OH

)
2

N

OH

OH
OH

enamine-enamine            imine-imine
GDA 

O

OH

OH
N

N N N N

N

OH

OH
OH)

2 )
2

 enamine-enamine           imine-imine
  GAPP  

C

O

H
NO

O

O

H

HO

OH

)2 2 (

C H
N O

O

O
OH

OH

OH1
2

3

45

6

7
8

9

10

11

12

13 1415

16
1718

19

20

21

22

23

enamine-enamine                     imine-imine
GTDA

Figure 3. The structure of tautomeric forms and atom numeration of gossypol derivatives - 
hydrazone with 1-hydrazinocarbonylmethylpyridinium chloride (GGСP), hydrazone with 
1-(2-hydrazinocarbonylpropyl)-3,5-dimethyl-1Н-pyrazole (GGСPP), dianilinogossypol 
(GDA), Schiff base with 1-(2-aminopropyl)-3,5-dimethylpyrazole (GAPP), Schiff base 
with с 3,6,9-trioxadecylamine (GTDA)

Similar situation is in the case of other gossypol Schiff bases (GAPP, 
GTDA). In FT-IR spectra broad band of medium intensity vibrations of C=C 
and intensive absorption of C=O are observed. This indicates that the Schiff 
bases of gossypol exist in enamine-enamine tautomeric form. In the spectra of 
hydrazones (GGCP and GGCPP) the ν(C=O) vibration of hydrazide moiety and 
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the azomethine C=N-bond are observed. All this indicates that the hydrazones 
of gossypol, in contrast to the Schiff bases exist in imine-imine tautomeric form. 

The 1H-NMR data of gossypol and its imine derivatives are given in Table 2. 
In NMR spectrum of gossypol in DMSO is observed more intensive (~ 3 times) 
value of signals C11-H protons than O1H. In solutions gossypol preferably occurs 
in aldehyde-aldehyde and lactol-lactol tautomeric forms (the ratio between 
tautomers in DMSO is ~1/4, respectively [37, 38]). In GDA spectra signals of 
C11-H and N16-H protons are observed. 

Table 2. 1H NMR chemical shifts (ppm) of gossypol and its derivatives in DMSO-d6

Compound
Chemical shift, ppm

O1H O6H O7H C11H N16H N17H C4H

G 5.60 8.40 9.95 11.20 - - 7.60; 
7.25

GDA 5.63 8.62 - 10.42 14.90 - 7.45

GAPP 5.69 8.33 - 9.20 13.25 - 7.48

GGСP 5.76 6.78 14.12 10.18 - 6.18 7.62

GGСPP 5.80 6.89 14.22 9.90 - 6.22 7.58

GTDA* 6.42 8.13 - 9.76 13.32 - 7.60

*- 1H NMR spectrum is obtained in acetonitrile

Similar situation is in the case of other azomethine derivatives (GAPP, 
GTDA): in the NMR spectra are well visible signals of O1H, O6H, C11H and 
N16H protons, confirming the existence of these compounds in enamine-enamine 
tautomeric form, which is in agreement with the FT-IR observations and the 
results of quantum-chemical calculations.

PM3 method is used to calculate the normal vibrations of gossypol and its 
derivatives. To correct the calculated vibrational frequencies the small set of 
scaling factors have been used [39]: ν(OH) = 0.898 - 0.924; ν(CH) = 0.963 - 1.0; 
ν(C = O) = 0.843 - 0.900. Figs. 4, 5 and 6 show the experimental and calculated 
IR spectra of gossypol and some of its imine derivatives.
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Figure 4. IR spectra of gossypol (G) and GDA (1 – experimental, 2 – calculated)

Figure 5. IR spectra GAPP and GGCP (1 – experimental, 2 – calculated)
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Figure 6. IR spectra of GGCPP (1 – experimental, 2 – calculated)

The results of quantum chemical calculation of tautomeric composition of 
gossypol at 298 К are given in Table 3. Ab initio calculations were carried out in 
6-31G basic set using program GAMESS [40]. Effect of solvent was taken into 
account with the help of continual model PCM.
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Table 3. Ratio (%) of aldehyde (I), lactol (II) and ketol (III) forms in tautomeric 
equilibrium of gossypol

Analysis
Tautomer

I II III
PM3, vacuum 5 95 ~ 0

ab
 in

iti
o

vacuum 100 ~ 0 ~ 0

DMSO 11
(17)*

89
(83)*

~ 0
(0)*

chloroform 96
(100)*

4
(0)*

~ 0
(0)*

*- estimation according to experimental data [41]

According to PM3 semiempirical approximation in all tautomers naphthalene 
rings are practically orthogonal (dihedral angle 322.3 for I and III is close to 90˚, 
while for II it is about 80˚). Ab initio calculations give the value of this angle 
somewhat smaller. Thus, this angle for I и III is about 80˚, while for II - 60˚. 
In the аb initio calculations bond length C2-C2` is 0.02Å longer than finding in 
PM3 approximation and equals 1.50Å for I and III, while for II – 1.49Å. It is 
necessary to note, that in PM3 the most stable tautomer is II (it is more stable by 
3.1 kcal than I and by 23 kcal than III). The Ab initio calculations give somewhat 
different values, the most stable tautomer is I, which is 7.1 kcal more stable than 
II and 31.0 kcal than III. 

The calculations confirm considerable effect of solvent nature on the 
tautomeric equilibrium of gossypol. In polar solvent DMSO lactol form of 
gossypol dominates, whereas in nonpolar – aldehyde form and this fact have 
been completely confirmed with known experimental estimates. According to 
literary data, ketol form presents only in aqueous alkaline medium [37, 38].

Calculated total energies (Etot) of tautomeric forms G and GDA (enamine-
enamine GDA-1, imine-imine GDA-2, G-1 – aldehyde-aldehyde, G-2 – lactol-
lactol, G – ketol-ketol) are shown in Table 4. 

As can be seen in the case of gossypol the most preferable are two tautomeric 
forms – aldehyde-aldehyde and lactol-lactol. For dianilinogossypol energy 
of enamine-enamine form is less than imine-imine. Such difference exists in 
various solvents. Energetically the most stable tautomer of gossypol in a vacuum 
and non-polar solvent CHCl3 is G-1, in polar solvents (CH3OH and DMSO) – 
the most stable form is G-2. The thermodynamic evaluation of the tautomeric 
composition of gossypol gives the following results: in CHCl3 solvent 96% G-1 
and 4% G-2 (according to NMR data [41] 100% and 0%, respectively), while in 
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DMSO - 11% G-1 and 89% G-2 (according to [41] 17% and 83%, respectively). 
That is, the calculation agrees fairly well with the experimental data. For GDA 
in all cases is the most stable form is GDA-1, i.e. nature of the solvent has no 
significant effect on the tautomeric composition.

Table 4.  Total energy (-Etot, at. un.) for tautomeric structure of gossypol and GDA in 
different solvents

Tautomeric 
form

Solvent

vacuum C6H6 CHCl3 CH3OH DMSO

G-1 1751.70936 1751.72476 1751.73582 1751.74968 1751.74733

G-2 1751.69806 1751.71820 1751.73307 1751.75159 1751.74930

G-3 1751.66001 1751.68530 1751.70297 1751.72267 1751.72140

GDA-1 2170.98635 2171.00508 2171.01845 2171.03663 2171.03548

GDA-2 2170.97347 2170.98886 2171.00082 2171.01695 2171.01409

Table 5 shows the calculated values of dihedral angles between the 
naphthenic rings and the length of the central bond C2-C2. It should be noted that 
similar values of these parameters is obtained in [42] by molecular mechanics 
for the tautomers of gossypol G-1 and G-3. Significant difference was observed 
only for lactol-lactol form.

Table 5. Geometric characteristics of the tautomeric forms of G and GDA: dihedral 
angles 322’3’(º) and the length of the central bond C2-C2’ R (Å) according to the RHF/6-
31G and MM3 data [42]

G-1 G-2 G-3 GDA-1 GDA-2

6-31G MM3 6-31G MM3 6-31G MM3 6-31G MM3

R 1.499 1.520 1.489 1.501 1.501 1.521 1.498 1.506

322′3′ 81.0 85.8 72.7 82.3 88.1 88.5 80.4 82.0

Fig. 7 shows calculated 3D-structures of the G and GDA tautomers.



20

N.S. Ilkevych, B. Brzezinski, G. Schroeder, V.I. Rybachenko, C.Ju. Chotiy, R.A. Makarova...

G-1

G-2
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G-3

GDA-1
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GDA-2

Figure 7. The calculated 3D-structures of gossypol and dianilinogossypol tautomers

Tables 6 and 7 present the formation energies and the characteristics 
of hydrogen bonds of gossypol derivatives tautomers calculated by the PM3 
method using the program MOPAC 2002.

Table 6. Formation energies of the tautomers of gossypol derivatives 
Compound Formation energy, kcal/mol

GAPP(imine-imine) -124.671
GAPP(enamine-enamine) -130.382
GGCP(enamine-enamine) -169.889

GGCP(imine-imine) -151.120
GGCPP(imine-imine) -146.812

GGCPP(enamine-enamine) -161.479
GDA(imine-imine) -128.027

GDA(enamine-enamine) -130.520
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Table 7. Characteristics of hydrogen bonds of gossypol and its derivatives

Compound
H bond

length, Å angle, °

G (aldehyde-aldehyde) O7,7’H···O11,11’ 1.782 141.5

GDA (enamine-enamine) O7···H-N13
O7’···H-N13’

1.835
1.836

129.2
129.3

GAPP (enamine-enamine) O7,7’···H-N13,13’ 1.837 130.1

GGCP (imine-imine) O7H···N13
O7’H···N13’

1.802
1.836

141.5
141.9

GGCPP (imine-imine) O7H···N13
O7’H···N13’

1.811
1.810

141.2
141.2

Fig. 8 presents the calculated 3-D structures of gossypol imine derivatives. 

GAPP (en)
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GAPP (im)

GGCP (im)
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GGCP (en)

GGCPР (im)
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GGCPP (en)

Figure 8. The calculated 3-D structures of gossypol imine derivatives (im – imine-imine, 
en – enamine-enamine)

Oxidation of G and GDA by molecular oxygen in DMSO
Kinetics of oxygen uptake by solutions of G and GDA was studied by 

volumetric analysis. Preliminary experiments showed that the rate of gossypol 
oxidation in DMSO in the presence of KOH is very small - less than 10-7 mol/l×c, 
so further experiments were carried out in the system gossypol/radical initiator 
AIBN (α,α’-azobisisobutyronitrile).

Ratio of the maximum amount of absorbed oxygen and gossypol in general 
is equal to: - (2.0 ± 0.3):1,0 mol. In the case of GDA, this ratio was (1.0 ± 
0.2):1.0 mol.

In contrast to the GDA gossypol in DMSO is oxidized by molecular oxygen 
much easier, and the reaction rate increases in the presence of solid alkali, but 
remains unchanged in the precense of radical initiator. This suggests that gossypol 
and GDA react with oxygen by two fundamentally different mechanisms: 
radical-chain and ion, respectively.

Using IR and NMR spectroscopy, we have established the probable oxidation 
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products of gossypol and proposed scheme of its degradation. Analysis of the 1H 
NMR spectrum of gossypol (Fig. 9 (1), in DMSO), confirmed that in DMSO 
gossypol exists in two tautomeric forms: aldehyde-aldehyde and lactol-lactol.

Figure 9. 1H NMR spectra obtained during gossypol oxidation in DMSO (1 – gossypol 
before oxidation; 2 – NMR-ampoule held a week without heating; 3 – NMR-ampoule held 
50 min at 80°C; 4 – NMR-ampoule is held 100 min at 80°C)
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In the 1H NMR spectrum of gossypol in DMSO with the initiator (Fig. 9 
(2), NMR-ampoule held a week without heating) is observed the appearance of 
several new signals (9.1, 9.2 and 7.8 ppm), which we assign, respectively, to O6H, 
C11H and H4 protons of dianhydrogossypol (Fig. 10), one of the intermediate 
products of gossypol oxidation. It is known [43] that this compound is formed in 
gossypol solutions in contact with air.

In the spectrum of sample from the NMR-ampoule (held 50 min at 80°C) 
shown in Fig. 9 (3)), the significant decrease of intensity of the proton signals 
of aldehyde and O1H groups of gossypol is observed, as well as the growth of 
signal intensity at 9.1, 9.2 and 7.8 ppm.

Additional NMR-ampoule thermostating at 80ºC for 50 minutes shows 
(Fig. 9 (4)), that signals of aldehyde groups are completely eliminated as well as 
sygnals of all OH groups and dianhydrogossypol (9.1, 9.2 and 7.8 ppm ).
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Figure 10. The structure and atom numeration of dianhydrogossypol

Fig. 11 shows the most interesting ranges of IR spectra of gossypol and 
its oxidation products in DMSO. In the spectrum of oxidized gossypol band 
ν(C=C) shifts to 1628 cm-1, which indicates a significant change in the π-system 
of the naphthalene rings. This is also confirmed by the appearance of two new 
bands at 1563 cm-1 and 1526 cm-1. The band ν(C11=O) disappears, but instead 
three new bands ν(C=O) at 1772 cm-1, 1735 cm-1 and 1671 cm-1 are observed. 
The new band observed at 1735 cm-1 can be assigned to the ν(C7=O) stretching 
vibrations.. Then, according to the spectra of diketones with six-membered ring 
in cis-form [44] band at 1772 cm-1 corresponds to ν(C6=O). The band 1671 cm-1 
corresponds to ν(C4=O).

Analysis of 1H NMR and IR spectra suggests the following scheme of the 
gossypol oxidation, Fig. 12 [45].
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Figure 11. IR spectra of gossypol (1) and its oxidation products (2) in DMSO
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Figure 12. Scheme oxidation reaction of gossypol  by atmospheric oxygen

Thus, we have experimentally confirmed the scheme of gossypol oxidation 
by atmospheric oxygen and suggested the probable oxidation products.
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Antiradical activity of gossypol and its imine derivatives
It is known that gossypol is one of the most effective natural antioxidants. 

Antioxidativ activity as well as many other aspects of polyphenols biological 
activity is determined by its ability to trap free radicals (antiradical activity). 
Gossypol itself can interact with DPPH [35, 36], but for its imine derivatives, 
such data are not available.

We investigated the reaction of G and four of its derivatives, of which 
three (GAPP, GGCP, GGCPP) were synthesized for the first time, with a 
stable free radical - 2,2-diphenyl-1-picrylhydrazyl (DPPH) in ethanol. Fig. 13 
shows the kinetic curves of the reactions studied, and Table 8 shows calculated 
characteristics of antiradical activity of gossypol and its derivatives [46-49].

Figure 13. Decay of the visible absorbance at 518 nm of 0,18 mM DPPH solution in 
EtOH after phenol addition (××× - GDA, ♦♦♦ - GAPP, ▪▪▪ - G, *** - GGCP, ∆∆∆ - 
GGCPP, ratio phenol/DPPH 0,130±0,005)

One parameter that has been introduced recently for the interpretation of the 
results from DPPH method is the “efficient concentration” or EC50 value. This 
parameter is often defined as the quantity of antioxidant (µg) in 1ml of standard 
DPPH solution (~10-4 M) that causes 50% loss of the DPPH activity (color).

We have obtained the EC50 values of the compounds according to [50] 
(Table 8) which are characteristic for effective natural antioxidants. For the 
compounds with estimated structure EC50 parameter is preferably defined as 
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the concentration of antioxidant needed to decrease by 50% the initial DPPH 
concentration. Table 3 presents EC50 values, which were calculated graphically.

Comparison of EC50 values obtained for gossypol with EC50 values of 
known natural and synthetic antioxidants [51] shows that gossypol is almost as 
active as quercetin and rutin (1.77×10-5 mol/l and 1.70×10-5 mol/l, respectively) 
and considerably more active than trolox and ascorbic acid (4.53×10-5 mol/l and 
3.79×10-5 mol/l, respectively). Hydrazones of gossypol are as active as gallic 
acid (EC50 = 1.53×10-5 mol/l). Schiff bases are more active then caffeic and 
ferrulic acid (EC50 = 3.88×10-5 mol/l and 7.93×10-5 mol/l, respectively).

Тable 8. Characteristics of antioxidant activity of gossypol and its imine derivatives

Compound EC50
1, 

μg/ml
EC50

2(×105), 
mol/l n300

3 ntot
4 nstr

5 Т1/2
DPPH, 

sec
АЕ(×10-3),
l/mol×sec

G 4.1 1.92 3.95 4.80 6 20 2.60
GDA 10.0 3.07 2.51 3.10 6 90 0.36
GAPP 15.26 3.11 2.47 3.00 6 130 0.25

GGСPP 8.1 1.57 4.94 5.80 8 5-7 ~12.0
GGCP 8.5 1.43 5.17 6.10 8 ≥5 ≤14.0

1 the quantity of antioxidant (µg) in 1ml of standard DPPH solution (~10-4 M) 
that causes 50% decrease of the DPPH concentration;
2 the concentration of antioxidant needed to decrease by 50% the initial DPPH 
concentration;
3 stoichiometric coefficient for the fast step 0 - 300 sec;
4 total stoichiometry of the antioxidant
5 possible number of OH and (or) NH groups in the molecule of antioxidant.

It is interesting and important to estimate the stoichiometry of the reaction 
between polyfunctional antioxidant and DPPH. Stoichiometric coefficient n is 
defined as a number of radicals trapped per antioxidant molecule and determined 
from the following equation:

n = (A0 - At)/εс0l,

where A0 and At – absorbance of DPPH solution at 518 nm at t = 0 and at t = t, 
ε – molar absorption coefficient of DPPH at 518 nm, c – initial concentration of 
antioxidant, l - layer thickness.

In Table 8 the values of nstr (highest possible number of OH and NH groups 
in molecule), n300 and ntot which characterized stoichiometry of the reaction of 
polyphenol with DPPH during the fast step (monitored over 300 sec) and after 
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15-20 min are presented. The comparison of n values shows that during 300 
sec the conversion of DPPH amounts 80-85%. Evidently, this is concerned with 
structural features of studied compounds. In ethanol solutions gossypol exists 
mainly as lactol-lactol tautomer. Oxidation of this form can stabilize lactol-
lactol form in products and, as a result, lead to accumulation of compounds with 
weakly oxidizing C11-OH group.

Interesting results were obtained by Wang and colleagues [36], which 
investigated the antiradical activity of gossypol, 6-methoxygossypol and 
6,6’-dimethoxygossypol using DPPH assay in acetone. They turned out that 
the replacement of one hydroxyl group O6-H significantly reduced antiradical 
activity of 6-methoxygossypol. At the same time, 6,6 ‘-dimethoxygossypol was 
almost the same active, as 6-methoxygossypol. It is interesting that gossypol 
itself and its derivatives were much more active than synthetic antioxidant 
butylated hydroxytoluene. Our results also suggest that not all the O-H groups 
of gossypol are involved in the reaction with DPPH (nstr = 6, n300 = 3.95 and ntot 
= 4.8). Obviously, the six OH groups four quickly react with DPPH (within 300 
seconds), while from the remaining two (probable O6-H and O6’-H groups), one 
interacts slowly, and the second is inactive.

The data in Table 8 also show that in all cases values of n300 and ntot Schiff 
bases of gossypol, regardless of the structure of the molecules imine component, 
significantly lower than that of gossypol, and, in particular, its hydrazones. The 
reason for this is changes in the naphthalene system of Schiff bases, involving 
the transfer of these compounds in enamine-enamine form. Consequently, the 
hydroxyl group O7-H and O7’-H transformed into the keto group and lose the 
opportunity to interact with DPPH. This leads to a decrease of valuies ntot GDA 
and GAPP approximately upon two units compared to gossypol. The values ntot 
for all Schiff bases are close to three and indicate that from the remaining four 
O-H groups, as in the case of gossypol, one O-H group is not able to react with 
DPPH.

On the other hand, it is known, that the reactivity of amino groups in the 
reaction with DPPH, in comparison with phenolic, are much lower. Therefore, 
the proximity of the stoichiometric coefficients ntot for the studied gossypol 
Schiff bases and hydrazones to the total number of OH groups can be regarded 
as an avidence of the fact that the antioxidant properties of these substances 
are associated with the transfer of H only from the phenolic O-H groups. It is 
known that hydrazones of gossypol, in contrast to Schiff bases, exist in solutions 
in imine-imine tautomeric form. Consequently, all 6 O-H groups remaine 
unchanged in gossypolic part of their moleculars. The values of n300 and ntot 
of these compounds is higher than gossypol and suggests that, in contrast with 
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gossypol and gossypol Schiff bases, all of their O-H groups are able to react 
with DPPH. Five of the six available OH groups react with DPPH during 300 
seconds, while the latter reacts much more slowly.

We investigated the interaction of the complex GAPP: 2HClO4 with DPPH. 
By analogy with [52 - 54] can be assumed that protonation of the nitrogen atoms 
of the molecule leads to the formation of imine-imine tautomeric form (instead 
of enamine-enamine in GAPP molecule). This leads to an increase of the number 
of reactive OH groups and, consequently, to a significant increase of antioxidant 
activity: EC50 = 2.12 × 10-5 mol/l; n300 = 3.82; ntot = 4.56; T1/2

DPPH = 25 s , AE = 
1.89 × 103 l/mol×s. Therefore, changing tautomeric forms of gossypol Schiff 
bases from enamine-enamine to imine-imine increases the value of AE more 
than 7 times.

The disadvantage of EC50 parameter, as the test of antioxidant activity, is 
obvious - there is no connection between EC50 and the time of reaction. In a 
number of cases [50, 51] to describe such reactions is proposed to use the time 
required to reach equilibrium with the initial concentration of antioxidants equal 
to EC50 (TEC50). However, due to the obvious large errors in determination of 
these values TEC50 are not very suitable for the analysis of antioxidant activity. 
Preferable, in our view, is used as a parameter the half-time of reaction (T1/2

DPPH). 
EC50 values and T1/2

DPPH can be combined by taking the product of their values. 
But for characterizing the properties of the reaction is better to use the reciprocal, 
because their values a priori antisymbatic to the antioxidant activity. By analogy 
with [50], we identified proposed characteristic of the reaction with “antioxidant 
effectiveness” AE [55]:

АЕ =1/ЕС50× Т1/2
DPPH

In general, the reaction of polyphenols with DPPH in ethanol solution may 
proceeds by three mechanisms [56]: hydrogen atom transfer (HAT), electron 
transfer with subsequent proton loss (ET-PT) and dissociation of O-H groups, 
followed by electron transfer (SPLET) .

Ionization potentials (IP) and dissociation enthalpy (BDE) of the weakest 
bonds (O-H or N-H) in each molecule was calculated by PM3 method (Table 9).

If mechanizm ET-PT is realised, with a decreasing of IP polyphenols should 
increase their antiradical activity [57]. Experimentally, this is not observed (Fig. 
14).
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Table 9. Calculated by PM3 method values IP and BDE of gossypol and its imine 
derivatives 

Compounds IP, ev BDE, kcal/mol
G 8.75 74.2

GDA 7.91 78.8
GAPP 8.10 80.3
GGCP 7.82 64.8

GGCPP 8.44 65.6
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Figure 14. Plot AE vs BDE for phenols

SPLET may be supressed by the addition of acids and, with sufficient 
acid, phenol ionization, and hence SPLET, can be eliminated leaving only the 
HAT mechanism operative [58, 59]. That leads to a considerable decreasing 
of reacton rate. However, the acidification of alcoholic solutions of gossypol 
shifts tautomeric equilibrium from aldehyd-aldehyd to lactol-lactol form [60], 
and in the case of Schiff bases - from enamine-enamine to imine-imine form 
[52-54]. Changing of the tautomeric forms has a dramatical effect on reactivity 
of phenolic compounds toward DPPH. This makes it impossible to make a 
conclusion about SPLET mechanism. 

As seen from Fig. 15, there is a correlation between the values of AE and 
the BDE of phenolic compounds (AE = 70.734 - 0.892 × BDE, r = 0.973). This 
suggests that DPPH reacts with gossypol and its imine derivatives by a single-
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step hydrogen transfer mechanism (HAT).
The data in Table 8 indicate that AE values the most pronounced characterize 

the effect of the structure on the antioxidant properties of compounds. Therefore, 
obtained hydrazones of gossypol are in 5 times more active than gossypol, and 
Schiff bases - 5 - 10 times less active. According to ascending of antiradical 
activity this compounds form a sequence: GAPP <GDA <gossypol <GGCPP 
<GGCP. As a result, we can conclude that the modification of gossypol by 
introducing a hydrazone fragment is very effective and promising way to increase 
the antioxidant activity of the basic structure of natural polyphenol - gossypol.
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Figure 15. Correlation between AE and BDE values of investigated compounds

Effect of complexation of cations on the antioxidant properties of gossypol 
imine derivatives

Cation binding by amine derivatives of gossypol occurs with the participation 
of imino groups and one or more OH groups of gossypolic part (mostly O1H 
group). It was established that the degree of involvement of O1H group in the 
process of complex formation is directly proportional the size of cation [52-54]. 
In the series Li+, Na+, K+, Rb+, Cs+ cations K+, Rb+, and Cs+ are capable to form 
two types of complexes (a complex only with the imino group or a complex 
involving O1H group). Since metal ions are present in all biological systems and 
involved in the regulation of vital processes, is also interesting to evaluate the 
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influence of the cations Li+, K+, Na+, Mg2+ on antiradical activity of gossypol 
derivatives.

In the literature there is evidence that the presence of metal ions significantly 
affects on the reaction rate of hydrogen atom transfer to DPPH [61]. Thus, the 
rate of DPPH reaction with 2,2,5,7,8-pentametilhroman-6-ol (vitamin E model) 
in methanol increases significantly in the presence of Mg(ClO4)2. A similar effect 
was explained by the fact that this reaction in the polar solvents proceeds via 
two-step ET-PT mechanism.

Baciocchi et al. [62] suggested that the same mechanism is realized in 
the presence and in the absence of Mg2+ (reaction of 4-X-substituted-N,N-
dimethylanilines with DPPH). Their results suggest a single-step hydrogen 
transfer mechanism from the N-C-H bond to DPPH which might take the form 
of a concerted proton electron transfer. The significant rate accelerating effect 
by Mg2+ is likely due to a favorable interaction of the Mg2+ ion with the partial 
negatively charged R-methyl carbon in the polar transition state for the hydrogen 
transfer process.

As seen from Fig. 16, antiradical activity of GAPP depends on the nature of 
cation [55].

Figure 15. Decay of the visible absorbance at 518 nm of 0,18 mM DPPH solution in 
EtOH after addition of GAPP
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Table 10 shows that in the case of GAPP presence of any of the cations 
(except K+) leads to an increase of stoichiometric coefficients of reaction n300 and 
ntot, as well as the values of AE.

Table 10. Characteristics of antiradical activity of GAPP and GGCP in the presence of 
metal cations

Compound EC50(×105), 
mol/l n300 ntot nstr

Т1/2
DPPH,

sec
АЕ(×10-3), 
l/mol×sec

GAPP+2LiClO4 2.70 3.19 3.38 6 30 1.23
GAPP+2NaClO4 2.77 2.99 3.35 6 75 0.48
GAPP+2KClO4 3.25 2.49 2.70 6 180 0.17

GAPP+2Mg(ClO4)2 2.69 3.15 3.39 6 30 1.24
GGCP+2LiClO4 1.60 4.96 5.70 8 ≤10 ≥6.25
GGCP+2NaClO4 1.73 4.96 5.42 8 ≤10 ≥5.78
GGCP+2KClO4 1.68 4.97 5.60 8 ≤10 ≥5.95

GGCP+2Mg(ClO4)2 1.80 4.65 5.22 8 ≤10 ≥5.56

Among Li+, Na+, K+ cations maximum antiradical activity observed in the 
presence of Li+. It is known [52-54], Li+ forms the most stable complexes with 
azomethine fragment of gossypol Schiff bases. The presence of Li+ and Mg2+ 
leads to an increase of GAPP antioxidant efficiency almost 5 times. Decrease of 
activity in the presence of K+ is probably due the fact that this cation interact, 
in addition to the azomethine fragment, with OH groups of gossypol part [52]. 
Binding of O1-H or O1'-H group with the cation prevents the interaction of the 
hydrogen atom of this group with DPPH.

In the case of GGCP electrostatic repulsion prevents the interaction of 
metal cations with atoms of the azo group. The presence of any metal cations 
in solution only reduces the antiradical activity of phenolic OH groups. As a 
result, the antioxidant activity of GGCP reduced 2 - 2.5 times. On the degree of 
reduction of antioxidant activity and the stoichiometric coefficients of reaction 
cations can be arranged in the following order: Li+ < K+ < Na+ < Mg2+.
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The production of nanoparticles (NPs) of metals became extremely 
important research area in recent years. Nanoparticles are often described as 
intermediate between molecules and solids but as opposed to molecules and 
solids, their properties are size-dependant. Nanoparticles of nobel metals (Au, 
Ag) demonstrate significant dependence between their optical properties (color) 
and size and shape of the particles, which results from strong surface plasmon 
resonant (SPR) absorption in ultraviolet-visible region of the electromagnetic 
spectrum. Additionally, peak position of the plasmon resonance depends strongly 
on the surrounding medium, like solvents, surfactants or oxygen [1,2].

A nobel metal can be deposited onto dielectric particle (like silica) and SPR 
peak is still observed. Silica belongs to the very popular materials applied as 
both shell and core in the designed core-shell nanoparticles.

core

shell

Figure 1. Schematic model of core-shell nanomaterial

The popularity of silica results from several important properties of the 
material, e. g. chemical and thermal stability, chemical inertness, large surface 
area, good compatibilities with other materials [3,4].

Core-shell structures composed of metals and dielectric could find 
applications in optics, photonics, surface-enhanced Raman scattering, biological 
sensing, electronics, magnetics and catalysis [5-11].
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1. Silica-gold (silver) core-shell nanomaterials
The affinity of gold to silica matrix is insignificant therefore the initial 

modification of the surface is essential. The commonly applied methods use 
dithiols for gold substrates and aminoalkylalkoxysilnes for silica substrates.

Graf and van Blaaderen [12] developed the synthesis of colloidal gold shell 
with dielectric core (Figure 2). The Stöber procedure [13] was used to obtain 
small silica seed particles. It is one-step method based on the condensation 
of tetraethyl orthosilicate (TEOS) in ethanol-water mixture under alkaline 
conditions at room temperature. It allows the controlling of size, narrow size 
distribution and morphology of the silica particles. Then the particles obtained 
were grown in several seeded growth steps to get the desired radii. Such silica 
particles were next modified with 3-aminopropyltrimethoxysilane (APTMS). On 
the other hand, small gold particles were obtained by the reduction of chloroauric 
acid in the presence of tetrakishydroxymethylphosphonium chloride (THCP). 
Silica sphere solution was added to aqueous gold cluster solution. After that shell 
growth step was carried out in the presence of chloroauric acid and potassium 
carbonate. The authors observed that the formation of well-defined and uniform 
shells required simultaneous growth of all gold nanoclasters. Basides they 
suggested that newly added gold ions should only be reduced on the small gold 
nanoclusters. Taking that into consideration, the authors applied hydroxylamine 
to the reduction of chloroauric acid, which gave particles with a variable core 
radius, controlled thickness of gold shell and low polydispersity.

Westcott et al. [14] obtained clusters of gold nanoparticles on silica 
nanoparticles surface. First, the authors mixed water solution of gold nanoparticles 
with ethanolic solution of 3-aminopropyltrimethoxysilane-functionalized silica 
nanoparticles in order to immobilize gold on the silica. The gold particles 
were strongly attached and well-separated. However, when gold nanoparticles 
solution was prepared in water and ethanol mixture, clusters of gold (each 
aggregate has tens of gold nanoparticles) were attached on the silica surface. 
The authors applied two strategies to observe differences in the growth of gold 
nanoparticles. They used two different precursors for silica surface modification: 
3-aminopropyltrimethoxysilane (APTMS) and propyltrimethoxysilane (PTMS) 
in different ratio, and varied the concentration of ethanol-water mixture for 
gold nanoparticles solution preparation. In general, the higher concentration of 
ethanol, the better association of gold nanoparticles was observed. It could be 
explained by the lower dielectric constant of ethanol. On the other hand, no 
significant differences were noticed in silica nanoparticles behaviour terminated 
with different ratio of APTMS (amine groups) and PTMS (methyl groups), 
with the exception of 5% APTMS content when lower coverage of gold was 
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achieved. Other organosilanes were also used to observe the influence of 
different functional groups and the general tendency showed that hydrophilic 
groups (NH2, SH) were conducive to the attachment of gold nanoparticles, while 
hydrophobic groups (CH3, PPh2) demonstrated opposite behaviour.

NH3,H2O
HYDROLYSIS

CONDENSATION

TEOS

CHLOROAURIC ACID

THCP
NaOH

APTMS
SURFACE FUNCTIONALIZATION

REDUCTION

SHELL GROWTH

HAuCl4,K2CO3
NH2OH

Figure 2. Synthesis of gold shell with a silica core [12]

Other improvement of the synthesis of silica-gold nanoparticles was 
presented by Kandpal et al. [15]. The paper focused on the comparison of 
two popular reducing agents of chloroauric acid-trisodium citrate and sodium 
borohydride, which were used for coating and for gold nucleation. Also the 
combination of both methods, in which borohydride method was used for 
coating and citrate method for gold nucleation, was tested. It was noticed that 
the stability of gold nanoparticles is lower for borohydride method. On the other 
hand, very slow reduction rate in citrate method is also undesirable. The best 
results were observed when sodium borohydride was used for coating (high 
reduction rate) and trisodium citrate for nucleation (stable gold particles).



48

Joanna Kurczewska and Grzegorz Schroeder

The commonly used method of the formation of silica-gold core-shell 
nanomaterial is carried out in two separated steps (Figure 3A), which are the 
synthesis of colloidal gold and its attachment to the organofunctionalized 
dielectric core [12].

NH3,H2O

TEOS

CHLOROAURIC ACID

THCP
NaOH

APTMS

GOLD
NANOPARTICLES

GOLD
DECORATION

GOLD SHELL
FORMATION

A

NH3,H2O

TEOS

APTMS

GOLD DECORATION
BY DP METHOD

GOLD SHELL
FORMATION

NH3,H2O

TEOS

GOLD DECORATION
BY DP METHOD

GOLD SHELL
FORMATION

B C

Figure 3. Commonly used (A) and alternative methods (B, C) of the synthesis of core-shell 
structures [16,17]

Kah et al. [16] decided to adopt deposition-precipitation (DP) process in 
order to eliminate the synthesis of colloidal gold in a separate step (Figure 3B). 
DP process is often used to form nanoparticles gold catalysts for low temperature 
oxidation of carbon monoxide. This method requires a contact between the 
support and solution of gold (III) chloride. However, the method applied in the 
synthesis of gold nanoshells is highly dependant from several factors: optimal 
pH range is rather narrow (around 8) to achieve a high density of Au(OH)3 
loading; bare silica core is unfavorable (in comparison with amine functionalized 
silica) and temperature of the process should exceed 65°C. Regardless of some 
limitations, deposition-precipitation method is easier and less cost expensive in 
comparison to widely used two-step strategy.
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The same scientific group worked out another simplified method of core-shell 
structures synthesis [17]. They again applied deposition-precipitation procedure 
with sodium borohydride as a reducing agent. Additionally, gold seeding was 
carried out on both 3-aminopropyltriethoxysilane (APTES)-grafted silica and 
bare silica spheres (Figure 3B,C). Under acidic conditions silica surface is 
positively charged so direct deposition of gold is possible from anionic complex. 
However, chloroauric acid is then insignificantly dissociated. On the other hand, 
in higher pH hydrolysis of acid increases but adsorbent becomes negatively 
charged. Therefore the authors used ammonia in the synthesis of silica spheres 
that interacted with Si-OH (hydrogen bonding) getting positively charged surface 
that willingly adsorbed gold anions. Even though gold decoration is better for 
APTS-functionalized silica core, the shorter reaction time and simplicity of the 
method encourage to use bare silica spheres.

Jang et al. [18] proposed another strategy of facile synthesis of core-shell 
particles (Figure 4). Instead of gold seeding, which requires several steps of 
washing and purification, they applied electroless deposition (ELD) of dendritic 
gold on an amine-functionalized surface. They used ascorbic acid (ASA) as 
reducing agent and polyvinylpyrrolidone (PVP) as a complexing agent of the 
gold precursor. ASA guarantees slow reduction of metal precursor and acidic 
reaction of the solution. Protonated amine groups of silica surface attract ASA- 
anions. Moreover, carbonyl groups of PVP interact with protonated amine 
groups and form complexes with metal ions. Finally, all reagents concentrate 
near the silica surface that is favorable by gold reduction.

SiO2 SiO2
APTMS

A

ELD of Au

B
SiO2

SiO2

NH3 NH3 NH3 NH3

ASA- ASA-
ASA-

[AuCl4]-

C
PVP

Figure 4. Synthesis procedure (A-B) and charge interactions near the amine-functionalized 
silica surface (C) [18]
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Very interesting core-shell model was synthesized by Ji et al. [19]. A core 
was composed of superparamagnetic iron oxide (SPIO) and silica, while gold 
formed nanoshell. The synthesis procedure (Figure 5) is rather simple and 
similar to the previously described. The great advantage of such nanomaterial is 
bifunctionality, which results from phototermal properties of gold and magnetic 
properties of SPIO. SPIO-Au nanoshells were prepared according to Stöber 
synthesis and gold nanoseedes were responsible for nucleation of a gold layer 
growth. Finally, the nanoshells were coated with polyethylene glycol in order to 
retain stability in aqueous solutions.

SPIO

NH4OH

TEOS

OH
OH

OH

NH4OH

APTMS

NH2
NH2

NH2

K2CO3/HAuCl4

HCHO

HAuCl4
THPC

SPIO core

Silica interface

Gold shell

Figure 5. The synthesis procedure of bifunctional nanomaterials [19]

The above mentioned methods of gold particles deposition on silica spheres 
(pre-treatment of electroless deposition, functionalization, layer by layer process) 
are also applied for a preparation of silica-silver core shell spheres. Similarly to 
the above mentioned processes, the growth of silver particles depends on several 
parameters: temperature, concentration of reactants, pH value etc.

Jean et al. [20] proposed facile experimental procedure based on the modified 
Stöber method (Figure 6). They carried out the synthesis without coupling agents 
and a complexation of silver ions (from silver nitrate) was performed with the 
presence of ammonia. Owing to the control of silica and silver nanoparticles 
size, the nanospheres obtained demonstrated the ability of melamine detection.

On the other hand pre-treatment process was used by Zhu et al. [21] to 
functionalize silica surface before electroless plating. According to Figure 7, 
after the preparation of silica spheres by Stöber method (A), Sn2+ ions were 
adsorbed on the surface (B). Then silver ions were reduced with tin ions to give 
silver nuclei and act as seeds (C). Finally, the nuclei growth process took place 
in the mixture of formaldehyde and ammoniacal silver nitrate (D).
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EtOH TEOS

H2O

NH4OH

SILICA PARTICLES

NaOH
EtOH
AgNO3
H2O

SiO2/Ag CORE-SHELL SUSPENSION

Figure 6. Schematic representation of synthesis procedure [20]

SILICA SPHERE

SnCl2 AgNO3 HCHO

AgNO3

A B C D

Figure 7. The fabrication process for silica-silver spheres [21]

Tuval et al. [22] used another technique to coat silica surface, prepared by 
modified Stöber method, with silver nanoparticles – microwave radiation. A 
very popular reaction used for nanoparticles preparation is polyol method [23]. 
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Initially it was developed for divided metal powders of reducible metals (e.g., 
Cu, Co, Ni). However, the process carried out under reflux conditions takes long 
time. On the other hand, the same reaction under microwave radiation takes 
effect in shorter reaction time, smaller particle size, and narrow particle size 
distribution. The authors applied two different solvents: ethylene glycol (EG) 
and polyethylene glycol 400 (PEG). Firstly, deposition of Ag on silica surface 
failed. Therefore, silica surface was activated by ultrasonic radiation in order 
to convert siloxane bonds into free silanol groups. Then the activated silica 
was exposed to microwave radiation in the presence of silver nitrate. The best 
coverage was obtained using PEG that is characterized by higher boiling point 
than EG. Therefore, the high temperature is very important factor that determines 
the effectiveness of the process. Also the activated silica influences significantly 
the formation of the composite.

Another solution that eliminates the necessity of functionalization of silica 
spheres in multistep process is ultrasonic deposition of silver onto silica spheres 
[24]. Silica spheres were again synthesized according to the modified Stöber 
method. Since silver nitrate is unstable, the silver perchlorate electrolytes 
were also prepared. Deposition of silver nanoparticles required two-electrode 
arrangement with an electrochemical cell. The anode and cathode were composed 
of identical silver slices, while silver perchlorate solution was electrolyte. The 
deposition process in the electrochemical cell was carried out under continuous 
ultrasonic radiation. Dielectric silica cannot support electrodeposition, so the 
success of the process depends on silver ions, strictly speaking on bonding and 
reducing of ions on silica surface. Initially silver ions formed a layer as a result 
of electrostatic interaction between silanol surface groups and Ag ions, and 
chemical bond between siloxane oxygen and elemental Ag. Silica surface was 
activated under the ultrasonic radiation. The silver-ion-silica went to the cathode, 
where Ag ions were deoxidized and the bounded Ag0 was then nucleating site. 
After that such nanoelectrodes attracted continuously silver ions from the anode.

Among many papers considering silica-gold (silver) nanostructures, most of 
them describe the synthesis procedure and their characterization. Nevertheless, 
two basic applications of such matrices are significant: catalytic and bactericidal 
activity. Qu et al. [25] studied catalytic activity of Ag/SiO2 in CO selective 
oxidation in H2 in different temperatures. On the other hand, antibacterial 
properties can be applied in textile industry. Nischala et al. [26] prepared 
successfully silica silver particles that were applied on cotton fabric in order to 
act as an antibacterial agent.
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2. Gold (silver)-silica core-shell nanomaterials
Nanoparticles of nobel metals could equally well act as core, while silica 

as shell in core-shell particles. Again, very little affinity of gold for silica is 
significant aspect. Therefore, usually silane coupling agents are used as surface 
primers, which is analogous approach as in case of silica core functionalization. 
Such method was used by Liz-Marzán et al. [27], who functionalized gold sol 
with APTMS (Figure 8). The process was carried out in water, while final shell 
growth via the Stöber method was taken in ethanol.

HAuCl4
citrate method

Au
APTMS Au

O-

O-
O-

SiO3
2-

Au

SiO2

O
Si
OO

O

Si O

O
O Si

O
O

Figure 8. Formation of silica layer on gold particles [27]

The methods that require surface primer like silane coupling agent [27] or 
noionic polymer [28] are very effective but long and difficult to control at the 
same time. On the other hand direct coating of gold (silver) by silica via modified 
Stöber method is only possible for large metal particles. Han et al. [29] applied 
reverse microemulsion method of silica coated gold (silver) nanoparticles 
synthesis. Generally, reversed microemulsions are composed of water core 
surrounded by a layer of amphiphilic molecules. In the paper discussed gold 
was initially stabilized by oleylamine. The formation of a water-in-cyclohexane 
microemulsion led to silica surface coating. Analogous procedure was applied 
for bared silica, amino- and aldehyde- functionalized particles. Besides, the 
method enabled covering of small gold particles.

Other solution was proposed by Mishra et al. [30], who embedded silver 
particles in silica matrix by atom beam sputtering. This method consists in co-
sputtering of silver and silica using fast argon atom source, giving consequently 
thin films of silver and silica composites. Additionally, the authors observed 
the sensitivity of the nanoparticles obtained towards glucose that indicated the 
possibility of their application in medical diagnostics.

The functionalization of silica coat gives the possibility of further modification 
to obtain specific desired application. Figure 9 presents gold nanoparticles with 
silica coating that was functionalized with primary amine [31]. Such precursors 
were further modified in order to obtain aptamer- and antibody-functionalized 
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Au nanoparticles. The materials were characterized by the ability of protein 
detection, very good water solubility, high buffer and colloidal stability. Other 
interesting medical application was presented by Zhan et al. [32], who described 
gold nanorods coated with mesoporous silica for cancer cell imaging. 

Au

SiO2

NH2

NH2
H2N

Figure 9. The precursor of Au nanoparticles for protein detection [31]

Despite general classification described above, some authors present more 
advanced systems, to be precise silica-coated Au nanospheres surrounded by 
a gold shell layer (Figure 10), [33]. The process of multilayered nanostructure 
formation was taken in several steps. Initially, Au nanoparticles were synthesized 
from chloroauric acid using CO as reducing agent. Then silica coating was formed 
from TEOS, which was modified with cyclic silane. Finally, electroless plating 
was applied to form gold layer, where small gold particles were precursors before 
gold shell growing around silica. Such materials could determine new direction 
of development of core-shell structures that similarly to previously described 
ones find a variety of technological applications.

Au TEOS Au

SiO2

CYCLIC SILANE
Au Au COLLOID

Au
CO

Au

Figure 10. Synthesis of multilayered nanostructure [33]

This paper provides only an extract of varied core-shell matrices that have 
been studied by various research groups. Nevertheless, the same research methods 
are usually applied to characterize the particles, to be precise transmission 
electron microscopy and ultraviolet-visible spectroscopy. Other methods, which 
appear in some papers, complete the description of given nanomaterials, e. g. 
scanning electron microscopy, X-ray diffraction, Fourier transform infrared 
spectroscopy. The development of synthesis of core-shell matrices goes in two 
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general directions. The crucial aspect is related to the synthesis procedure that 
should be as simple as possible but effective at the same time, i. e. multistep 
processes are replaced by shorter methods, while control of size is still achieved. 
The other interest (not that much developed) concentrates on the possibility of 
modification of shell surface. Any further functionalization increases an amount 
of a possible application. Therefore, it seems that this direction should come in 
prominence in the nearest future.

Our attempts concentrate on silica-gold materials that can be further 
functionalized with thiocompounds. So far we covered silica of a new generation 
(spherical silica functionalized with triamine) by clusters of gold (Figure 11). 

 A 

   B
Figure 11. SEM (A) and TEM (B) images of silica-gold matrix

Spectrum XRF of silica-gold matrix shows stoichiometry elements in hybrid 
materials (Fig.12).

 Such a hybrid material could be applied as either a molecular scavenger of 
trace amounts of thiocompounds or selective supporter matrix in the analysis of 
low molecular weight compounds by MALDI MS method [34-36].
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Figure 12. XRF spectrum of silica-gold matrix
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Synthesis, application and stability of phenylboronic esters
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Noakowskiego 3, 00-664 Warsaw, Poland

Introduction
Phenylboronic acids (1, Scheme 1) have been applied in many fields of 

chemistry and medicine [1]. Their corresponding cyclic esters (3) are also 
widely applicable mostly due to their enhanced Lewis acidity. The much more 
convenient purification and characterization in comparison with boronic acids 
is of big importance in their applications. Phenylboronic esters (2, 3 Scheme 1) 
can be obtained by esterification of the boronic unit in the phenylboronic acids 
(1) as well as by the borylation of the corresponding halides in the presence 
of a catalyst. The acyclic esters (2) are easily hydrolyzed and are usually not 
isolated as such [2]. 2 can be transesterified by diols with formation of cyclic 
boronates (3). The cyclic esters (3) are much more resistant to hydrolysis and can 
be formed even in aqueous solutions.

B
O O
H H

1 2 3

1 + + OH OH

R

 ROH2

B
O O
R R

R

B
O O

R

1 or 2

Scheme 1. Reversible formation of boronic acyclic (2) and cyclic esters (3) by esterification 
of boronic acids (1).

Many applications of the boronic acids (1) rely upon the reversible formation 
of cyclic esters (3) in their reaction with hydroxyl compounds (Scheme 1). It 
is the principle of boronic acids’ action as sugar receptors [3]. Interestingly, 
recently the pinacolate ester was proposed as the active component of a sensor 
developed for saccharides instead of the usually used boronic acid. Sugar sensing 
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was possible due to the transesterification [4].
Benzoxaboroles (4, Scheme 2) are cyclic hemiesters of the unstable 

2-hydroxymethyl boronic acid.

B O
HO

R

1 2

3

4
5

6

7

B OH

R

OHHO
-H2O

R1 R1

4
Scheme 2. Formation of benzoxaboroles (4) by dehydration of the corresponding 
2-hydroxymethyl boronic acids.

Despite the fact that benzoxaboroles contain only one hydroxyl group, they 
reveal high receptor activity towards polyols. It happens due to the formation of 
cyclic esters with saccharides by the anionic form in neutral or slightly alkaline 
media [5, 6]. Another very important application of benzoxaboroles is their use 
in Suzuki coupling to give ortho-substituted benzyl alcohols [7]. Comprehensive 
review on the chemistry, structure and applications of benzoxaboroles has been 
recently published [8]. Series of novel benzoxaboroles has also been recently 
obtained and structurally characterized [9,10]. The reactivity of 3-morpholine-
substituted benzoxaborole at reducing conditions has recently been investigated 
[11].

The aim of the current review is to evaluate possible applications of boronic 
esters as molecular receptors on the basis of their availability and properties. 
The chemistry of boronic esters, including their formation and cleavage, has 
been nicely and comprehensively reviewed by Duggan and Tyndall in 2002 [12]. 
Therefore, in current review the recent publications have been mainly focused.

1. Properties of boronic esters in comparison with those of boronic acids
Main differences in properties of boronic acids and esters are presented in 

Table 1. The esterification of the boronic group leads to the increased acidity of 
the boronic center (the pKa lowers by about 2-4 units [13]), which enables action 
of boronic esters as anion receptors [14-20].

The other very important feature of the boronic ester group is the increased 
chemical stability of the C-B bond in comparison with the free B(OH)2 group, 
that enables various chemical transformations of other functional groups within 
the boronic molecule.
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Table 1. Comparison of the properties of boronic acids and esters.
Boronic acids Boronic esters

Higher pKa Lower pKa

Lower stability of the C-B bond Higher stability of the C-B bond

Irreversibly stick to silica gel - cannot be 
purified by column chromatography 

Can be purified by column 
chromatography

Form dimers, boroxins and other anhydrides 
in a complex equilibium Easier to purify and characterize

Often sparingly soluble in organic solvents Easily dissolved in organic solvent

Boronic esters are also easier to purify [21], handle and identify in 
comparison with boronic acids, that are usually in mixture with their cyclic 
anhydrides (boroxins) [22], other dehydrated forms [23] or dimeric species [24]. 
On the contrary to boronic acids, the boronate compounds (boronic esters) can 
easily be purified by column chromatography. Therefore, boronic compounds 
are very often characterized as their boronate derivatives [25, 26]. In author’s 
opinion, it’s not always justified, especially in case of pinacolate esters, which 
cleavage requires quite harsh conditions, that may cause decomposition of the 
boronic acid structure. The transformation of the free boronic group into its 
corresponding ester results in the increased solubility of the boronic compound 
in organic solvents, which is important in some applications such as Suzuki 
coupling or polymer electrolytes additives. The feature has also been utilized to 
confirm spectroscopically the structure of some sparingly soluble boronic acid 
in the form of their ester derivatives [27].

Benzoxaboroles exert properties of both boronic acids and esters, which 
make them very interesting as well as promising subject of the applied studies.

2. Reversible formation of boronic esters by esterification of boronic acids
The reaction of aromatic boronic acids and diols resulting in the formation 

of five- or the less stable six-membered cyclic boronate esters has been studied 
experimentally for many years [28]. Formation of the seven-membered esters of 
trans-diols has been recently reported [29]. Quite surprisingly, the esterification 
proceeds also in aqueous solution [30], which became the principle of application 
of boronic acids in sensing of sugars as well as other bio-molecules that are 
water-soluble species. The equilibrium is complex, covering both trigonal and 
tetragonal boronic moiety (Scheme 3) [31]. It should be clearly stated that the 
presence of OH- ions influence not only kinetics yet also the equilibrium.
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Scheme 3. The esterification equilibrium of boronic acids with diols in aqueous solution.

The equilibrium constant for ester formation is generally not very large at 
neutral pH. Higher association constants can be obtained under basic conditions 
(generally pH=10), where the population of the tetrahedral boronate form is 
greater. In order to obtain higher association constants at neutral pH, Lewis 
basic substituents are introduced at the appropriate position to enable donation 
of the lone pair into the empty boron p-orbital [32, 33]. The benzylic amine 
functionality at ortho position (as in compound 5, Scheme 4) is the most often 
used to enhance esterification and thus sugar sensing. It is introduced by reductive 
amination of the corresponding benzaldehyde (Scheme 4) or by nucleophilic 
displacement of a benzylic bromide [34]. The purification and subsequent 
synthetic manipulation of ortho-methylamines is often problematic due to the 
zwitterionic and amphoteric character of the B–N moiety [11, 35].

CHO
B

OHHO

NR1R2

B
OHHO

HNR1R2+
reduction

5
Scheme 4. Synthesis of ortho-benzylic amine boronic acids (5) in the amination-reduction 
reaction.
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According to the works of Springsteen and Wang, the dependence of binding 
constants of pKa is not as simple as it appeared. Careful studies revealed that the 
optimal binding pH is not always above the pKa of the boronic acid species. The 
other finding is that the nature of the buffer and its concentration exert influence 
on the acid binding affinity [36]. Those claims have been later supported by 
several experiments, that also revealed that the optimal pH for binding is related 
to both pKa of the acid and the diol, yet the dependence can not be precisely 
predicted [37]. The equilibrium is also affected by Lewis bases such as fluoride 
ions [38] or amines [32], which can be utilized in diols binding enhancement.

Acidic dihydroxyl ligands such as α-hydroxylic acids, dicarboxylic acids, 
and dihydroxybenzene react directly with trigonal boronic unit via a so-called 
proton transfer mechanism. When the ligand is not acidic, the boronic unit reacts 
mostly due to tetragonal species.

B
R C

CHO
HO

B
R C

CO
O H3O+ +

HO

OH

OH

Scheme 5. Formation of four-coordinate species in the esterification reaction.

Due to the relative values of the corresponding equilibrium constants, it can 
be stated that boronic acids react with bidendate hydroxyl ligands to produce 
four-coordinate complexes (Scheme 5), however some esters are also present 
in the neutral form [36]. Due to the release of hydronium ions, the reaction rate 
can be determined by the aid of a pH indicator [39]. The so-called pH depression 
method measures the increase in acidity of the solution, when a diol is titrated 
into a solution of boronic acid [36].

3. Application of the esterification reaction
Reversible esterification of boronic acids with hydroxyl compounds is 

the basis of their application as molecular recognition agents, which has been 
recently reviewed [40]. The formation of boronic esters at basic conditions and 
their cleavage at acidic ones is the principle of the so-called boronate affinity 
chromatography (BAC). The affinity can be additionally enhanced by addition 
of the Lewis base to the mobile phase. Such a mechanism is favorable when the 
analyte is less stable at high pH conditions [38]. Schematic illustration of this 
effect is shown in Scheme 6.
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Scheme 6. Effect of the fluoride anion on the diol’s binding.

Boronic acids have been long used as derivatizing agents of ethylene glycol 
[41, 42]. The electrochemical detection of dopamine in the form of its boronate 
ester in the presence of excess ascorbic acid is an example of such application 
[43]. A method for the detection of sugars via the in-situ derivatization with 
phenylboronic acid PhB(OH)2 using reactive desorption electrospray ionization 
(DESI) has been reported [44]. Improved sensitivity has recently been achieved 
by employing modified phenylboronic acids including 3-nitrophenylboronic 
acid and N-methyl-4-pyridineboronic acid iodide [45].

4. Synthesis of boronic esters by esterification of the corresponding acids
As it was above stated, the trigonal boron can form stable esters with the 

exclusion of water. It is the case in anhydrous, non-coordinating organic solvents 
[46]. In order to obtain boronic esters in high yields, the equilibrium should be 
right shifted. To achieve that, the esterification reaction is most frequently carried 
out on removal of water by azeotropic distillation or by application of a drying 
agent such as molecular sieves, anhydrous Na2SO4 or MgSO4. The reaction is 
carried out in such solvents as: pentane [47, 48] in refluxing CH2Cl2 [49], toluene 
with azeotropic distillation [50], in dry THF using molecular sieves 4A at reflux 
[25]. Pretty interesting alternative is the solid state synthesis [51], giving higher 
yields in comparison with the more traditional solvent method [52, 53].

5. Protection of the free boronic group in the form of its ester
Transformation of the boronic acid functionality into the corresponding ester 

(i.e. pinacol (1) or neopentyl (2), Scheme 7) enables protection of the boronic 
unit. The boronic group can also be protected by a trivalent ligand as in the case 
of dihydroxylamines forming azaesters (3, Scheme 7) as well as the esters of 
N-methyliminodiacetic acid (MIDA) esters (4, Scheme 7).
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B
O OB

O O
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OO

1 2 3 4

B
O O

N

Scheme 7. Various protected forms of the boronic unit: pinacolate (1), neopentylglycolate 
(2), azaester (3), MIDA ester (4).

An ideal protective group is the one that is (1) easily introduced, (2) is stable 
at purification conditions, (3) remains stable at reaction conditions, enabling the 
desired chemical transformation of other functional groups within the molecule 
and finally (4) can be easily removed with the restoration of the original 
functionality. It is worth pointing out, that only the aza and MIDA esters, that 
occupy the empty p-orbital of boron atom, can protect the boronic unit from 
nucleophilic attack. From among simple diol esters, the pinacol protected form 
of boronic acids is generally more useful than the neopentyl one due to its higher 
stability under column chromatography conditions. However, for the same 
reason the pinacol boronic esters are rather difficult to deprotect [54]. Azaesters 
are not compatible with column chromatograhy either, mostly due to their polar 
character [1]. The pinacolate turned out to be stable under reducing (NaBH4) as 
well as basic conditions (Et3N), (Scheme 8) [55].

CHO

B
O O

CH2OH

B
O O

CH2OSO2CH3

B
O O

CH2Br

B
O O

80 %

MsCl, Et3NNaBH4

88 %

LiBr

Scheme 8. Some chemical transformations of the pinacolate ester.

MIDA esters display many advantages over boronic acids as well as their 
other surrogates. Unlike simple boronic esters, MIDA esters are unreactive 
under anhydrous cross-coupling conditions [56] as well as forcing oxidizing 
conditions. Unlike corresponding azaesters, MIDA esters are compatible with 
chromatography, which is quite useful in purification. Moreover, MIDA esters 
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are stable to storage and tolerant to a variety of reaction conditions as well as 
workup/extraction media including: water, pH 7 buffer, brine, aq. HCl, aq. 
NH4Cl, aq. NaS2O3, and aq. hydrogen peroxide at pH 6. Saturated aqueous 
NaHCO3 was also well tolerated, except in the presence of alcoholic solvents. 
Despite this widespread stability, several MIDA boronates were conveniently 
transformed into the corresponding boronic acids using mild aqueous base (aq. 
NaOH/THF, 23°C, 10 min, or aq. NaHCO3/MeOH, 23°C, 3.5 h) [57]. It was 
found, that MIDA boronates are generally incompatible with LiAlH4, DIBAL, 
TBAF, and a variety of metal alkoxides [58]. MIDA boronates have been 
alkylated on the MIDA ligand using n-BuLi as base at room temperature [58]. 
The exceptional stability of MIDA esters in comparison with the closely related 
N-methyl azaesters results from the irreversibility of the N–B bond up to 150 °C 
[57]. Interestingly, it is possible to slowly release boronic acids from their MIDA 
esters, which enables Suzuki-Miyaura coupling of otherwise unstable boronic 
acids substrates [59].

6. Direct synthesis of boronic esters
The rapid advancement of organoboron chemistry was due to the accessibility 

of boronic esters under mild conditions enabled by Miyaura borylation of aryl- 
and vinyl-halides in the presence of a palladium catalyst and bis(pinacolato)
diboron (1, Scheme 9) [60]. Various catalysts have been used [61].

O
B

O

O
B

O
+ X Ar

O
B

O
Ar

PdCl2(dppf)

KOAc/DMSO

1 2 3
Scheme 9. Direct introduction of boronic ester unit by borylation with bis(pinacolato)
diboron.

Similar conditions have been applied in the synthesis of the neopentyl 
derivative [62], when the bis(pinacolato)diboron was ineffective, probably due 
to steric hindrance caused by the ortho-substituent in the bromide. There are 
several other examples of the direct introduction of the boronate unit into the 
phenyl ring using pinacol [63-65] as well as neopentyl [66], or propyl diboranes 
[67-75]. According to the results reported by Zaidlewicz et al. formation of 
pinacolate is more efficient than formation of the corresponding propylester. At 
the deprotection step however, the reactivity is higher for propylester (Scheme 
10) [76].
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Scheme 10. Yields of catalytic borylation and of the subsequent ester cleavage of the 
pinacolate and propylate.

The electrosynthetic methodology for the preparation of allylboronic [77] 
as well as benzylic [78] esters can be the alternative to the transition-metal-
catalysed procedures (Scheme 11).

O
HB

O
+ B

O

O
ArCH2X

X = Cl, Br

e-, Mg anode

THF, r.t.
ArCH2

Scheme 11. Electrosynthesis of boronic esters from benzyl halides and pinacolborane.

The boron pinacolate unit was also introduced by catalytic borylation of 
various arenes by means of HBPin (Scheme 12) [79].

H
O

HB
O

+ B
O

O
+ H2

Scheme 12. Catalytic borylation or aryles with HBPin.

The boronic unit was also introduced directly in ortho position of COOEt, 
CN, F and Cl [80] groups of the phenyl ring by application of LTMP (lithium 
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2,2,6,6-tetramethylpiperidide) and the in-situ trapping of the resulting lithium 
derivative with B(OiPr)3, followed by transesterification with neopentyl glycol 
(Scheme 13). Several esters have been obtained by this method [81-82].

B
O OFG

FG = COOEt, CN, F, Cl

LTMP, B(OiPr)3, 
THF, -78oC

FG
B(OiPr)2

FG
OH OH

toluene, r.t.

Scheme 13. Direct introduction of the boronic unit by ortho-lithiation.

Grignard reagents have also been successfully applied in the “one-pot” 
synthesis of boronic esters (Scheme 14). Transesterification of the “ate” complex 
with diol established the convenient nonaqueous procedure for the preparation 
of boronic esters [82].

Ar MgBr
B(OMe)3

THF, -78oC

concentration

in vacuo

HO(CH2)2OH

toluene
Ar B

O

O
Scheme 14. One-pot, non-aqueous procedure for boronic esters starting form Grignard 
reagent.

7. Cleavage methods and relative stability of boronic esters
Several reactions of organoboron reagents require, or proceed most 

efficiently with, boronic acids [83], therefore the efficient cleavage methods are 
needed. The hydrolytic stability of boronic esters has frequently been discussed, 
yet there is very little quantitative data available. Therefore, when studying the 
literature concerning phenylboronic esters chemistry care should be taken, as 
some statements, especially in the introductive part may be unjustified or too 
generalized. For example, most of the researchers claim that pinacolates need 
forcing conditions to be cleaved, whereas others name them “readily hydrolyzed” 
species [84] or state: “they (boronic esters) have low hydrolytic stability both 
during synthetic reactions and in biological media” [85].

Searching for a transformation of esters into the corresponding boronic acids, 
one can find several references that cover the hydrolysis of “ate” complexes as 
part of the usual methodology applied for the synthesis of boronic acids (Scheme 
15). The high number of such references can give a false impression that there 
is a lot of reports on the hydrolysis of esters as such. In the considered route, the 
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phenyl lithium intermediate reacts with electrophilic trialkoxyborate resulting 
in formation of the “ate” complex that is not isolated, yet is hydrolyzed during 
work-up at acidic conditions [23, 86-89].

Br

R

B
O O
R1 R1

R

Li

R

 BuLi B(OR1)3
OR1

Li
H+

aq

B
HO OH

R

Scheme 15. The usual methodology for the synthesis of boronic acids.

The acidic work-up conditions are usually: 10% aq HCl in THF/pentane 
[86], 15% HCl at 22ºC in THF [90], 2M HCl [91],10 M HCl [92], concentrated 
HCl [89] in THF/hexane [93]. The alternative to acidic work-up is the “in-situ” 
transformation of the “ate” complex into a stable cyclic ester and its subsequent 
isolation [49, 94-97] as well as pinanediol esters [98] have been obtained by this 
method.

The cleavage methods can be generally divided into the destructive ones 
and the deprotection ones that liberate boronic unit. Some of them have been 
presented at Scheme 16 [12].

OH OH

B
O O

R

B
HO OH

R
+

1) LiAlH4, 
2) H2SO4 aqKHF2

B
F F

R

F

OH OH
+

H2O2 aq

OH OH

B(OH)3

+

+

ROH

OH OH

OH OH

O
B

O

R

aq. acetone
or

aq. NaOH
+

OH OH
+ B

HO OH

R

OH

Scheme 16. Some methods used to cleave boronate esters.
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Pinacolates are claimed to be much easier to handle than the corresponding 
acids [97]. Due to facile synthesis of pinacolates their cleavage to obtain free 
boronic group has been widely studied. The pinacolates are especially resistant 
to hydrolysis under both acidic and basic conditions [99], therefore their 
synthesis and purification can not guarantee the desired free boronic group. The 
neopentyl glycolate analogues are more readily hydrolyzed, generating free 
boronic unit [100] for example by a trifluoroacetic acid [67] or 1.5 M HCl work-
up [101] (Scheme 17). The neopentyl [71] and propyl [76] boronates have been 
transesterified with diethanolamine. The pinacolate group was oxidized with 
H2O2 with the formation of a carbonyl group [70].

N

N

NB
O O

R

B
O O

R

R =

B
HO OH

R

H3O+ or OH-1) KOHaq, 2) CF3CO2H

NO CLEAVAGE

Scheme 17. Stability of neopentyl and pinacol boronates. 

The pinacolate can be effectively cleaved by application of the boronic 
modified polystyrene resin [48, 83]. The deprotection has also been carried out 
with 2 N aq. HCl in the presence of phenylboronic acid in THF–MeOH [72], 
NaIO4 in THF/H2O and then 2 N HCl, 12 h, extraction with ethyl acetate [102].

An alternative two-step cleavage method for pinacol ester deprotection 
proceeds via a readily isolable potassium trifluoroborate. The liberation of the 
boronic unit proceeds either by basic hydrolysis or using trimethylsilyl chloride 
(Scheme 18) [103].

B
O O

R

BF3K

R

B
HO OH

R

KHF2 (4.5 M)

MeOH, r.t.

LiOH aq., CH3CN

or TMS-Cl, H2O

Scheme 18. A two step cleavage of pinacol boronate with KHF2.

The pinacol protecting group can be either trapped with BCl3 or destructively 
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remove with NaIO4, however those methods are not always effective [54]. 
Boronic acids were obtained from the corresponding pinacol esters with BBr3 in 
dichloromethane at 0˚C [104].

The main factor that influence the stability of boronic esters is geometrical: 
cis-diols bind more strongly than acyclic diols. The stability of the ester depends 
also on the steric hindrance of the B-O bond. The sterically unemcumbered 
boronates can be easily cleaved by water [105], whereas the more hindered 
boronic esters such as pinacolates are quite resistant to hydrolysis and the 
deprotection requires rather harsh conditions. The empty p-orbital of boron is 
susceptible to interactions with electron donor atoms (dative bonds). Therefore, 
some substituents at ortho-position can additionally increase the stability 
of boronic ester by their coordination to the boronate unit [105]. The fact is 
probably the reason of the high binding constant of boronic acids with fructose in 
comparison of other sugars. It may also result in high stability of the α-hydroxy 
acid complexes in comparison with simple diol complexes [106, 107].

Roy and co-workers [47] showed that the trans-esterification rate of boronic 
esters with diols is increased by a nitrogen atom in the diol chain. Formation and 
stability studies of catecholates revealed that they are readily formed in CDCl3 
and C6D6 solutions. Heating the equimolar mixture of catechol and boronic 
acid at 323 K for 12 h resulted in formation of the corresponding esters in high 
quantities, depending on the steric hindrance of the boronic unit. Addition of an 
excess of D2O (27 equiv.) to the resulting mixture and heating for 12 h resulted 
in partial decomposition of the ester. The study revealed that esters exert higher 
stability in CDCl3 than in C6D6 solution [108].

According to the paper of Hutin and coworkers [109], catechol A produces 
more stable boronate esters with the ortho-iminoboronate compounds than the 
more electron-rich methanol, aliphatic ethylene glycol and 1,3-propanediol 
(Scheme 19).

N

B
O Me

O Me

N

B
O

O

N

B
O

O

N

B
O

O
< <=

Scheme 19. Relative stability of iminoborane esters evaluated by Hutin and co-workers 
[109].
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The issue was investigated by 1H NMR. Methyl ester of the ortho-imine was 
obtained in deuterated methanol. The methanol was removed under vacuum and 
CDCl3 was added to the resulting methyl ester. The addition of ethylene glycol to 
the resulting ester solution led to its complete conversion into the cyclic ester. The 
addition of the equimolar amount of 1,3-propanediol resulted in an equilibrium 
with neither of the cyclic esters predominating. The addition of catechol to the 
solution resulted in the quantitative displacement of the aliphatic diol with the 
formation of catecholate. It was stated that the driving force for the observed 
displacement was better stabilization of the negative charge in catecholate than 
in acyclic esters. 

Binding constants of various catecholates with a fluorescent boronic acis 
in methanol were determined electrochemically (Scheme 20) [110]. Electron-
withdrawing groups (EWGs) on catechol (F, CN, NO2) enhance the affinity.

N

B
O O

H

OMe

R

N

B
MeO OMe

HO OH

R

MeOH

OO

R

+

+

weak fluorescence

strong fluorescence

R = H, F, Cl, Me, OMe, CN, NO2, OH

[O][R]

Scheme 20. Reversible boronate formation between catechol and a fluorescent boronic 
acid.

Difficulties in cleavage of the macrocyclic ester (1, Scheme 21) can serve 
as example of high resistance to hydrolysis of some boronic esters. The free 
acid (2) could not be isolated when the esters was simply hydrolyzed using 
various conditions. However, the addition of dimethyl sulfate, which probably 
scavenged the tetraol by alkylation, allowed the generation of the free boronic 
acid in 55% yield [93].
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O

O O
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NaOH, (CH3)2SO4

THF, H2O

1 2

Scheme 21. Alkylating conditions used for cleavage of the tetraol ester (1).

Quite a surprising method for the deprotection of a water soluble boronic 
ester was developed by B. Martin and co-workers [111]. To a stirred solution of 
the boronic ester to be cleaved (1 mmol) in water (15 mL) phenylboronic acid (1 
mmol) and ether (15mL) were added. The phenylboronic ester was removed by 
several washing with ether.

Roy and Brown investigated transesterification of a simple cyclic ethylene 
glycol phenylboronic acid ester with a wide variety of diols (Scheme 22) to study 
the relative stability of boronic esters [47]. Transesterifications were carried out 
in CDCl3 solvent in NMR tubes under inert atmosphere at ambient temperature. 
The progress of the reactions were monitored by 1H NMR spectroscopy. The 
results are summarized in Table 2. 

B
O

O

HO

HO
+ B

O

O

HO

HO
+

CDCl3

r.t.
Scheme 22. General scheme for the transesterification of 2-(phenyl)-1,3,2-dioxaborolane 
with various diols.

Table 2. Reaction times needed for equilibration and yields of the transesterification of 
2-(phenyl)-1,3,2-dioxaborolane with a variety of diols.

Diol Nr. 1 2 3 4 5 6 7 8 9 10 11 12 13

Time [h] 0.1 0.1 94 0.1 5 0.1 47 0.1 44 0.75 0.1 0.75 1.5

Yield [%] 68.6 74.7 87.8 4.5 28 99 0 47 0 97 99.5 99 99

Diol Nr. 14 15 16 17 18 19 20 21 22 23 24 25 26

Time [h] 1.75 258 2.5 0.1 0.1 0.1 67 0.1 0.7 72 129 70 69

Yield [%] 99 99 97 88.5 98 85 91 99 70 0 9 0 0
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Scheme 23. Structures of diols under studies of relative stability of esters [47].

 
It was found that the alkyl substituents on the α-carbons of diols 1, 2 and 

3 slow down the transesterification, but produce thermodynamically more 
stable boronic ester. Six-membered boronic esters 17, 18, 19 and 20 are 
thermodynamically more stable than their corresponding five-membered analogs. 
Amongst cyclic 1,2-diols, cis-1,2-cyclopentanediol (6) displaces ethylene glycol 
instantaneously whereas trans-1,2-cyclopentanediol (7) is totally unreactive, 
which suggests that the cis-stereochemistry of the 1,2-diol is a prerequisite for 
transesterification. cis-1,2-Cyclohexanediol (8) displaced ethylene glycol only 
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up to 48% which indicates its lower reactivity in comparison with its pentane 
analog which may be due to ring strain. Among the 1,5-diols, diethanolamine 
(21) displaces ethylene glycol quite rapidly, N-methyldiethanolamine (22) is 
less effective chelating agent, and N-tert-butyldiethanolamine failed to displace 
ethylene glycol. The oxygen atom of di(ethylene glycol) (25) and the sulfur atom 
of 2,2’-thiodiethanol (26) do not assist in displacing the ethylene glycol from 
their boronic esters.

Relative stability of a wide spectrum of achiral and chiral boronic esters 
(Scheme 24) has been studied employing transesterification with free diols 
under neutral conditions [48]. Transesterification reactions were carried out in 
NMR tubes under an inert atmosphere. An equimolar mixture of the boronic 
ester and the diol was prepared in dry CDCl3. The 1H NMR spectra of various 
exchange reactions were frequently recorded (5–15 min to 12–24 h depending 
upon the speed of the reaction) to get percentage exchange accurately with time. 
For slow transesterifications, the reactions were followed for extended period 
of time (until no further exchange) even after an equilibrium had reached. The 
extent of ligand exchange was determined based on the NMR integrations of 
the relevant proton signals. On the basis of those experiments, the investigated 
boronic esters have been arranged according to the stability. Pinanediol 
phenylboronic ester was found to be the most stable whereas DIPT boronic ester 
appeared to be thermodynamically the least stable one. The transesterification 
with sterically hindered diols was observed to be relatively slow, yet afforded 
thermodynamically more stable boronic esters [48].
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Scheme 24. Decreasing order of stability of the corresponding boronic esters.

Moreover, the resulting catechol esters are sensitive to moisture and 
chromatography, whereas the corresponding inert pinacol esters are more 
stable. This is the reason why the quantitative transesterification with pinacol 
was performed at room temperature in 30 min [112]. Pinanediolates have been 
obtained by transesterification of the corresponding pinacol esters [98] and 
pinacol esters into a six-membered ones [113].
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The complexation of a fluorescent boronic acid with catechol in methanol 
has been recently investigated by Zhang et al. [110]. The research showed that in 
methanol solution the “zwitterionic” species with tetracoordinate boron atom are 
formed. Electron withdrawing groups in catechol moiety enhance the affinity.

8. Application of boronic esters
A macrocyclic, fluorescent receptor containing boronic ester unit has been 

applied as a selective H2PO4
- anion receptor [114]. CH3COO- and HSO4

- give a 
much smaller impact on the fluorescence whereas Cl-, Br- and I- give no impact 
and F- gave a complex answer. Selective fluorine anion binding [61, 115] is 
due to relatively weak Lewis acidity that enables formation of complexes with 
fluoride and not with the potential competitive anions [14] and references cited 
there. Series of electron-deficient boronic esters was applied as potential anion 
receptors in lithium battery electrolytes [16, 17].

Boronic esters are applicable to the Suzuki–Miyaura coupling reaction in 
place of boronic acids [97, 116] thereby negating the need for conversion to the 
corresponding boronic acids. The use of boronic esters has some advantages, 
such as a high stability to heat and high solubility in organic solvents, when 
compared to boronic acids [117]. Neopentyl [117] as well as pinacol esters 
[117,118] have been applied in the Suzuki coupling [49, 94, 96, 97, 112, 119-
122]. Boronic acid pinacol esters were less reactive in the Suzuki coupling than 
boronic acid neopentylglycol esters [117] as well as boronic acid itself [123].

The use of boronate esters as protecting groups for diols has been reviewed 
[12] with many applications to carbohydrate synthesis and the regioselective 
manipulation of hydroxyl groups [124].

Interestingly, the pinacolate ester and not the expected free boronic acid was 
proposed as the active component of a sensor developed for saccharides. Sugar 
sensing is possible due to the transesterification [4].

Conclusions
•	 The use of phenyl boronic acids esters as anion receptors is quite 

promising. From obvious reasons, the aza and MIDA esters are in this 
case excluded. Both features Lewis acidity, enabling complexation of 
a given anion and stability of the ester should be however taken into 
consideration when designing a new boronic anion receptor. Partial 
positive charge at the boron atom can be increased by the application of 
the electron-withdrawing groups in the phenyl ring. Steric hindrance of 
the boronic unit should also exert the influence on both the complexation 
ability as well as stability of the ester group.
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•	 If it comes to application of boronic esters as sugars’ or other diols’ 
receptors, the relative stabilities of the “receptor” ester and the ester 
formed after complexation as well as the rate of the transesterification 
should be taken into account. The mentioned features are highly 
conditions-dependent, and only limited data has been so-far reported, 
therefore careful studies of the specific system should be carried out.

•	 Due to the exceptional stability of some ortho-derivatives of boronic 
esters, the liberation of the boronic unit can be difficult if possible. It 
should be considered on planning the synthetic strategy for some ortho-
substituted boronic esters.
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Today the molecular complexation of saponins and different biologically 
active molecules is widely studied. The great interest to these supramolecular 
products is first and foremost caused by the possibility of new drugs composition 
by means of drug dose reduction, bioavailability and decomposition resistance 
increasement, the action prolongation, and expansion of biological activity 
spectrum of drugs (pharmacones) [1, 2].

This approach has been examined mainly for glycyrrhizic acid (3-О-β-
D-glucopyranosyl-(1 2)-О-β-D-glucopyranoside of glycyrrhetinic acid), 
the main triterpene glycoside of the licorice roots. Molecular complexes of 
glycyrrhizic acid with pyrimidine derivatives, nonsteroid anti-inflammatory 
drugs, prostaglandins, cardioactive and psychotropic drugs were prepared. 
Besides, the complexes of acantophylloside B isolated from Acanthophyllum 
gypsophyloides roots were prepared with prostaglandins [1, 2].

Recently, triterpene glycosides a-hederin (glycoside 1) and hederasaponin 
C (glycoside 2) have been suggested as prospective molecular carrier of 
biologically active substances and medicines (Fig. 1) [3]. Glycoside 1 is 3-О-a-
L-rhamnopyranosyl-(1 2)-О-a-L-arabinopyranoside of hederagenin, and 2 is 
3-О-a-L-rhamnopyranosyl-(1 2)-О-a-L-arabinopyranosyl-28-О-a-L-
rhamnopyranosyl - (1 4)-О -b -D -g lucopyranosyl - (1 6)-О -b -D -



86

L.A. Yakovishin, V.I. Grishkovets, G. Schroeder and N.I. Borisenko

glucopyranoside of hederagenin. Glycosides 1 and 2 are one of the most 
widespread saponins of the plants from family Araliaceae Juss. They were 
discovered in different species of genus Hedera (Fig. 2) and Kalopanax, in Aralia 
elata and Acanthopanax sieboldianus [4–6]. Glycoside 1 is also discovered in 
Polyscias dichroostachya [4], and 2 – in Schefflera octophylla [7].

Triterpene glycosides 1 and 2 are the components of the cough medicines 
Hedelix [8, 9], Prospan [4, 8, 10], Pektolvan Hedera helix [11] and others. These 
medicines contain extract of Hedera helix L. leaves (Fig. 2). Hedera helix leaves 
have been used as cough medicine European ethnoscience for several centuries 
[4].

Glycoside 1: R1 = Rhapa-(1 2)-Arapa , R2 = Н;
glycoside 2: R1 = Rhapa-(1 2)-Arapa , R2 = bGlcp-(6 1)-bGlcp-(4
1)-aRhap;
glycoside 3: R1 = Glcpb-(1 2)-Glcpb , R2 = Н

Figure 1. IVY Saponins
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  a    b   c
Figure  2. Hedera helix L. leaves (a) and Hedera taurica Carr. leaves (b) and fruits (c)

1. Molecular complexes of triterpene glycosides with proteinogenous ami-
no acids and cholesterol
1.1. Complexes with cholesterol. 

Complexation of steroid saponin digitonin and cholesterol (Fig. 3) was 
discovered in 1909 by Windaus [4]. Ability to form complexes with sterols 
is a characteristic feature of saponins [4, 5, 12]. Binding to them alters the 
permeability of all membranes, which is responsible for some of the biological 
activity of saponins. This effect was previously found for glycoside 1 [12], 
however, in [13] it was shown that it does not form complexes with cholesterol.

Complex formation of glycoside 1 and cholesterol was discovered with 
the help of IR spectroscopy [14]. During the complex IR spectrum analysis 
the changes in frequency of CO-group absorption and in absorption lines of 
cholesterol OH-groups and glycoside OH-groups were observed. Evidently, 
these changes are caused by the formation of intermolecular hydrogenous bonds 
between cholesterol and glycoside molecules.

Glycosides 1 and 2 complexation with cholesterol was also studied 
using electrospray mass spectrometry (ESI-MS) [15, 16]. In the mass 
spectrum the peak of protonated complex of glycoside 1 and cholesterol 
[2M(1)+H+2M(cholesterol)]+ (m/z 2274.445) was found. In positive-ion and 
negative-ion modes the mutual peaks of glycoside 2 and cholesterol were not 
observed.
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Figure  3. Cholesterol

To confirm the conclusions about the complexation of glycosides 1 and 
2 with cholesterol, their toxicity the fish Barbus fefrozona (Cyprinidae) was 
examined. The results from the study of glycosides 1 and 2, and their mixtures 
with cholesterol ichthyotoxicity (Table 1) confirmed the conclusions obtained 
from mass spectrometry.

Table 1. Effect of glycosides 1 and 2, and their complexes with cholesterol on Barbus 
fefrozona

Compound Exposure time 
100LDt  until death, min

1 6.5±0.3

2 25.2±0.4

1–cholesterol 11.5±0.4

2–cholesterol 23.8±0.3

It was found that adding cholesterol to glycoside 1 and 3-О-b-D-
glucopyranosyl-(1 2)-О-b-D-glucopyranoside of hederagenin (glycoside 3, 
Fig. 1) solutions reduces substantially their toxicity in comparison with glycoside 
2 for the mollusks Planorbis corneus, Planorbis corneus var. rubra и Melanoides 
tuberculata (Table 2) [17]. It is probably caused by the formation of more stable 
complexes. Glycoside 3 is found in fruits of Hedera helix [18] and Hedera 
colchica [19], and fruits and leaves of Hedera taurica [20, 21].
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Table 2. Molluscicidal activity of glycosides 1–3 and their complexes with cholesterol

Compound LD100, 
mol/l

Exposure time 
100LDt  until death, min

Planorbis corneus Planorbis corneus 
var. rubra

Melanoides 
tuberculata 

1 10–2 3.3±0.2 3.7±0.3 2.0±0.2
2 10–2 6.5±0.4 7.0±0.3 6.0±0.3
3 10–2 4.5±0.3 4.7±0.1 2.0±0.1

1–cholesterol 10–2 5.0±0.1 4.6±0.1 3.5±0.2
2–cholesterol 10–2 7.9±0.2 8.3±0.4 7.2±0.1
3–cholesterol 10–2 6.9±0.4 7.0±0.2 3.3±0.2

While testing glycosides effect on fish Brachydanio rerio it was shown 
[22] that adding cholesterol to incubatory mixture reduces glycosides 1 and 3 
activity for 2 times, and glycoside 2 activity to a lesser degree (Table 3). It can 
be explained by the lack of stable complexation between them.

The effect of triterpene glycosides 1 and 3, and of their molecular complexes 
with cholesterol on fish Brachydanio albolineatus and Poecilia reticulata was 
examined (Table 4) [14]. The study of ichthyotoxicity of cholesterol mixtures 
with glycosides 1 and 3 also confirms complexation between them, as for the 

complexes 
100LDt  turned to be greater than for the pure glycosides.

Table 3. Ichthyotoxicity effect of glycosides 1–3 and their complexes on Brachydanio 
rerio

Compound LD100, mol/l Exposure time 
100LDt  until death, min

1 10–2 3.0±0.3
2 10–2 11.5±0.4
3 10–2 2.5±0.2

1–cholesterol 10–2 5.0±0.2
2–cholesterol 10–2 15.0±0.2
3–cholesterol 10–2 6.0±0.2

1–Gly 10–4 12.0±0.3
1–Val 10–4 Within 60 min is not toxic
1–Ala 10–4 10.0±0.4
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Obviously, cholesterol binds better to monodesmosidic triterpene 
glycosides (1 and 3) with a carbohydrate chain on C-3 and a free C-17 COOH 
group of aglycone (hederagenin). And it does not form stable complexes with 
bidesmosidic glycosides (glycoside 2).

Table 4. Ichthyotoxicity of glycosides 1–3 and their complexes

Compound LD100, 
mol/l

Exposure time 
100LDt  until death, min

Brachydanio albolineatus Poecilia reticulata

1 10–2 4.1±0.2 6.2±0.3

2 10–2 12.1±0.2 14.7±0.3

3 10–2 3,.1±0.3 5.7±0.2

1–cholesterol 10–2 6.2±0.2 7.3±0.2

2–cholesterol 10–2 14.0±0.2 17.5±0.5

3–cholesterol 10–2 7.3±0.1 6.7±0.3

1–Gly 10–4 19.0±0.4 20.2±0.3

1–Val 10–4 Within 60 min is not toxic Within 60 min is not toxic

1–Ala 10–4 11.5±0.3 19.1±0.4

1.2. Complexes of glycosides and proteinogenous amino acids
1.2.1. Complexes with aliphatic amino acids. 

The complexes of glycoside 1 with proteinogenous amino acids glycine 
(Gly), L-alanine (Ala) and L-valine (Val) were prepared (Fig. 4) [3, 23]. 
Complexation was confirmed using IR spectrometry. The complexation occurs 
through amino acid zwitterion and COO–-group of glycoside aglycone. The effect 
of the complexes prepared on Avena sativa L. seeds germination was examined. 
Analysis of germination activity of glycoside 1 and its complexes showed 
complexes toxicity reduction in comparison with pure glycoside. Possibly, it is 
caused by the partial involvement of glycoside carboxyl group into interaction 
with amino acids, as the high activity of the pure glycoside is caused by the 
presence of free COOH-group in its aglycone part.
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Figure  4. Aliphatic amino acids

Ichthyotoxical and molluscicidal activities of glycoside 1 complexes with 
Gly, Ala and Val were studied before (Table 3, 4). For the fish Brachydanio 
rerio (Cyprinidae) glycoside 1 complexes with Gly and Ala proved to be more 
toxic than the pure glycoside [22]. The complexes with Gly and Ala turned 
to be less toxic for Brachydanio albolineatus than for Brachydanio rerio [14]. 
The complex of glycoside 1 and Val did not effect on Brachydanio albolineatus 
[14], Brachydanio rerio [22] and Poecilia reticulata (Poeciliidae) [14] for 60 
min. Compared with Brachydanio albolineatus and Brachydanio rerio, Poecilia 
reticulate turned to be more resistant to complexes of glycoside 1 with Gly and 
Ala [14].

Molecular complexes of glycoside 1 with Gly and Ala proved to be more 
toxic for the mollusks Planorbis corneus, Planorbis corneus var. rubra and 
Melanoides tuberculata than the pure glycoside [17]. The complex with Ala is 
more toxic. The complex of glycoside 1 and Val did not show up molluscicidal 
activity for 60 min. 

1.2.2. Complexes of glycosides and hydrophilic amino acids. 
Molecular complexation of glycoside 1 and L-asparagine (Asn) and 

D,L-aspartic acid (Asp) (Fig. 5) was examined using IR spectroscopy [24]. 
Complexation of Asn and glycoside occurs through interaction of ionized 
carboxyl group of hederagenin aglycone and NH3

+-group amino acid zwitterion 
form. Contribution of Asn amide group to additional H-bonds formation with OH-
groups of glycoside in the complex. The complex of Asp and glycoside occurs 
through aglycone COO–-group and amino acid NH3

+-group. This is confirmed by 
the respective amino acid line II and carboxylate shift in IR spectrum.
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Figure 5. Hydrophilic amino acids

1.2.3. Complexes of glycosides and aromatic amino acids. 
Molecular complexes of glycosides 1 and 2 with L-tryptophan (Trp) 

in aqueous solution were prepared (Fig. 6) [25]. As the glycosides 1 and 2 
concentration increases at constant Trp concentration, the optical density of their 
solutions increases (hyperchromic effect). Besides, for the range of solutions 
containing glycoside 2 and Trp a low batachromic shift was shown. Complexes 
composition was defined by the method of isomolar series. Glycosides form 
complexes with a 1:1 molar ratio.

The formation of complexes with analogical composition between Trp and 
glycosides 1 and 2 has recently been confirmed using electrospray-ionization 
mass spectrometry [26]. The glycoside 1 complex is more stable. Glycoside 1 
and Trp also form unstable complexes with a 3:1 and 4:2 molar ratio, for which 
ions [3М1+МTrp+2H]2+ and [4М1+2МTrp+2H]2+ were observed in mass spectrum.

Using the method of isomolar series it was established that in aqueous 
solutions L-phenylalanine (Phe) (Fig. 6) forms 1:1 complexes with glycosides 
1 and 2 [27]. Intermolecular interaction results in hyperchromic effect. It was 
supposed that NH3

+-group contributes to binding to glycosides. The effect of 
glycosides 1 and 2 complexes with Phe on Avena sativa L. seeds germination 
was examined. The complexes are less toxic than pure glycosides. They increase 
seeds germination and influence the germination of their roots and sprouts.

Complexation of Phe with glycosides 1 and 2 was also studied using 
electrospray-ionization mass spectrometry [26]. In mass spectrum the peaks of 
ions [M1+МPhe-Н]–, [M1+МPhe+Н]+ and [М2+MPhe-Н]– were found. It indicates 
the composition of complexes is 1:1. As in case of glycoside 1 and Trp low-
intensity peaks of protonated molecules of the complexes with more complicated 
composition ([4М1+2MPhe+2Н]2+, [5М1+MPhe+2Н]+ and [5М1+2MPhe+2Н]2+) 
were found in the mixtures of glycoside 1 and Phe.
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Figure  6. Aromatic amino acids

Amino acids L-tyrosine (Tyr) and L-histidine (His) (Fig. 6), like Trp and Phe 
form mainly molecular complexes with a 1:1 molar ratio. This was confirmed 
by the method of electrospray-ionization mass spectrometry [26]. In the mass 
spectrum the peak [М2+МHis-Н]– (m/z 1374.7) was observed. Its intensity was 
28.16%. This value is the greatest one among peak intensities of complexes, 
which were previously found for glycosides 1 and 2 with aromatic amino acid 
[26].

Complexation of glycoside 1 and His was confirmed by IR spectroscopy 
[24]. It was shown that in their intermolecular complex the interaction of 
zwitterion form of amino acid and COO–-group of glycoside was observed.

2. Molecular complexes of triterpene glycosides with drugs
2.1. Complexes with sildenafil

Citrate of sildenafil (Viagra) (Fig. 7) is one of the most widespread drugs 
for treating erectile-dysfunction today [28]. Molecular complex of glycoside 
1 with sildenafil (in the basic form) was prepared (Fig. 7) [29]. The result of 
intermolecular interaction in the IR spectrum of complex is the shift of absorption 
line of glycoside 1 and sildenafil CO-group.
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Figure 7. Sildenafil (a) and molecular complex of glycoside 1 with sildenafil (b)

In the complex spectrum analysis the decrement of valence oscillations 
frequencies of OH- and NH-groups, the increasement of amide line II frequency 
and change of nas(SO) and ns(SO) absorption frequencies were observed. This 
indicates the possible association of molecules at the expense of intermolecular 
H-bonds formation occurring through glycoside OH-groups, and sildenafil NH- 
and SO-groups as well.

With the help of intracellular diversion the effect of citrate of sildenafil and 
its complexes with glycosides 1 and 2 on electrical activity non-identificated 
neurons of Helix albescens Rossm. visceral ganglion was examined [30]. 
Opposite neurotropic effects of citrate of sildenafil and its complexes were 
demonstrated. Citrate of sildenafil application resulted in neurons activation, 
while glycoside complex on neurons soma provoked their activity depression.

Previously it was shown that bidesmosidic triterpene glycosides did not 
effect on neurons electrical potentials [31, 32]. However, it is proved that 
citrate of sildenafil binding to bidesmosidic glycoside 2 results in development 
of neurotropic effects manifesting in changes of neurons electrophysiological 
rate. This effect is not characteristic for the use of pure citrate of sildenafil and 
glycoside 2 [30].
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2.2. Complexes with caffeine
The complexation of glycosides 1 and 2 with caffeine (Fig. 8) in aqueous 

solutions was confirmed by UV spectroscopy [33, 34]. If glycosides concentration 
increases at constant caffeine concentration (0.50×10–4 M), the increasement of 
solutions optical density is observed (hyperchromic effect) (see Fig. 9). While 
solutions lmax decreases a little (hypsochromic shift). For the glycoside 1 a bit 
greater shift was observed. It was also recently reported that a hyperchromic 
effect occurred upon formation of the clathrate complex of b-cyclodextrin with 
caffeine [35].

Figure 8. Caffeine

Figure 9. UV spectrum of caffeine aqueous solutions (0.50×10–4 M = const) with different 
concentrations of glycoside 1: 0 M (1), 0.25×10–4 M (2), 0.50×10–4 M (3), 10–4 M (4), 
0.25×10–3 M (5), 0.50×10–3 M (6) and 10–3 M (7)
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The complexes composition was defined by the method of isomolar series 
and of molar ratios (saturation method). It was established that glycosides 1 and 
2 form complexes with caffeine in a 2:1 molar ratio (Fig. 10). The same ratio 
was found for nanostructures of glycyrrhizic acid and some pharmacones [1, 2].

It was supposed that the complexation leads to disruption the self-association 
of caffeine. Clathrate complex between glycosides and caffeine formed by 
hydrophobic interactions of the glycosides aglycon with the heterocyclic system 
and methyls of caffeine. The formation of intermolecular H-bonds involving the 
pyrimidine C=O and the imidazole N-atom of caffeine and the OH groups of the 
glycosides monosaccharide units was also possible.

Figure 10. Clathrate structure of glycoside 1 with caffeine

The toxicity of glycoside 1, caffeine, and their complex for mollusks 
Planorbis corneus (Planorbidae) and of glycoside 2, caffeine, and their complex 
for fish Poecilia reticulata (Poeciliidae) was studied [33, 34]. The complex of 
glycoside 1 turned to be less toxic with the pure glycoside and more toxic than 
caffeine. The biological activity of caffeine complexed with glycoside 2 was 
reduced.

It was shown by electrospray-ionization mass spectrometry that big 
aggregates of caffeine (trimers and hexamers) can not occupy the space formed 
by two molecules of glycosides 1 and 2 [36], and complexation does not occur 
in this case.

The effect of triterpene glycosides 1 and 2 in their complexes with caffeine on 
the electrical activity of the grape snail visceral ganglion non-identified neurons 
was studied (Fig. 11) [37]. The complexes activated electrophysiological neurons 
rate, and they had an opposite kinetics of entering and outgoing currents. Thus, 
while glycoside 1 complex activity the entering currents were increasing and the 
outgoing ones decreased, and while using glycoside 2 complex both entering and 
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outgoing transmembranous ionic currents decreased. Previously it was found 
that bidesmosidic triterpene glycosides do not effect on the neurons background 
activity [31, 32]. Thus, complexation with caffeine activates neurotropic effect 
of bidesmosidic glycoside 2.

2.3. Complexes with paracetamol
The molecular complexation of paracetamol (para-acetaminophenol) 

(Fig. 12) with glycosides 1 and 2 was studied by electrospray-ionization mass 
spectrometry [38]. In mass spectrum of mixture of glycoside 1 with paracetamol 
a low intensity peak [М1+МPar-Н]– (m/z 900) was observed, and of mixture of 
glycoside 2 with paracetamol there were the peaks [М2+МPar-Н]– (m/z 1371) 
and [М2+МPar+Н]+ (m/z 1372). It is noteworthy that the intensities for peaks 
of the complexes [M1(2)+MPar-H]– differed by 1.7 times. In such a way it was 
established that glycosides form unstable complexes in a 1:1 molar ratio with 
paracetamol. Glycoside 2 complex turned to be a bit more stable. Supramolecular 
structures are formed by means of H-bonds through paracetamol O–H, N–H and 
C=O groups and O–H-groups of glycosides monosaccharide units. The greater 
stability of the complex of glycoside 2 can be explained by the presence in its 
structure of the trisaccharide chain on C-28 of aglycone (hederagenin).

Figure 12. Paracetamol

2.4. Complexes with antibiotic laevomycetin (chloramphenicol)
It was shown that glycosides 1 and 2 form complexes with antibiotic 

laevomycetin (chloramphenicol) (Fig. 13) in a 1:1 molar ratio [39]. In mass 
spectrum (electrospray-ionization) the complexes peaks [М1+МLaev-Н]– (m/z 
1072), [М2+МLaev-Н]– (m/z 1544) and [М2+МLaev+Н]+ (m/z 1545) were observed. 
Molecular complex of laevomycetin with monodesmosidic glycoside 1 turned to 
be more stable one as the peaks of glycoside 2 complexes have a low intensity. 
Previously the complex with laevomycetin was prepared for triterpene glycosides 
with glycyrrhizic acid only [40].
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Figure 11. Effects of glycoside 2 complex with caffeine on pacemaker activity (A), silent 
neuron (B), monomodal activity (C). D – Average data (%), n = 21. Asterisks indicate 
the cases of reliable differences from background indexes. 1 – Frequency of impulse 
generation; 2 – interimpulse intervals; 3 – duration of action potential; 4 – total entering 
currents; 5 – total outgoing currents; 6 – amplitude of action potential; 7 – membranous 
potential.
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Figure 13. Laevomycetin (chloramphenicol)

2.5. Complexes with streptocid (sulfanilamide)
Complexation of streptocid (sulfanilamide) (Fig. 14) with glycosides 1 and 2 

was studied by electrospray-ionization mass spectrometry [39]. The complex of 
glycoside 1 proved to be less stable as its peak [М1+МStr-Н]– (m/z 922) is of low 
intensity. For the glycoside 2 the ions [М2+МStr-Н]– (m/z 1394), [2М2+МStr+K-
3Н]2– (m/z 1325), and [2М2+2МStr+K+Н2О-3Н]2– (m/z 1423) were found in 
mass spectrum. The first one dominates among them. It was shown that the free 
carboxyl group of glycoside 1 does not take part on complexation. Hydroxyl 
group of monosaccharide units, and NH2- and SO2-groups of streptocid are 
involved into intermolecular interactions. Molecular complex of glycoside 2 
with streptocid turned to be more stable compared with the previously prepared 
complexes of this glycoside with paracetamol and laevomycetin [38, 39].

Figure 14. Streptocid (sulfanilamide)
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1. Introduction
Each process taking place in the Universe is related to exchange or 

transformation of energy. The simplest description of the energy’s nature, 
is the ability to perform work. Energy may occur in quite a few forms such 
as: thermal energy, chemical energy, nuclear energy, magnetic energy, radiant 
energy, electrical energy, etc. Every type of energy can be transformed into to 
another one, but unfortunately this process is always accompanied by dissipation 
of energy. The Sun is the main energy source for the Planet Earth, the energy 
supplied by the Sun to the Earth is really huge and has been estimated as around 
3×1024 J per year [1] (approximately 1.7×1017 W per year). Only a small part of 
this energy, about 1×1014 W per year [2], is used by the flora for accumulation 
of chemical energy, in the process of photosynthesis. The energy stored by the 
flora is the primary source of energy for any other organism living on the Earth. 
Of course human civilization, from its early beginning, is based on the energy 
consumption, mainly as  food (i.e. plants and/or animals), and fuels (firstly 
by burning plants, than coal, oil and finally natural gas). In the initial phase 
of civilization development, wood was the most important fuel, but increasing 
energy demand stimulated to exploration of other energy carriers such as peat, 
lignite or hard coal. At the turn of the 18th and 19th centuries, witnessing the 
industrial revolution, the use of coal sharply increased. Ever-increasing energy 
demand caused, at the end of the 19th century, the exploitation of oil and natural 
gas deposits, which are still the main energy sources for our civilization. The 
rapid development of the automotive industry, which is now the largest consumer 
of fuels in all sectors of global economy, began at that time. The most part of the 
20th century was characterized by careless exploitation of the benefits afforded 
by the nature. Fuels overexploitation led to permanent devastation of virgin areas 
of Earth, by deforestation and/or by converting them to the oil fields or mines. 
Moreover the use of fossil fuels generates a lot of air pollutants, especially 
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carbon dioxide which, together with water vapour, is seen as the main cause 
of the greenhouse effect and probably has a great influence on global warming.

The beginning of the 1970s brought the first warning signal indicating that 
the Earth’s natural wealth is not boundless and inexhaustible. This was a signal 
of global fuel crisis. Long-term problems with oil supply revealed that the energy 
dependent civilization can plunged into the chaos and destruction due to the lack 
of access to its sources. The depletion of the energy resources is estimated at 
the turn of 21st and 22nd century [3]. These facts led to a worldwide discussion 
about finding and utilization of some new energy sources that will reduce the 
civilization dependence on fossil fuels. In a short time a number of suggestions 
for generating energy from renewable conventional fuel-independent sources, 
have been made, indicating the following energy sources:

•	 Wind turbines
•	 Hydropower
•	 Wave and tidal power
•	 Solar thermal 
•	 Solar cells
•	 Photocatalytic hydrogen generation
•	 Biomass conversion

Photovoltaic technology based on the use of solar energy is considered as the 
most promising one among all the renewable technologies listed above [3]. 

The global energy consumption rate in the year 2000 was estimated as 
about 1.3×1013 W. This consumption will increase more than two times, to 
approximately 2.8×1013 W, within the next 50 years. This enormous amount of 
energy is, however, about 10,000 times less than the energy reaching the Earth’s 
surface from the Sun. That means that covering of the 0.1 % of the Earth’s 
surface with solar cells working with an efficiency only of 10 % will  satisfy the 
needs of our civilization for many years [1, 4]. However, to create such a large 
and efficient network of solar panels which will provide the humanity with the 
energy needed, is an extremely difficult challenge that requires many years of 
research and development of new technologies.

2. A bit of solar cell history
The beginning of the solar cell development stems from the discovery of 

the photoelectric effect by a French scientist Edmond Becquerel in 1839. He 
discovered that the photocurrent is observed when platinum electrode is coated 
with silver chloride or bromide and illuminated in aqueous solution [1, 5-7]. 

The first working solar cell was made by american inventor Charles Fritts 
in 1883. The cell used the junction formed by coating selenium semiconductor 
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with an ultrathin gold layer. The device he constructed was able to convert light 
to electricity with an efficiency less than 1 % [8].

In 1905 Albert Einstein published his description of the phenomenon of the 
photoelectric effect, and in 1921 he was awarded the Nobel Prize in Physics. The 
Royal Swedish Academy motivated the Prize for Einstein with this words: “For 
his services to Theoretical Physics, and especially for his discovery of the law of 
the photoelectric effect” [9].

The first silicon solar cell was patented by an American inventor R.S. Ohl in 
1941 [10]. The energy conversion efficiency of this cell was less than 1 %, but 
its technology was a milestone in the solar cells development. Over the years the 
silicon solar cells performance has reached 25 % [11].

The commercial career of the solar cells was initiated by the Bell Telephone 
Laboratories in 1954, which introduced the first inorganic solar cell on the market 
[3, 5]. This device was based on a silicone homojunction and its efficiency was 
about 6 % at room temperature [3, 5, 12].

Before the global fuel crisis in the 1970s the main recipient and driving 
force of solar cells industry development was the space program of the National 
Aeronautic and Space Administration (NASA). The first solar cells powered 
artificial satellite launched from the Earth’s surface into space, was Vanguard I on 
March 17th, 1958. Vanguard I carried aloft a solar array, which was assembled of 
six panels and every panel consisted of a number of single crystal silicone cells 
with 10 % efficiency each. This array produced about 1 W of energy during the 
satellite mission for over six years [13].

The last 25 years of the 20th century and the first 10 years of the 21st century 
brought an explosion of popularity of the silicone solar cells. The demand for 
solar energy has grown rapidly, with growth rates between 20 and 25 % per 
every year [5]. Today the standard efficiency of commercial silicone solar cell 
is between 15 and 20 %. However, the silicone solar cells still account for less 
than 0.1 % of the total world energy production. The relatively high production 
costs of silicone photovoltaics, and the fact that their production process needs 
ultraclean materials, are the main reason that prevents their widespread use. 
Moreover, toxic chemicals are used in their manufacturing [1, 3-5]. 

The low-cost alternative for typical silicon solar cells was reported in 1991 
by O’Regan and Grätzel [14]. These cells, called dye-sensitized solar cells 
(DSC’s, Grätzel cells), were based on low- or medium purity materials prepared 
in a standard laboratory conditions without using any hi-clean technologies. The 
efficiency of the first reported DSC’s was approximately 7.9 – 7.12 per cent, 
which is a much promising result. In 2010 Michael Grätzel was awarded “The 
2010 Millennium Technology Grand Prize” for his ground-breaking research 
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that has led to the practical application of dye-sensitized solar cells [15].

3. How does DSC’s works?
The typical dye-sensitized solar cell, see Fig. 1, consists of two plates 

of the conducting glass (tin oxide conducting glass – TCO, indium-tin oxide 
conducting glass – ITO, fluorine doped tin oxide conducting glass – FTO). The 
conducting side of the first glass plate (anode) is covered by a nanocrystalline 
porous semiconductor layer (mostly TiO2, rarely ZnO [4]) about 10 mm thick. 
The porous layer is obtained from the paste containing semiconductor particles, 
polymer additives and water and/or organic solvent. This paste is spread on the 
conducting glass surface and an electrode is sintered at various temperatures 
(usually 723 K) to remove organic components and improve electrical connection 
between semiconductor particles. On the semiconductor surface a monolayer of 
organic charge-transfer dye is adsorbed, which plays a role of surface sensitizer. 
The conducting side of the other glass plate (anode) is covered with a thin layer 
of red-ox catalyst (mostly platinum films or carbon films, rarely conducting 
polymers or CoS [4]) and is called the “counter electrode”. The cell is assembled 
with both electrodes in sandwich-like construction, and the liquid electrolyte is 
injected between the electrodes. A large majority of the electrolytes consist of I-/
I3

- red-ox couple solution in an organic solvent (for example, KI and I2 solution 
in acetonitrile).

Figure 1. Schematic overview of a dye-sensitized solar cell
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The first step of the dye-sensitized solar cell working cycle is the 
photoexcitation of the dye molecule (S). During this process the dye absorbs 
photons and in consequence its electrons are transferred from the ground to the 
excited state (S*) (see Eq. 1).

			 
∗→+ ShS n 			   (1)

The excited electrons can be injected to the conducting band of the porous oxide 
layer, and the dye is going to get oxidized (S+) (eq. 2).

			 
+−∗ +→+ SeTiOS

2TiO2 	 (2)

Electrons from the porous layer migrate to the FTO substrate, and are transferred 
to the counter electrode through the external circuit. The ground state of the dye 
is restored by electron transfer from the reduced form of the red-ox medium (I-) 
existing in the electrolyte, simultaneously the oxidized form of red-ox medium 
is formed (I3

-) (Eq. 3). 

			 
−−+ +→+ 3I2

1SI2
3S

	           
(3) 

The I3
- ions formed during the dye reduction process diffuse through the 

electrolyte to the counter electrode, where they are reduced by the electrons 
transferred from the electrode and the I- ions are regenerated (Eq. 4), which is the 
final step of the DSC’s working cycle. The above-described process continues 
as long as illumination is applied or untill all parts of the cell are deactivated.

			    	           
(4)

Unfortunately, the desirable electron transfer pathways are accompanied 
by some loss reactions, decreasing the cell efficiency. One of such process is 
direct recombination of the excited dye, related to a particular dye excited state 
lifetime. Another one is the use an electron injected into the semiconductor 
conduction band to regenerate the ground state of the dye molecule rather than 
transfer it to the external circuit. There is also the use of electron located in 

  I2
3eI2

1
)CE(3  
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the conduction band of the anode material to regenerate the reduced forms of 
the red-ox couple present in the electrolyte. These two last processes are called 
“internal short-circuit” of the cell.

	 Since the publication of the first paper about DSCs, much attention has 
been devoted to solutions of these problems and stopping unwanted processes 
taking place in the DSC’s mechanism of action. Ongoing research resulted in 
the discovery of thousands of new dyes, hundreds of electrolyte systems and 
countless mesoporous electrode materials, which had a more or less positive 
influence on the light harvesting and light-to-electricity conversion efficiency in 
the cells constructed. In this paper we present a general scheme of the solutions 
proposed in this field.

4. Anode semiconductors (on TiO2 example)
O’Regan and Grätzel were not the inventors of the dye-sensitized solar 

cells. Research works on such systems were carried out much earlier, however, 
a fundamental problem was the use of semiconductors with a smooth surface to 
construct an anode [4]. These materials were characterized by a relatively low 
surface area and, in consequence, low dye adsorption, which resulted in low 
photoelectric conversion yields, not exceeding a value of 1 % [4]. Numerous 
attempts have been made to improve the efficiency of solar cells e.g. through 
the use of multilayer adsorption of the dye, but it also did not bring the desired 
results. The use of a mesoporous titania electrode, characterized by a high internal 
surface area, was a milestone for the DSCs development. It brought about 1000 
times increase in the dye load, in the form of a monolayer on the surface of a 
porous electrode, in comparison with the result of non-porous semiconductor 
materials applied earlier. The increase in cell efficiency was almost by one order 
of magnitude, from less than 1 % to almost 8 % [14]. 

The typical way of preparing a porous anode for DSC is by sintering of 
TiO2 nanoparticles prepared via hydrolysis of a titanium precursor [1,4,7,16]. 
Hydrolysis of titanium precursors can be carried out under different conditions 
of temperature, pH or at different water content. All of these conditions have 
a significant impact on the properties of the resulting titanium oxide, such as 
the shape or size of nanoparticles, crystallinity, porosity, etc. Hydrolysis in 
different pH conditions gives materials with different particle shapes and 
properties. Hore et. al found that DSC’s assembled using TiO2 prepared in basic 
conditions has a better charge separation properties and, in consequence, shows 
lower recombination effect, moreover gives higher voltage, but exhibit lower 
dye adsorption in comparison of those TiO2 prepared in acidic media [17]. The 
porosity of electrodes obtained can be easy controlled by addition of the specific 
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amount of polymer additives to the titania paste before sintering. Porosity 
determines the amount of adsorbed dye, so it should be as high as possible, 
but on the other hand too high porosity leads to poor interconnection between 
semiconductor particles, and in consequence to a decrease in the ability of 
anode to transfer electrons which is the main reason for reduction in the electron 
lifetime and increase in the negative recombination process [4].

Figure 2. Modification of the TiO2 electrode via external semiconductor layer

For improvement of electron injection efficiency or electron lifetime in 
the electrode, some post-synthesis-treatment methods were applied. The most 
common method was deposition of a thin layer TiO2 on the electrode external 
surface using TiCl4 aqueous solution treatment or TiCl3 electrodeposition. The 
increase in the dye adsorption after the modifications described above were 
simultaneously reported [4]. 

Modification of TiO2 electrodes by covering them with a thin layer of 
an insulator or other semiconductor can generate an energetic barrier for the 
electron back-transfer and improves the photoelectrical properties of DSC 
(Fig. 2.) [18-21]. If the modifying semiconductor has a slightly more negative 
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potential of the conduction band level than TiO2, but less negative than the 
excited state of the sensitizing dye, the photoinduced electrons can be still easily 
injected into the TiO2 conduction band through the external modification of the 
semiconductor layer. After the injection process, the energy of the electrons 
present in TiO2 conduction band corresponds to that of the bandgap of the 
external semiconductor and the recombination process is stopped. The electrons 
trapped in the conducting band of the TiO2 can be easily transferred to TCO and 
used for the next steps of the photoelectric process, taking place in DSC.

Since 2005 the vertically orientated titania nanotubes “brush-like” arrays 
(Fig. 3.) have been often studied [4, 22-23]. Typical synthesis of TiO2 nanotubes 
involves a titanium foil or titanium thin film deposited on FTO. The nanotubes 
growth is achieved by the potentiostatic anodization of metallic Ti substrate in 
fluoride-based solutions. TiO2 nanotubes can also be prepared using alumina 
templates. The templates are prepared the conditions as mentioned above, using 
aluminium films deposited on FTO. The obtained alumina brushes are immersed 
in the titanium precursor solution and sintered at 673 K. The alumina templates 
are removed by extraction with 6 M NaOH solution and finally titania nanotubes 
or nanorod arrays are obtained [4].

Figure 3. Schematic diagram of the TiO2 nanotube “brush-like” array side view (A) and 
top view (B) 

The length of the prepared nanotubes (up to 1000 mm), wall thickness (5-34 nm) 
and tube-to-tube spacing (0-10 nm) can be easily controlled by changing the 
preparation conditions such as anodization potential, time and temperature of the 
process and fluoride-based electrolyte composition [4].
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5. Dyes and sensitizers
Not only mesoporous anode material was of key importance for the 

O’Regan and Grätzel’s success with the first DSC in 1991. Huge influence on 
their discovery performance had the trimeric ruthenium complex (see Fig. 4. D) 
used as a sensitizer. The most important advantage of this sensitizer is its relative 
high stability with the turnover number measured as 5 × 106 [4, 14]. However, 
similsrly as for the mesoporous electrode, O’Regan and Grätzel were not the 
first who used ruthenium dyes for DSC. The Ru-complexes with carboxylated 
bipyridine were for the first time used as sensitizers in 1979 by Anderson et al. 
for sensitizing TiO2 single crystals [4, 24]. The brilliant idea behind the first 
highly efficient DSC was a combination of the advantages of the high surface 
area of porous TiO2 with the stability and light absorption properties of the 
ruthenium dye, which produced desired results and brought a great success to 
O’Regan and Grätzel.
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The most important properties of dyes used in DSC’s are [25]:
•	 broad and strong absorption, covering the widest possible range of 

electromagnetic radiation from visible light up to near-infrared;
•	 maximum stability of its excited state and resistance to deactivation by 

the emission of light and/or heat;
•	 strong and irreversible binding to the semiconductor surface and high 

electronic coupling of its excited state to the semiconductor conduction 
band;

•	 high chemical stability of the ground, excited and oxidized state;
•	 for effective electron injection, the reduction potential should be 150 – 

200 mV higher than the semiconductor band edge;
•	 for rapidly regeneration, oxidation potential should be 200 – 300 mV 

lower than the red-ox potential of the electrolyte electron mediator 
species.

For last 20 years a great number of dyes (from natural, extracted from various 
plants, through synthetic metal complexes, to various organic compounds) have 
been tested as the DSCs sensitizers, however the best photovoltaic performance 
was obtained for Ru(II) polypyridyl complexes [4, 25]. Introduced in 1993 by 
Grätzel and co-workers N3 dye (Fig. 4. A) was a sensitizer used in the first dye-
sensitized solar cell, which acheved a photovoltaic conversion efficiency of 10 
% [4, 25-26]. The partly deprotonated form of N3 was presented by the same 
group and called N719 (Fig. 4. B). The cell obtained by using this sensitizer has 
reached overall photon-to-current conversion efficiency of 11.2 % [4, 25, 27]. 
These two dyes were characterized by such excellent properties as broad visible 
light absorption spectrum up to 800 nm, suitable long excited state lifetime 
(around 20 ns), strong adsorption on the semiconductor surface, and relatively 
long lifetime in photovoltaic process conditions. These advantages made N3 and 
N719 the reference dyes for DSC, and are used as a basis for designing other 
more or less efficient Ru-containing sensitizers [4].

A good example of the importance of using of the dye meeting all the criteria 
listed above is tri-thiocyanato terpyridyl Ru(II) complex N749, also known as 
the “black dye” (Fig. 4. C) designed by the same researchers who developed 
N3 and N719  [28]. This sensitizer absorption spectrum is covers the whole 
visible range extended to near-IR region up to 920 nm. Another interesting 
property of the “black dye” is that its absorption and emission maxima show 
a bathochromic shift which depends on pH. This feature shows that the excited 
state lifetime is strongly related to pH values [25]. Such properties of this dye 
suggest that it could be a very efficient sensitizer, however, the DSC sensitized 
with N749 shows conversion efficiency of 10.4 %, which is much lower than 
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that characteristic of N719, and only slightly higher than the achieved with 
N3 [4, 7, 25, 28] (according to the first reported N3-sensitized DSC [26], 
afterwards more efficient N3-sensitized cells were obtained [25], so the “black 
dye” became less efficient than N3 in the same conditions). The reason for this 
unexpected relatively low efficiency of the “black-dye” containing DSC is low 
semiconductor surface coverage by N749, and its low extinction coefficient [25].

Despite efficient performance of Ru(II) complexes as sensitizers in Grätzel’s 
cells, organic dyes are also very intensively studied. The main reason for 
the search for a replacement of ruthenium complexes is their relatively high 
price resulting from the content of rare metal, and significant difficulties in 
purification of dye after its synthesis. The main advantages of the organic dyes 
are: wide range of possibilities of designing their physicochemical properties 
via appropriate molecular modeling, well known synthetic methods with 
easy purification procedures, and finally high molar absorption coefficients. 
However, their relatively low photostability or insufficient light harversting in 
visible region caused by sharp absorption bands in the visible spectrum should 
be pointed to as the main disadvantage [25]. To this date the highest performance 
of organic-dye sensitized solar cells is 10.3 % obtained by Weng et al. using an 
orderly conjugated ethylenedioxythiophene and dithienosilole blocs containing 
a dye named C219 [29].

6. Electrolyte systems
The electrolyte is “the weakest link” of the dye-sensitized solar cells. The 

most effective devices use liquid electrolytes, which generate problems such 
us probability of solvent evaporation or leaking when the cell is not perfectly 
sealed, or water and/or oxygen permeation into the cell and their reactions 
with the DSC components. The consequences of the above mentioned effects 
is a significant reduction in the cell performance and/or time of its stability. 
Moreover liquid electrolytes are a source of problems in manufacturing of the 
commercial multi-cell modules, because the single cells, which make a module, 
must be electrically connected and simultaneously chemically separated but still 
located on a single conducting glass substrate. To minimize those effects, solvent 
free ionic liquids, solid or quasi-solid state (both organic and inorganic) hole 
conductors or conductive polymers are used, however, the performance of the 
cells using these alternative electrolytes is still lower than that of the cells with 
liquid electrolytes [3-4, 6, 25, 30]. 

In the first DSC constructed in 1991 the authors used an electrolyte based 
on tetrapropylammonium iodide and iodine dissolved in a mixture of ethylene 
carbonate and acetonitrile [14]. For the last nearly 20 years, different solvents, 
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redox couples and additives have been tested to tune up the electrolytes properties 
to improve DSC performance, but, in fact, we are still using the same categories 
of electrolytes based on I-/I3- redox couple [4]. The main disadvantages of the 
iodine/iodide redox mediator are high corrosive properties and photochemical 
activity. There are two common approaches to replace iodine-based electrolytes. 
The first is to use molecular species of similar type as iodine, for example Br-/Br3

-

, SCN-/(SCN)3
- or SeCN-/(SeCN)3

-, and the second is to use the transition metal 
systems, such us cobalt(II)/(III), copper(I)/(II) or nickel(III)/(IV). Unfortunately 
all these alternative redox couples show much faster recombination reaction than 
iodine/iodide couple, which is probably its greatest advantage, and makes its 
hard to replace [4].

7. Conclusions
Dye-sensitized solar cells are seen as an alternative for traditional silicon 

photovoltaics. Today their main advantage is a low price in comparison with 
that of silicon cells. Unfortunately there are still many issues that must be solved 
before DSCs will be commercially available. The efficiency of the known DSCs 
is relatively low, moreover enlarging scale of single cell or module leads to 
decreased photon-to-current conversion efficiency (the working area of the most 
of high-effective cells reported, does not exceed 1 sq. cm). Another challenge 
is to extend the durability time and thermal stability of the cells for household 
devices. In summary, there is still much to be done, but 20 years ago there were 
no indicators that it would be possible to achieve a photovoltaic conversion 
efficiency over 1 %, and now it is easy to exceed the limit of 10 %, so it can 
be expected that further work on the development of DSC technology will lead 
to achieve stable, efficient, and at the same affordable devices based on dye-
sensitized technology and applicable in the daily green energy raising.
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1. Introduction
Since the discovery of the nuclear magnetic resonance phenomenon in 

1946, it becomes one of the most important analytical technique, used in many 
branches of chemistry, biology, medicine, physics and various applied science. 
At the beginning of this method evolution the most important and the widest 
studied aspect was the application of the 1H NMR spectroscopy in organic 
chemistry (mainly for determination of the compounds structures). However, 
the intensive development of the NMR spectrometer has caused the increasing 
of the number of available techniques, nuclei which could be measured, 
experiments sensitivity etc. Among 84 naturally occurring chemical elements 
only three (Ar, Ce and Th) are not suitable for NMR measurements because of 
absence on natural isotopes of nuclear spin number I > 0. Although also some 
others elements, possessing magnetically active isotopes, could not be used for 
NMR experiments, for example because of huge quadruple moment (i.e. Au, 
In, Ir etc.), or the paramagnetism of their compounds (i.e. Pr, Eu, Gd and some 
others lanthanides), NMR of less common studied, so called “exotic” nuclei is 
one of the most interesting branch of the spectroscopy. Nowadays multinuclear 
magnetic resonance of the “exotic” isotopes is important tool for inorganic, 
metalorganic as well as supramolecular and material chemistry.

2. Nuclear magnetic resonance of the noble gases – an introduction
Among noble gases only argon is not suitable for NMR measurements 

because of no stability and magnetical activity of this element isotope. Also the 
only one radon isotope with nuclear spin > 0 (219Rn) is not useful for NMR 
experiments due to its short life half-time (3.96 s). The basic NMR properties of 
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the other noble gases isotopes were summarized in Table 1.

Table 1. Basic nuclear properties of NMR-suitable noble gases isotopes

Nuclei Spin
Natural 

abundance 
(%)

Receptivity 
(13C = 1.00)

Quadrupole 
moment
(10-30 m2)

Resonant 
frequency 
(MHz) at 
2.348T

Chemical 
shift 

standard

3He 1/2 0.00014 0.00326 - 76.178 Hea

21Ne 3/2 0.27 0.0036 9 7.894 Nea

83Kr 9/2 11.50 1.23 15 3.847 Kra

129Xe 1/2 26.4 31.8 - 27.660 XeOF4
Xea

131Xe 3/2 21.2 3.31 -12 8.199 XeOF4
Xea

a extrapolated to zero pressure

As it could be seen, only two of noble gases have an isotope of the spin I 
= ½ and, in consequence, their spectra could be measured without disturbance 
by quadrupole interactions. First of them, 3He is rarely used for NMR studies. 
Once, helium does not form any covalent or ionic compounds, so the tools 
for their studies are not necessary. Additionally, very low natural abundance 
of this isotope causes its extremely small receptivity. On the other hand, the 
experiments with enriched samples are very expensive because of the prices 
of 3He (about 1000 $/L). Moreover, its resonance frequency is not available on 
most commercial spectrometers. In consequence, helium-3 NMR studies are 
quite sparse, and concentrate on He encapsulated in fullerenes and application of 
helium as the probe for studying of porous materials. The second I = ½ isotope is 
129Xe. The intensive development in the xenon chemistry causes an increasing of 
the importance of 129Xe NMR. Because of the sensitivity of the xenon chemical 
shift on the electronic effects (it covers the range of about 7000 ppm), this method 
in an excellent tool for the studying of covalent and ionic compounds of xenon 
and mechanisms of any reactions involving them. Also the spin-spin couplings, 
easily observed in the 129Xe NMR spectra give a useful information about the 
structure of the Xe compounds. The high receptivity of 129Xe NMR experiments, 
favorable relaxation times similar to that of 13C and the fact, that the 129Xe spectra 
could be measured on most of the spectrometers produced in present days cause, 
that a large number of 129Xe NMR data (chemical shifts, coupling constants etc.) 
are available. The excellent, comprehensive reviews about the application of this 
technique for the studying of xenon compounds structure and their reactivity 
were published1-4. The other areas where the 129Xe NMR spectroscopy is widely 
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used are the characterization of porous inorganic and organic materials and 
chemistry of xenon atoms containing fullerenes as well as the supramolecular 
complexes of Xe with organic ligands. The huge range of 121Xe chemical shifts 
and the sensitivity of this parameter on intramolecular interactions make xenon 
an excellent probe on van der Waals forces in gases and liquids.

The quadrupolar nuclei of noble gases (21Ne, 83Kr and 131Xe) were much more 
extensively studied. Only few papers, mainly confined to physics, involving their 
application for NMR spectroscopy were published. The 131Xe NMR signals were 
strongly widened in the result of fast relaxation due to quadrupolar mechanism. 
Although such effects make this isotope useless for studies of xenon compounds, 
it becomes an interesting probe for studying the order, structure and electric field 
gradients of liquid crystals, micelles and solid materials surfaces. Differences 
between gyromagnetic ratios of both xenon isotopes make them a good tool for 
an identification of frequency-depended interactions. 

Even though krypton chemistry is not so intensively developed as xenon 
one, large number of Kr containing compounds were synthesized. On the other 
hand no 83Kr NMR data of covalent or ionic krypton compounds were given4,5. 
The NMR studies of this nuclide focused on the characterization of porous 
materials and surfaces. The 21Ne isotope was not studied during chemical NMR 
investigation until nowadays.

3. 129Xe NMR studies of xenon complexes with organic supramolecular li-
gands

Xenon atom van der Waals radius is 216 pm, therefore, xenon may form  
supramolecular complexes with a wide spectrum of ligands: cyclodextrins, 
crown ethers, cryptophanes, cucurbiturils, hemicarcerands and calixarenes.

The earliest NMR data of supramolecular xenon complexes were given 
for crown ethers in chloroform solutions6,7. The authors observed significant 
changes of 129Xe NMR chemical shift of xenon signal obtained for CHCl3 
solutions containing 12-crown-4 or 15-crown-5 (Fig. 1A, B) ethers in 
comparison with pure chloroform. Such shifts were not recorder if other ethers 
(1,4-dioxane, triglyme or tetraglyme) were used instead of crown ethers. In both 
cases only one signal in the 129Xe NMR spectrum was observed, which indicated 
on fast exchange of the xenon atom between the complex and free form. The 
chemical shifts calculated from fitting of the results obtained for various ligand 
concentrations were collected in Table 2. The studies of complexes of Xe with 
other crown ethers or cryptands were not performed.
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Table 2. 129Xe NMR chemical shifts and stability constants for complexes of xenon with 
supramolecular ligands	

Ligand 
number Ligand name

129Xe NMR 
chemical 

shift

Stability
constant a

[M-1]
Conditions

1A 12-crown-4 249.0 0.082 CHCl3

1B 15-crown-5 256.1 0.082 CHCl3

1C α-cyclodextrin

196.0
195.6
192
199

22.0 
2.2
- 

H2O; 298 K
DMSO; 298 K

solid state, hydrated crystals
solid state, anhydrous

2A cucurbit[6]uril 122.0 210 0.2 M Na2SO4 in D2O; 298 K

2B - 97.0
132.0

1300 (ITC)
180 (ITC)

H2O; 295 K
0.2 M Na2SO4 in H2O; 295 K

2C
cucurbit[5]uril 

dihydrochloride 
octyahydrate

230 - solid state

2F - 196 - CDCl3

2G p-tert-butyl
calix[4]arene 59; 64 - solid state

2H p-hexanoyl
calix[4]arene 90; 190 - solid state; 293 K

2I p-octanoyl
calix[4]arene 100; 190 - solid state; 293 K

2J p-decanoyl
calix[4]arene 105 - solid state; 293 K

2K p-dodecanoyl
calix[4]arene 120; 200 - solid state; 293 K

2M p-hexadecanoyl
calix[4]arene 75; 210 - solid state; 293 K

2O
4-sulfothia

calix[4]arene 
sodium salt

117.7 13.6 D2O; 298 K

2P - 114 200 CDCl3

3A cryptophane-A 61.0
54.1

3900
-

(CDCl2)2; 278 K
(CDCl2)2/toluene (1:1); 238 K

3B cryptophane-223 53.5 2800 (CDCl2)2; 278 K
3C cryptophane-233 45.0 800 (CDCl2)2; 278 K
3D cryptophane-224 73.5 9.5 (CDCl2)2; 278 K

3E cryptophane-111 32.0
-

10000
28000

(CDCl2)2; 293 K (Ref.16)
(CDCl2)2; 278 K (Ref.17)

3F cryptophane-E 32.0 <10 (CDCl2)2; 278 K
3G - 47.0 1400 (CDCl2)2; 278 K
3H - 68.5 - (CDCl2)2; 278 K
3I - 61.0 - (CDCl2)2; 278 K
3J - 61.5 - (CDCl2)2; 278 K
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3K cryptophane-C 54.0 - (CDCl2)2; 278 K
3L cryptophane-D 68.5 - (CDCl2)2; 278 K
5B - 53.7 - (CDCl2)2/toluene (1:1); 238 K
5C - 53.5 - (CDCl2)2/toluene (1:1); 238 K
5D - 53.4 - (CDCl2)2/toluene (1:1); 238 K
5E - 53.2 - (CDCl2)2/toluene (1:1); 238 K
5F - 52.9 - (CDCl2)2/toluene (1:1); 238 K
5G - 52.0; 53.2 - (CDCl2)2; 228 K
7A - 77.5 3400-4400 (CDCl2)2; 283 K
7B - 71.2 3400-4400 (CDCl2)2; 283 K
8A - 62.3; 63.1 - D2O; 298 K
8B - 62.5; 63.5 - D2O; 298 K
8C - 62.2; 62.8 - D2O; 298 K
8D - 64.5; 65.2 - D2O; 298 K
8E - 64.3; 65.0 - D2O; 298 K

8F - 63.9; 64.1; 
64.7; 65.0

- D2O; 298 K

9A - 64.0 6800 D2O; 293 K
9B - 52.0 2200 D2O; 293 K
9C - 42.0 2200 D2O; 293 K
9D - 35.0 1000 D2O; 293 K

9F

- -
64.6

-
-

17300 
(ITC)

-
30100 
(ITC)

21900 (ITC)

1 mM phosphate buffer, pH 7.2; 
293 K

1 mM phosphate buffer, pH 7.2; 
300 K

1 mM phosphate buffer, pH 7.2; 
310 K

human plasma; 310 K
10A - 65.0; 65.9 - H2O/D2O (1:1); 296 K
10B 62.3; 62.9 - H2O/D2O (1:1); 293 K
10C 66.1; 66.9 - H2O/D2O (1:1)
10D - 61.8; 62.4 - D2O; 291 K
10E - 61.4; 62.2 - D2O; 291 K
10F 63.3 - PBS buffer, pH 7.4
10G - 68.5 - D2O, 310 K
10I - 41.8 - (CDCl2)2/toluene (75:25); 298 K
11A 63.5 - 50 mM Tris buffer, pH 8.0; 293 K
11B 63.9 - 50 mM Tris buffer, pH 8.0; 293 K
11C 62.9 - 50 mM Tris buffer, pH 8.0; 293 K

13A - 62.0
73.0

-
-

H2O/D2O (3:1); 298 K
Intralipid®; 298 K

13B - 62.7; 63.0 - D2O; 295K

a) unless otherwise noted, stability constants were determined by 129Xe NMR
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The only cyclodextrin studied as the ligand for xenon is a-cyclodextrin, 
an homologue composed from six glucopyranose units (Fig. 1C). The complex 
formation was carried out in water and in DMSO8 as well as in solid state9. 
In liquids, the nonlinearity of the d129Xe plotted as the function of a-CD 
concentration indicates on the three-site model of the xenon complexation. The 
authors assume that the xenon atoms may be complexed inside the a-CD, may 
stay in the close environment of the oligosaccharide molecule or exist in the bulk 
phase. The exchange between these three sites is fast, therefore only one signal 
is observed in the spectrum. The binding constants and chemical shifts of the 
complexed xenon atom were calculated from fitting of the experimental chemical 
shift results, obtained for various concentration of Xe as well as ligand molecule. 
Additional experiments with linear, not cavity forming oligosaccharides, 
containing 1 to 6 glucose units were also performed. The K values obtained for 
a-CD complexes with xenon are 22.9 M-1 (in water) and 2.2 M-1 (in DMSO). The 
complex formation were confirmed by 129Xe-1H heteronuclear nOe experiments. 
The irradiation of the sample with resonance frequency of H-3 protons signal 
caused the change of the 129Xe NMR signal intensity, the enhancement factor 
was -0.23. The values of chemical shifts of xenon atom binded inside the 
cyclodextrin are similar for solid and liquid samples (Table 2).
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Figure 1. Structures of 12-crown-4 (1A), 15-crown-5 (1B) and a-cyclodextrin (1C)

The cucurbit[6]uril (Fig. 2A) 1:1 complex with xenon was also studied by 
129Xe NMR spectroscopy10. As for a-cyclodextrin, cucurbituril forms a stable 
host-guest compound with Xe in the effect of week London energies. Because of 
the limited solubility of the ligand, the studies were performed in 0.2 M solution 
of Na2SO4 in water, at pH = 2.2. The spectra were recorded for different Xe/
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host molecule ratios. At the low xenon concentrations, one resonance line was 
observed at 122 ppm. After the increasing of the xenon amount in the sample the 
second signal at 195 ppm, which corresponded to water solvated Xe atom, built 
up. This indicates on the slow (in the NMR time-scale) exchange between the 
encapsulated and free xenon position, however this process influents effectively 
on the relaxation times via scalar mechanism. The 129Xe signals recorded for 
the cucurbiturils containing samples were significantly broadened in comparison 
with the signal of Xe dissolved in water (800 Hz vs. 10 Hz). The line-width of 
both signal obtained from the cucurbituril containing samples increased with 
the increasing of Xe/ligand ratio. The binding constants of this complex was 
calculated from the 1H NMR titration as well as from competition experiments 
with cucurbit[6]uril/xenon/tetrahydrofuran system and estimated to be 210-240 
M-1. Further studies of cucurbituril-xenon complexes were performed on this 
system in more acidic solutions (0.5 M D2SO4 in water)11. The K value obtained 
in this system is similar to that for the previously described (220 M-1) but, in 129Xe 
NMR spectrum, only one signal with chemical shift typical for uncomplexed 
xenon is observed. Authors explain this as the effect of the chemical exchange 
– the signal of the bonded xenon is too broad to be observed in the spectrum. 

The water soluble cucurbit[6]uril analogue (Fig. 2B) was also checked 
as the xenon binding molecule12. The stability constant, determined in water 
solution with isothermal titration calorimetry, was over one order of magnitude 
larger than for not modified cucurbituril molecule (3400 M-1). The 129Xe NMR 
spectra, recorded in water using hyperpolarized xenon, show two signals – one 
of unbonded and one of complexed Xe atom (190 ppm and 97 ppm respectively). 
As for unsubstituted cucurbituril, the exchange process is sufficiently slow in the 
NMR time scale. The spectra obtained for this ligand in 0.2 M water solution of 
Na2SO4 showed three significant changes, in comparison with those recorded in 
pure water: a) the signal of encapsulated Xe was shifted downfield to about 125 
ppm; b) the ratio of the bonded/unbonded Xe resonance line was smaller for the 
samples of the same Xe/ligand ratios; c) the signals were significantly narrower. 
The 129Xe chemical shift characterizing the sample containing the Na2SO4 is very 
similar to that obtained for the complexes with unsubstituted cucurbituril. The 
differences between the d129Xe in spectra recorded with the presence or absence 
of salt in the solution indicate on the interaction of encapsulated Xe atom with the 
cations on the ligand portals. The decreasing of the bonded/unbonded Xe signals 
ratio is the effect of the decreasing of the affinity of the xenon to the ligand 
molecule. The K value for the Xe interaction with 2B ligand in sodium sulfate 
containing solution, determined by 129Xe NMR is 180 M-1, so it is significantly 
smaller than for solutions in water (and similar to that of Xe-cucurbit[6]uril 
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complex in water/Na2SO4). Signal narrowing suggests slower exchange of 
Xe atoms between bonded and free positions. It was confirmed with 2D 129Xe 
EXSY spectra. The calculated rate constants of the complexation (ingression) 
and decomplexation (egression) processes in water were one order of magnitude 
higher than in water/Na2SO4 system (king = 3.0 x 106 M s-1, kegr = 2.3 x 103 s-1 vs. 
king = 5.4 x 104 M s-1, kegr = 3.1 x 102 s-1). The slowing of the chemical exchange is 
probably caused by the presence of Na+ ions at the portal. The authors determine 
also the 129Xe spin-lattice relaxation time (T1) for the complex in water solution. 
The value of these parameters, calculated from experimental, is about 40 s.

The cucurbit[5]uril hydrochloride hydrate (Fig. 2C) was studied by 129Xe 
MAS NMR in solid state32. The signal observed at 205 ppm was assigned to 
the xenon atom inside tight cage of the host, the one at 105 ppm to the Xe in 
interstitial sites, while at 10 ppm to the xenon adsorbed in interparticle pores. 

Branda et al. have studied the complexes of xenon gas with self-assembling 
dimers (Fig. 2D-F)26. They shown that the encapsulation process might be 
controlled by the protonation of the ligand. Only for one host (2F) the 129Xe 
NMR data were given. For the CDCl3 solution of the ligand two signals, one 
corresponding to free xenon, second to the complexed one, were observed. The 
encapsulated Xe atom gave the resonance line about 19 ppm upfield shifted 
(i.e. at 196 ppm) that the non-bonded xenon. No stability constants or other 
thermodynamic or kinetic parameters were given.  

The first calixarene-xenon complexes NMR data were obtained for 
crystalline p-tert-butylcalix[4]arene-nitrobenzene-xenon system (Fig. 2G)27. It 
was also the first example of gas inclusion to calix[4]arene cavity. The XRD 
analysis has showed, that in crystalline sample of studied complex about 17% 
of the host cavities were occupied by xenon atoms, while the rest of them by 
nitrobenzene molecules. The 129Xe MAS NMR consists of two signals (δiso 
59 and 64 ppm) of slightly different intensities (0.6:0.4). This indicates that 
Xe is bonded in two inequivalent sites, possessing slightly different xenon 
occupancies and void space volumes. The fitting of static 129Xe spectra gave 
the values of the chemicals shifts anisotropy (CSA) tensors for both sites. Their 
δ

11 and δ22 parameters differ (49 ppm vs. 64 ppm and 54 ppm vs. 60 ppm) while 
the δ33 values are the same (76 ppm). The asymmetry of both powder patterns 
CSA tensors reflect to the departure from the axial symmetry of calix[4]arene 
cage. The δ33 component corresponds to the anisotropy along z-axis. The fact 
that for both 129Xe signals this parameter has the same value, indicates that the 
both xenon occupied cavities have the same dimension along this axis. The 
differences in the cavities dimensions, sampled by Xe atom, are in the xy plane. 
As it was proved on the basis of XRD measurements, the disorder of the one of 



127

Application of noble gases NMR in supramolecular and material...

tert-butyl group influented on the cavity xy dimensions, while it did not disturb 
its along z axis. The presence of two 129Xe signal indicates on the static character 
of this disturbance.

The further studies of calixarene xenon complexes focus on the solid lipid 
nanoparticles of 4-acylcalix[4]arenes (Fig. 2H-M) and their sorption properties, 
studied with hyperpolarized 129Xe NMR28. The colloidal suspensions of solid 
particles of the mean diameter equal to 150 nm in water were used for the studies. 
For all studied ligands the 129Xe spectra showed four signals, originating from free 
Xe (0 ppm), the xenon in interparticle space (~20 ppm), the Xe atom in calix[4]
arene cavity (80-130 ppm) and the noble gas atom located between the aliphatic, 
hydrophobic chains of the molecule (approximately 190 ppm). The linear 
dependence of 129Xe chemical shift of the xenon atom inside the ligand cavity 
and the length of the acyl substituents chain length was observed. This indicates 
on the decreasing of the reduction of the void space of the calixarene cage with 
the increasing of hydrophobic chain length. Authors explain this effect by folding 
of the chains over the cavity as well as into it, which reduces or completely fills 
the void space and disturbs the Xe encapsulation. The MAS NMR spectra for the 
studied compounds complexes with Xe, recorded after the pulse of methylene 
chloride, show the disappearing of the signal corresponding to the xenon atom 
located inside the host molecule cavity. This proves the displacement of the 
noble gas atom by CH2Cl2 molecule. After some time, the signal at 80-100 ppm 
rebuilt, that indicated the return of the Xe to the host cavity as methylene chloride 
was stripped out. The signal obtained after this cycle shows some differences in 
comparison with that before CH2Cl2 pulse: a) it is upfield shifted (about 15 ppm 
for 2H); 2) it is split into two resonance lines (at 78.6 and 73.6 ppm for ligand 
2H); 3) the intensity of recovered signal is distinctly higher than that for material 
before methylene chloride action. Authors explain this phenomena on the basis 
of two effects. The deshielding of the signal and its intensity increasing are the 
result of the exclusion of substituents chains from the calixarene cavities, which 
increases the void space and the accessibility of the host cage. The splitting of 
signal is the effect of statistically disordered substituents. Special interest was 
dedicated to the host 2I which formed the nanocapsules in solid state29. The static 
129Xe NMR studies of its complex with xenon show a signal at approximately 
100 ppm, which exhibited an axial anisotropy of chemical shift. The calculated 
void space and crystallographic structure indicate that the cavity of calixarene 
part is not accessible for Xe atom because of its occupancy by one of the C8 
chains, therefore the xenon is located in the channel formed between the two 
calixarenes, limited by the aliphatic chains of the host molecule.

The only results of the Xe complexes with calixarene in solution were 
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presented for 4-sulfothiacalix[4]arene sodium salt (Fig. 2O) in D2O
30. For the 

studied complex, one signal at 130-200 ppm, depending on ligand concentration, 
was observed. It is shifted to higher field with increasing of 2O concentration. 
The absence of the signal corresponding to soluble Xe gas indicates on fast 
exchange between complexed and free xenon atoms, which could be explained 
by the flexibility of a host molecule. The calculated on the basis of 129Xe NMR 
titration experiments chemical shift for Xe@2O complex is 117.7 ppm, while 
the stability constant is 13.6 M-1 (298 K). The temperature variable 129Xe 
measurements permit to determine the K values at different temperatures as well 
as thermodynamic parameters of complexation process.           

Hemicarcerands form a unique group of supramolecular ligands (Fig. 2P). 
The complexation of Xe by ligand 2P was successfully studied by 129Xe NMR31. 
The saturation of the CDCl3 solution of host with xenon gas caused the formation 
of signal at 114 ppm. The kinetics of complex formation in chloroform solution 
were studied (the second-order rate constant were estimated to be 9.2 x 10-4 s-1 
M-1), as well as for the decomplexation process (kd = 4.2 x 10-4 s-1; in CD2Cl2). 
The estimated K value is 200 M-1.
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Figure 2. Cucurbituril (2A-C), glucuril (2D-F), calixarene (2M-O) and hemicarcerand 
(2P) xenon complexing ligands

The largest group of xenon binding supramolecular ligands are cryptophanes. 
The earliest studies focused on cryptophane-A (Fig. 3A), a cage molecule forming 
stable complexes with various neutral guests, i.e. methane or chloroform. 

The largest group of xenon binding supramolecular ligands are cryptophanes. 
The earliest studies focused on cryptophane-A (Fig. 3A), a cage molecule forming 
stable complexes with various neutral guests, i.e. methane or chloroform.
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Figure 3. Cryptophane ligands

The cryptophane may adopt various conformation and fit to the size and shape 
of the guest molecule. The measurements were made in 1,1,2,2-tetrachloro-1,2-
dideuteroethane, which molecule did not incorporate in the cryptophane-A cage13. 
The 129Xe NMR spectra of the solution containing a ligand show the downfield 
shifted signal of the encapsulated Xe atoms and the second, corresponding to 
free xenon, present in the solution (62.3 ppm and 229.5 ppm respectively). It 
indicates on slow, in the NMR time-scale, exchange between these two species, 
however this process influents on the broadening of the both signals. The large 
difference of the bounded and free xenon chemical shifts comes from the strong 
intramolecular interactions (mainly van der Waals forces) of the host molecule 
with highly polarizable electron cloud of xenon guest atom. The ring current 
effects contribute much weaklier on the complexation induced shift. The authors 
present also detailed studies of temperature and host/guest ratio dependence of 
the line-widths and chemical shifts of the both signals observed in the spectrum. 
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The following observations are important for the studied system: a) the chemical 
shift of the free xenon is the same, within the experimental error, in pure solvent 
as well as in the presence of the ligand in wide temperature range; b) the chemical 
shifts of encapsulated xenon do not depend on xenon/ligand ratio and change 
linearly in the wide temperature ranges; c) the line widths of the encapsulated 
and free xenon signals are the same in low temperatures (240-250 K). It 
indicates that, at lower temperatures, the situation of infinitely slow chemical 
exchange occurs. Additionally, the chemical shifts changes may not originate 
from the slowing down of the exchange process, but it should be intrinsic to 
the structure of the complex formed. They are explained by the changes of the 
cryptophane cavity dimensions due to the dynamics of OCH2CH2O units and the 
deshielding effects of repulsive configurations, characteristic for xenon atom in 
confined cavity space. The affinity of the xenon to the cryptophane-A molecule 
was determined by 1H NMR in the competition experiments with xenon/ligand/
CHCl3 system, and it was established to be larger than 3900 M-1.

Further studies of the Xe/cryptophane-A complexes took the advantages 
of the hyperpolarized 129Xe NMR technique and used the heteronuclear 
Overhauser effect to determine the structure of the host-guest system14. The 
spectra recorded with SPINOE sequence, for the sample with positively and 
negatively hyperpolarized xenon, show the significant enhancement of the all of 
the ligand protons’ signals after irradiation of the sample with the frequency of 
129Xe resonance line, and vary from 3 to 13%, depending on the proton position. 
The results of this experiment were collected in Table 3. As it comes from the 
discussion presented by the authors, the xenon atom is included into the cavity of 
the ligand and the spacer bridges are in gauche conformation. Additionally, the 
T1 relaxation times for 129Xe and 1H nuclei of the host and guest were determined 
(approximately 16 s for encapsulated xenon, hundreds of second for free Xe 
dissolved in (CDCl2)2).

	
Table 3. The SPINOE experiment results for cryptophane-A/xenon system

Proton T1 [s] SPINOE [%] sHXe/sH(aromatic)Xe
1

Ar-H 0.80 11.0 1.00 1.00
ArCH2Ar ax. 0.27 3.0 0.47 0.3-0.4
ArCH2Ar eq. 0.35 2.7 0.35 0.3-0.4
OCH2CH2O 0.36; 0.41 5.2; 13.0 0.67; 1.55 0.3; 1.5-1.8

OCH3 0.83 2.6 0.23 0.1-0.3
1 relative H-Xe cross relaxation rates  

rHXe-6/rH(aromatic)Xe
-6 
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In following years the chemistry of cryptophane-xenon complexes were 
concentrated on two scopes – optimizing of the cages to the xenon complexation 
process and modification of the ligand properties (binding constants, solubility) 
by molecule modifications by substituents. In the work of Brotin and Dutasta15 
three new cryptophane ligands with different length of spacer bridges were 
presented (Fig. 3B-3D). All compounds were characterized by 129Xe NMR 
spectroscopy in (CDCl2)2. The compounds 3B and 3C show separated signals 
of free and encapsulated xenon atoms in the NMR spectra that indicates the 
slow exchange between these species. In the spectrum of 3D/xenon system, only 
one, broad line of the chemical shift close to that of free Xe occurs. It is the 
effect of fast exchange and relatively short residence time of guest atom in host 
cage. The ligands 3A, 3B and 3C show a significant difference in d 129Xe values, 
which increases upon temperature decreasing. The differences between free and 
encapsulated Xe chemical shifts at 293 K were 156.0 ppm for 3A, 164.0 ppm for 
3B and 177.0 ppm for 3C, while at 238 K they were 189.0, 201.0 and 211.0 ppm, 
respectively. It is the effect of various cavities volume changes with temperature 
decreasing for above ligands and, in consequence various confining of Xe 
atom. The binding constants were determined by the 129Xe NMR experiments 
performed for mixtures of studied ligands with cryptophane-A, their values were 
given in Table 2. The kinetic of the chemical exchange for compounds 3B and 
3C was studied by 1D 129Xe EXSY experiments in various temperatures and the 
activation parameters were determined.

Fogarty et al.16 has synthesized the smallest cryptophane (3E) and determined 
its xenon encapsulating properties by standard and hyperpolarized 129Xe NMR. 
The host shows enormously high affinity to the xenon, the binding constant, 
obtained from competition experiments with cryptophane-A is close to 10000 
M-1. Also the kinetic parameters, the decomplexation rate and the mean residence 
time are quite high, distinctly higher than that determined for cryptophane-A, 
which indicates on the high stability of the complex formed. It effects in the 
shape of the signals in the xenon NMR spectrum – the lines are significantly 
narrower than for the complexes with hosts 3A-D. The T1 relaxation time for 
Xe@3E is 18.8 s, which value is smaller than that obtained for cryptophane-A, 
due to the smaller proton-xenon distances and increased correlation times.

The systematic studies of xenon complexation by cryptophanes were made 
by Huber et al.17. The series of new, modified ligands (Fig. 3F-L) were obtained 
and their 129Xe NMR spectroscopic properties as well as complexating properties 
were studied. The results were compared with that for known ligands (3A-E), for 
which some spectral parameters were redetermined. The studies concentrate on 
the influence of the cage size and the character of the phenyl rings substituents 
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on the ligand properties. The thermal and light polarized xenon was used for 
their characterization. All measurements were made for (CDCl2)2 solutions. The 
following parameters were determined for all studied host molecules: xenon 
binding constants (K), the 129Xe chemical shifts and their temperature dependence, 
decomplexation (release) rate of the encapsulated xenon and longitudinal 
relaxation times (T1) of encapsulated xenon nucleus. Xenon forms 1:1 complexes 
with studied ligands. The stability constants were collected in Table 2. They 
were determined from competition 1H and 129Xe NMR experiments as well as 
1H NMR titration of the ligand with xenon gas. The ligands forming the series 
3A-D and 3F differ only in the length of the chains linking two cyclotribenzylene 
(CTB) parts. As it could be seen, the increasing of the length of these spacer 
bridges resulted in the decreasing of the xenon to ligand affinity. It is the effect 
of the weakening of the host-guest London forces due to the increasing of noble 
gas atom – ligand atom distances. Also the higher flexibility of the ligand may 
influent on the entropic part of the affinity constant and decrease the K value. The 
third reason of the stability constant decreasing with the increasing of the spacers 
length may be stronger solvent molecules-encapsulated xenon atom interactions 
via larger, more flexible ligands portal. These interactions could also explain 
lower stability of the complexes with 3G ligand than this with cryptophane-A, 
because the absence of the methoxy substituents allows to contact of the Xe 
atom with solvent molecules. The xenon-129 chemical shifts of the complexes 
were collected in Table 2. The authors confirm previous observation, that for 
ligand-xenon systems, showing slow chemical exchange (in NMR time-scale), 
the 129Xe chemical shift is independent from the concentration of ligand or xenon 
partial pressure. The influence of the sphericity of the cage and the arrangements 
of the linking bridges on the 129Xe chemical shifts are clearly seen for the pair 
of ligands 3K and 3L, for which the less spherical ligands complex (3L) shows 
the downfield shifted signal in comparison with 3K. The studied ligands confirm 
also the previously described tendency of the decreasing of the chemical shift 
of encapsulated xenon atom with the increase of the size of the portal as well as 
the cage dimensions. The deshielding of the xenon nucleus increases upon the 
minimizing of the distances between the guest and hosts atoms. The detailed 
analysis of the 129Xe chemical shifts dependence on the solvent used for complex 
preparation leds the authors to state, that for the ligands with greater cavity the 
influence of the solvent molecules on the xenon shielding take a significant role. 
By comparing of the δ 129Xe values of the ligands differs only in the substituents 
at the phenyl rings (3A, 3G-3K), the following observations could be made: 
a) the signal of xenon encapsulated by ligand 3G is significantly shielded in 
comparison with the other ones; b) the 129Xe chemical shifts observed for xenon 
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binded by ligands 3A, 3H-3J are very close to each other; c) the δ 129Xe of 
Xe@3K is the intermediate between the 3G and the 3A. The strongest upfield 
shift of the Xe@3G is the effect of the absence of the alkoxy substituents in the 
host molecule. This causes the increasing of the electronic density in the phenyl 
rings and, in consequence, larger shielding of the xenon atom. For complex with 
3K host, which molecule has methoxy groups bonded to the half of the phenyl 
rings, the observed xenon-129 shift is the intermediate value.

Figure 4. Temperature dependence of 129Xe chemical shifts for ligands 3A-L

The temperature dependences of the 129Xe chemical shifts of the studied 
complexes were collected in Fig. 4. The strongest influence of the temperature 
was recorded for ligands 3D and 3G. The first one contains the relatively 
flexible butanedioxy linger, which allows to the significant changes between 
host molecule conformations. The second one shows the small energy barrier 
of cage distortions, due to the absence of the alkoxy substituents at phenyl 
rings. The smallest effect, recorded for ligand 3J is explained by the presence 
of flexible butoxy substituents. The van der Waals interactions between them 
may minimize the cage conformational freedom. They could also hinder the 
interactions of the Xe atom with solvent molecules. The release rate of the xenon 
was calculated from the line-widths for the systems showing slow chemical 
exchange. The following observations should be pointed out: a) the presence 
of alkoxy substituents decreases the rate of the exchange due to hindering of 
xenon release; b) the significant differences between 3K and 3J indicate on the 
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strong influence of conformational spaces on the releasing of Xe atoms from the 
ligands cavities. The longitudinal relaxation rates of encapsulated xenon nucleus 
were determined by inversion-recovery method or the monitoring of the area of 
the 129Xe NMR signal (assuming the very slow relaxation of the xenon in “free” 
position).

The cryptophane-A molecule was also modified by successive deuterium 
labeling of ethylenedioxy bridges and/or methoxy groups18. The structures of 
the obtained ligands were presented in Fig. 5A-F. In the spectrum recorded for 
equimolar solution of 5A (unlabeled cryptophane-A) and [2H]30-cryptophane-A 
(compound 5F) in a presence of xenon, recorded at 238 K in (CDCl2)2 
three signals were observed – one originated from free xenon soluted in 
tetrachloroethane (224.8 ppm) and two well separated signals (54.1 and 52.9 
ppm), first corresponding to Xe@5A, second to Xe@5F. At 298 K the exchange 
between these three species results in collapsing of the signals of encapsulated 
xenon and broadening of both signals visible in the spectrum. Also for mixture 
of hosts 5C and 5D, which differs only by change of one CH3 group on CD3, the 
splitting of high field signal onto two lines could be seen. The authors show the 
linear dependence of the chemical shift and the number of deuterium atoms in 
ethylenedioxy bridges or methoxy groups (these two lines differs in slopes). The 
129Xe 2 D EXSY spectra recorder for the mixture containing xenon and hosts 
5A and 5F permits to determine the rate constants of the exchange processes 
between the xenon-containing species present in the solution. The results of 
these experiments were presented in Fig. 6 (in brackets). The redetermination of 
these parameters with 129Xe 1D EXSY spectra gave slightly different results19. 
Contrary to the previously described model, which assumed both exchange 
between the free and complexed species as well as direct Xe atom transfer 
between the ligands present in solution, the further measurements prove, that 
the second process did not occur. The rate constants determined with 1 D EXSY 
spectra were also given in Fig. 6. On the basis of variable temperature 1 D EXSY 
experiments, the activation parameters were calculated.
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Figure 5. Deuterated cryptophane-A analogues
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Figure 6. Rate constants (s-1) for exchange processes of xenon between free and 
encapsulated species according to Ref. 18 and 19 (in brackets)  

Very similar results were obtained for bis-cryptophane complexes20. The 
studied ligand contains two cryptophane-A units connected by 1,10-decylene 
linker. One of the complexing parts was deuterium labeled (Fig. 5G). The Xe 
complexes of ligand synthesized were studied by 129Xe NMR spectroscopy, 
involving 1D EXSY spectra. As for the mixture of deuterated and undeuterated 
ligands, two signals of encapsulated xenon atom were observed at low 
temperature, first one corresponding to the guest in deuterium labeled cage, 
second one to the xenon binded by protonated one. The calculated rate constants 
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of the xenon exchange are similar to those described for not-connected ligands. 
Also in these studies the direct exchange of xenon atom between the cages were 
not observed.

The chemical shifts of 129Xe isotope encapsulated by unfunctionalized 
cryptophane hosts were studied also by theoretical calculations21. The authors 
obtain a good reproduction of chemical shifts of Xe@cryptophane systems, 
the sign and the order of magnitude of thermal dependence of the d 129Xe, the 
changes upon the successive deuteration of the host molecule as well as discuss 
the effects of cage distortions on this value.

The D3 symmetry of cryptophane-A molecule causes its chirality and, in 
consequence, existence of two enantiomers of these ligands (Fig. 6A). It was 
showed, that the signal of encapsulated Xe atom inside the cryptophane-A 
cavity split into two lines after adding of chiral shift reagent – tris[3-(heptaflu
oropropylhydroxymethylene)-(+)-camphorato] europium(III) (Fig. 6B)24,25. The 
diastereomeric chemical shifts of the Xe atom encapsulated in the cage of the 
cryptophane-A molecule, modified by the chiral substituent, were reported. 
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Figure 6. Cryptophane-A chirality (A) and the chiral europium shift reagent structure (B) 

First studied example were the cryptophanol esters with (–)-camphanic 
acid22. Two diastereomeric host molecules (Fig. 7A, B) were obtained. The 
xenon complexes of those ligands were studied in (CDCl2)2. In the 129Xe NMR 
spectrum of the mixture containing both ligands two distinctly resolved signals 
(chemical shift difference of 7 ppm) corresponding to encapsulated xenon were 
obtained and the third one, originated from the free Xe in solution. This indicates 
on the slow exchange between xenon-containing species. Such variation in 
xenon chemical shifts was explained as the result of the cavities volume change 
or small difference in shielding effects of the camphanyl substituents. The 
binding constants of xenon to ligands 7A and 7B were not determined (but 
their values was estimated to be similar to that for cryptophane-A, i.e. 3400-
4400 M-1), although the differences in the intensities of the 1H and 129Xe signals 
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permited to state that binding of Xe to 7B was more favorable than 7A is. The 
1H-129Xe SPINOE spectra confirm the location of the xenon atom inside the 
cryptophane cavity and that the camphanic acid moiety does not participate 
in complex formation (after xenon signal irradiation, only the enhancement of 
cryptophane units protons was observed, the signals of camphanyl substituent 
hydrogen atoms were suppressed).
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Figure 7. Diastereomeric analogues of cryptophane-A: (-)-camphanic acid esters (7A, B)

The second described diastereotopic complexes of cryptophane analogues 
with xenon were the ligands built from cryptophane derivatized by tripeptide 
substituent (Fig. 8A-F) or tripeptide substituent and 2-mercaptosuccinylimide 
moiety (Fig. 8G)23. The ligands 8A-F exist it form of diastereomers (enantiopure 
peptide part and racemic cryptophane cage), while the ligand 8F as a mixture 
of four isomers (enantiopure peptide chain and racemic cryptophane cage 
and 2-mercaptosuccinylimide moiety). For the first compound (8A), the 129Xe 
spectrum recorded for solution of the ligand in D2O saturated with xenon is 
composed from two signals separated by 0.84 ppm. The ligand 8F shows 
four signals, corresponding to four diastereomers present. The other peptide 
containing ligand 8B, studied as the mixture of two diastereomers, shows also 
the two lines separated by 1.00 ppm. The protection of its free NH2 groups 
by trifluoroacetyl substituted (ligand 8A) causes the decreasing of the signals 
splitting to 0.84 ppm. Also the other ligands studied, containing the biotin 
connected to the cryptophane cage via peptide unit, show the diastereotopic 
chemical shifts of xenon atom. It was shown that the small modification of the 
host molecule (e.g. changing of the CONH2 substituent to methyl ester, ligands 
8D and 8E) caused a measurable differences in δ 129Xe values. This indicates 
on the high sensitivity of the encapsulated xenon atoms chemical shift on small 
changes in the ligand structure, also if they are introduced in the part of ligand 
molecule far from the Xe complexation centre. For the compounds studied the 
calculation of 129Xe chemical shifts was also presented. All ligands synthesized 
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were presented in Fig. 8 and the obtained chemical shifts were collected in Table 
2. Achiral ligand 10I was used as the model compound.
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Water soluble cryptophane analogues were obtained for a possible purpose 
as the 129Xe MRI contrast agents and substrates for biosensors synthesis. Huber 
et al. have studied the series of O-carboxymethyl substituted cryptophanes (Fig. 
9A-E)33. On the basis of 129Xe NMR measurements the following parameters 
were determined: a) the chemical shifts of complexed xenon atom; b) the stability 
constants of complex formed; c) the kinetics of the encapsulation process; d) 
hyperpolarization life-time. All measurements were performed for D2O solutions. 
The observed 129Xe chemical shifts were similar, but slightly smaller than those 
of the methoxy analogues (parent hosts 5A; studied in (CDCl2)2). The only 
except is compound 9E, for which the signal is downfield shifted and sharper 
in comparison with 5F. It is probably the result of simultaneous complexation 
of Xe and D2O and, in effect, reducing of the volume ocupated by xenon atom 
and slowing its exchange with free Xe present in solution. In the case of the 
ligand 5F the binding of (CDCl2)2 together with Xe is impossible. The affinity 
of xenon to ligands was determined by proton and xenon magnetic resonance. 
Both approach gave the results staying in good agreement. The stability 
constants determined by 129Xe NMR were collected in Table 2. As for methoxy 
analogues, the stability of the complexes decreases with increasing of the cavity 
dimensions. Generally, the Xe@9A-E complexes are more stable than that of 
parent hosts. It is the result of lower affinity of xenon to water than to (CDCl2)2 
as well as unfavorable entropy of water inside hydrophobic cryptophane cavity. 
The exchange rates were estimated on the basis of the resonance line width, and 
increased with increasing of the spacer bridge length (larger portal permits on 
the faster exchange). The relaxation time T1 was determined only for ligands 9A 
and 9E. The replacement of the all aliphatic hydrogen atoms to deuterium causes 
the decrease of the relaxation (T1 values 12.1 and 17.6 s-1 respectively). 

Another example of water soluble cryptophane ligand is the host 9F, 
containing three triazole rings, synthesized via click-chemistry methods34. 
Although the 129Xe NMR spectra of Xe@9F were recorded (Table 2), the stability 
constants were determined by other methods (fluorescence quenching and ITC).
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Figure 9. The water soluble cryptophane ligands

The idea of the 129Xe NMR biosensor is presented on Scheme 1. The xenon-
binding part of the molecule (A) is connected via a long linker (B) with a unit 
(C), which could be binded to the protein or other biomolecule with high affinity 
and specificity. 

Xe

A B C

Scheme 1. Scheme of xenon-containing biosensor

The Xe complexing part of the molecule should encapsulate the guest with a 
high stability constant and the complex formed should be stable in physiological 
conditions. The biomolecule-recognizing arm should form stable complexes 
with species detected. Two basic applications of such biosensors should be 
mentioned:

a) 129Xe MRI imaging – after an injection the xenon-biosensor complex 
is accumulated in organ or tissue proportionally to the concentration of the 
biomolecule its interact. In consequence, it plays the role of contrast agent.

b) Bioanalytical applications – if the 129Xe NMR chemical shift of xenon-
biosensor complex differs from the value for xenon-biosensor-biomolecule 
system, the 129Xe NMR spectroscopy could be used as an excellent method 
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for a selective detection and determination of selected bioanalyte in complex 
mixtures.

Because of the excellent affinity to xenon, cryptophane hosts were used as the 
carriers for xenon atoms. The enhancement of the sensitivity of the experiments 
with xenon-containing biosensors could be obtained if the hyperpolarized xenon 
was used. The concept of xenon-containing biosensors was described by Spence 
et al.35 and the nicely micro-review on the xenon MRI contrast agents was 
published by Taratula and Dmochowski36.

The first results of the usage of the functionalized xenon as biosensor were 
obtained for biotin substituted cryptophane (Fig. 8G), which interacted with 
avidin – the tetrameric biotin-binding protein produced in oviducts of oviparous 
animals and deposited in whites of their eggs35. The spectra recorded in D2O 
for free xenon-biosensor complex show one signal at 70.3 ppm. After avidin 
addition, the new resonance line, downfield shifted (at 72.7 ppm) was built. It 
comes from the xenon atom encapsulated in cage of the 8G host, bonded to the 
protein. Using of the biotin saturated avidin instead of free protein does not 
cause the formation of the signal at 72.7 ppm. The later studies of the same 
biosensor concentrated on the titration studies of the biotinylated ligand with the 
avidin and the kinetic of the exchange process between the protein-bonded and 
free form of the sensor37. The further works were focused on the optimization of 
the avidin biosensor. The group of the biotin-containing cryptophane derivatives 
8F, 10A-C were obtained and their interaction with avidin were studied by 129Xe 
NMR spectroscopy. The following observations should be pointed out:

1.	 The diastereomeric splitting observed for studied ligands is higher for 
the complex with protein than for free biosensor; 

2.	 The binding of the protein cause the increasing of the line width due 
to the change of the cryptophane cage motions after biosensor binding 
as well as the exchange process between free and bounded sensor. The 
observed line width values are 20-50 Hz; 

3.	 For ligand 10A with rigid six-glycine linker 129Xe NMR spectrum 
recorded for sample with excess of avidin shows four sharp signals. It 
probably comes from the existence of two independent biotin binding 
sites in the protein molecule. The ligands with more flexible linkers 
allows for more independent motions of the cryptophane units, thus 
reduce the effects of the neighborhoods and influence of the ligands on 
one another. 

4.	 The decreasing of the linker length restricts the cage motions to the 
proximity of the protein surface. It causes larger effect on the 129Xe 
chemical shifts, therefore the chemical shift sensitivity on the biosensor-
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protein interactions for the short-linker ligands is much distinct then for 
that with longer one. The ligands with shorter linkers show also the 
higher line width values after binding by avidin. The biosensor 10C 
with the cage-biotin distance larger than 5.5 nm does not show any 
changes in 129Xe NMR spectrum in the presence of avidin.

5.	 Partially deuterium-labeled analogues of sensor 8G show no effect of 
the deuterium on the 129Xe NMR line width both in free ligand as well 
as in its complex with avidin. Therefore the dipole-dipole couplings 
contribution to the line width of 129Xe signal was estimated to less than 
1 Hz.

6.	 The signals show the significant temperature dependence. Both 
chemical shift and line width change with temperature variation. For all 
biosensors studied and their complexes with avidin, the d 129Xe values 
depend linearly on temperature (slope 0.27 ppm K-1), similarly to the 
variations observed for unsubstituted cryptophane A xenon complex. 
This indicates on the similar interactions of encapsulated xenon atom 
with the ligand’s cage, independently on the solvent used for NMR 
studies, the cage substitution and binding of the biosensor by avidin. The 
line width of the avidin-free biosensors 8F, 10A and 10C as well as for 
protein-bonded molecules 8F and 10C increases with the temperature 
increasing above 25-35°C. This indicates that the xenon exchange 
occurs for the systems studied with the rate constant >30 s-1. Therefore, 
above 25°C the exchange dependent relaxation contributes to the total 
relaxation time and, in consequence, to the line width of xenon atom. 
The line broadening due to exchange was estimated on 7 Hz. Below 
this temperature the xenon signal line width does not depend on the 
temperature variation, so the signal broadening must be connected 
with some of correlation time dependent mechanisms. For 10A-avidin 
system the 129Xe NMR resonance line is the narrowest at 23°C and 
the line width increases above and below this value. The authors does 
not discuss this behavior. For ligand 8F the activation energy for the 
exchange process was calculated. It is about three times larger than for 
cryptophane-A/xenon system in (CDCl2)2, which could be explained by 
a higher enthalpic costs of xenon in water dissolution. The authors try 
to estimate also the contribution of chemical shift anisotropy relaxation 
to the signal width and state, that the effect observed could not be 
explained by this relaxation mechanism. They proposed an effect of the 
slow conformational exchange between multiply bound conformations 
as the possible explanation of this unexpected line width of Xe signals.
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Figure 10. Peptide and DNA biosensors

The next examples of protein xenon biosensor are the molecules 11A-
C, containing the sulfonamide moieties38. They interact with human carbonic 



147

Application of noble gases NMR in supramolecular and material...

anhydrase (CA), a protein involved in many physiological and biochemical 
processes, mainly the transport of carbon dioxide and the pH homeostasis. The 
interactions with two isozymes (CAI and CAII) were studied. The complex of 
biosensor 11B with CAII was obtained as single crystal and studied by X-ray 
diffraction39. The dissociation constants of the biosensor-protein complexes 
were determined by ITC. The biosensors obtained contain no stereocenters in 
the linker part of the molecule to avoid the splitting of the Xe signal and, in 
consequence, the lowering of the signal intensity and increasing of its width 
due to diastereomers formation. All biosensor obtained were bounded by CAI 
and CAII, however the affinity to the CAII is higher for all studied molecules 
than for CAI. The 129Xe NMR spectra recorded in water solutions of biosensors 
studied show single signals (Table 2). CA addition causes the formation of 
new signals, corresponding to the bonded biosensor. For some systems (CAI 
with 11C, CAII with 11B and 11C) two 129Xe signals were observed due to the 
diastereomeric shift (diatereomers were formed in consequence of interaction of 
chiral ligand and chiral protein). For the rest of the systems both diastereomers 
have the same chemical shift value. The absence of this splitting could be 
explained as the result of the short distance between the xenon containing cage 
and the protein surface. This close proximity causes the partial desolvation of the 
cryptophane part. In consequence the net environmental changes felt by the Xe 
atom dominate the observed change of the δ 129Xe values over the diastereomeric 
considerations. The chemical shifts changes upon interaction with protein are 
3.0-7.5 ppm, while the diastereomeric splittings are 1.3-4 ppm. The line widths 
of the biosensors studied only slightly increase in the presence of the anhydrase 
in comparison with those for free ligands (25-79 Hz vs. 23-50 Hz).
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The metalloproteinase biosensors (Fig. 10D, E) were also studied40. They 
are composed from the cryptophane A cage modified by oligopeptide chain. The 
matrix metaloproteinase MMP-7 was targeted for these studies. This enzyme 
is overexpressed and extracellulary localized in many oncologic diseases. 
Biosensor 10E is formed in the result of the 10D hydrolysis by MMP-7. The 
affinity of 10D to protein was estimated on the basis of fluorescence titration. 
The 129Xe chemical shifts of Xe@10D and Xe@10E in water were given (Table 
2). The spectra show the pair of signals due to the diastereomeric splitting. The 
difference in the chemical shifts of xenon encapsulated in both ligands was 
not fully elucidated, but the authors suggest that the difference of the charge 
of the both peptide chains results in the observed shift. No 129Xe NMR data for 
biosensor-MMP-7 systems were given.

Another example of protein biosensors in the molecule 10F, which interacts 
with major histocompatibility complex (MHC) class II protein41. MHC class 
II molecules are cellular surface proteins of immunological relevance and 
participate in T cell mediated immune response. They play the significant role 
in autoimmune syndromes. The authors design the oligopeptide-containing 
ligand for detecting human leukocyte antigen DR1. The oligopeptide part of 
the biosensor molecule was the hemagglutinin peptide. The sensor-protein 
interaction was proved by ELISA assay as well as by 15N-1H HSQC spectra. 
The 129Xe NMR spectra of the biosensor show the single signal corresponding 
to encapsulated Xe atom (Table 2). After DR-1 protein addition the signal is 
shifted downfield by 1 ppm and its width increases slightly (37 Hz vs. 31 Hz for 
free sensor).

The biosensor for specific nucleotide sequence was described by Roy et 
al.42. The cage of cryptophane-A host was functionalized by 20-mer length 
oligonucleotide and the sensor obtained was used for DNA detection (Fig. 10G). 
To avoid the splitting of 129Xe NMR signal due to diastereomeric interactions, the 
optical-pure (-)-cryptophane-A derivative was used for synthesis. The spectra were 
recorded for the biosensor mixtures with complementary or non-complementary 
DNA strands at micromolar concentrations. The hybridization was confirmed 
by 1H NMR spectra – for the mixture of biosensor with complementary strand 
the NH signals at 13 ppm were detected. The spectrum of the free sensor shows 
one signal at 68.5 ppm. For the samples containing non-complementary strands 
no shift of the 129Xe NMR signal of the encapsulated xenon in comparison with 
that of unbonded sensor was observed. The interactions with complementary 
strand cause the upfield shift of the signal of about 1.5 ppm. The 129Xe NMR 
spectrum recorded at higher, milimolar concentrations, shows different, peculiar 
features. The spectrum of the unbonded ligand consists of three broad peaks 
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(71.0, 69.0 and 67.7 ppm). The similar spectrum was obtained for the mixture 
with non-complementary strand, but the relative intensities of those resonance 
lines were different. The signals ratio depends also on the ionic strength of the 
solution – the addition of NaCl to the solution containing biosensor and non-
complementary strange causes the diminishes of the central signal, does not 
influent on the intensity of the signal at 67.7 ppm and it causes a predomination 
of the downfield shifted peak. The spectrum of the mixture with complementary 
strand shows only one peak. Such behavior could be explained by two effects:

•	 micelles formation, with the cryptophane cages associated as a core;
•	 bilayer vesicles formation, with the cages forming the internal layer.

The increasing of the NaCl concentration causes the micellar form replacement 
by larger aggregates (vesicles). The hybridization with the complementary 
strand causes the stabilization of the monomeric form.

Quite different approach of the biosensor-labeling of the biomolecule was 
shown by Mynar et al.43. The carboxylic analogue of cryptophane-A ligand (Fig. 
10H) was non-covalently bonded by PPI and PAMAM dendrimers (Fig. 12A-
D). The PAMAM G5 dendrimer containing the biotin moiety (Fig. 12E) was 
also obtained. The authors determine the maximal number of the cryptophane 
cages encapsulated by dendrimer molecule (2 for PPI G4, 4 for PPI G5, 7 for 
PAMAM G4 and 11 for PAMAM G5, respectively) and discuss the 129Xe NMR 
properties of that systems. For PPI/Xe@10H systems the signal was observed 
at 63 ppm, while for PAMAM/Xe@10H at 59 ppm. The signals line widths are 
12 Hz and 80 Hz, respectively. These parameters did not vary with change of 
dendrimer/cage ratios and dendrimer generation. This indicates on high mobility 
of Xe@10H complexes inside the dendrimer sphere. The biotin containing 
host could bound up to three Xe@10H molecules. This value decreases to two, 
when this construct interacts with avidin molecule, probably due to unfavorable 
interactions of cage-dendrimer complex with protein surface. However, the 
signal-to-noise ratio of the 129Xe NMR spectra for 12E/Xe@10H/avidin system 
is about 8 time better than for the previously described avidin biosensors. This 
is the result of the doubling of the Xe atoms per one protein molecule, avoiding 
of the diastereomeric splitting and decreasing of the line width. Additionally, 
interactions of uncomplexed xenon with dendrimer could cause an increasing of 
the xenon concentration around the dendrimer-bounded cages.
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Figure 12. Dendrimers used as cryptophane carriers
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Figure 12 (cont.). Dendrimers used as cryptophane carriers
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The interactions of xenon-based molecular sensors in lipid suspensions were 
studied by Meldrum et al.44. It is important from the in vivo biosensors application 
point of view. The interaction of hydrophobic part of their molecules with lipid 
membranes could affect the signal and sensing of the specific molecules. The 
studies were performed for diacid cryptophane analogue (Fig. 13A) as the 
xenon binder. At 298 K the spectra of 13A obtained in xenon saturated water 
saturated shows two signals – first one corresponding to water dissolved Xe (189 
ppm), second one to the Xe@13A complex (62 ppm; Table 2). The experiments 
performed for 13A in 1% lipid/water suspension containing Xe, show three 
signals – two of them at the chemical shifts values the same as for Xe/13A/
water system and additional one at 73 ppm, which corresponds to Xe@13A in 
lipid environment. The integration of the signals indicates on the about 50 times 
greater affinity of Xe@13A to lipids than to water. The increasing of the lipid/
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water ratio causes the decreasing of Xe@13Aaq signal, which disappears when 
the lipid content is more than 10%. The signal of free xenon shifts downfield 
with the increasing of the lipid concentration in the sample, also its width 
increases significantly. The fitting of this signal with two Lorenzian curves gives 
the two signals resolved by about 1 ppm. More downfield shifted peak of these 
resonances is broader and was assigned as lipid-soluted xenon. The difference in 
chemical shifts of the Xe@13A encapsulated in water and lipid systems is about 
10 times larger than for free xenon. Below the 298 K the signals of Xeaq and Xelipid 
were distinguishable and showed different temperature dependence (δ 129Xeaq ~ 
T2 while δ 129Xelipid ~ -T). Both signals of Xe@13A show the linear temperature 
dependence, the slope for Xe@13Aaq is 0.31 ppm K-1, for Xe@13Alipid 0.18 ppm 
K-1. The experimental conditions (saturation frequency) effect on the saturation 
transfer and MR images were also studied.
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Figure 13. Functionalized cryptophane-A ligands

The molecule 13B was used for studies of hyperpolarized nuclei chemical 
exchange saturation transfer (hyper-CEST) applications for ultrasensitive NMR 
detection and the temperature response of 129Xe depolarization transfer45. It was 
shown that the detection of the cryptophane biosensor at the 10 nM concentration 
was possible, which was far below the detection limit of UV-Vis spectroscopy.

The xenon containing supramolecular biosensors were used for magnetic 
resonance imaging. The molecule 10A was chosen for MRI images obtaining 
of avidin-modified agarose beads46,47. The chemical shift imaging of two-phase 
(water/tetrachloroethane) system containing 3E and 9A was also presented48.

Schielling et al. have shown the utility of 129Xe NMR spectroscopy of 
encapsulated, hyperpolarized xenon as the MRI thermometer. The sensor (Fig. 
13C) was used as a model compound. For the studied cryptophane construct 
huge temperature shift of 129Xe resonance was observed (0.29 ppm K-1). The 
authors present the temperature mapping of the sample (phantoms), using direct 
NMR detection (sensor concentration 150 µM) or indirect experiment (hyper-
CEST sequence). 
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Faculty of Chemistry, Adam Mickiewicz University, Grunwaldzka 6, 

60-780 Poznań, Poland

1. Introduction
Synthetic polymers became inseparable part of our life, providing the 

most common packaging materials, fibers of fabric, disposable dishes, artificial 
glass and wood, components of instruments and many other applications. They 
present very desired features like lightness, softness, transparency, mechanical 
properties and durability. However, the increasing use of plastics causes serious 
ecological problems due to their accumulation in the environment. Therefore, 
among synthetic polymers, the biodegradable ones play very important role 
in many fields of our life. They are considered as “eco-friendly”1 and became 
indispensable in medical usage for drug delivery and for the manufacture of 
dissolvable sutures2,3,4,5.

However, polymers are not homogenous materials: they posses various 
structures, may have straight linear or branched chains, contain cyclic structures,  
can be homopolymers, copolymers or mixtures of homo- and co-polymers. The 
complex nature of polymers structure causes problems with their characterization.

The first step in the analysis of polymeric materials is the identification of 
their molecular structure. The structure and degradation of polymers may be 
studied by different techniques. Many factors, which affect polymer properties, 
are important, such as particle size and shape, molecular weight and molecular 
weight distribution, polydispersity, the number and sequencing of repeat units, 
terminal functionalities, presence of cyclic structures, residual monomer 
concentration, isomeric percentage, recognition of polymer additives (like 
antioxidants or plasticizers), metal impurities from the catalyst and others.

Methods of polymer analysis include6:
1.	 for molecular mass evaluation: gel permeation chromatography (GPC)/

size exclusion chromatography (SEC), osmometry, viscometry, light 
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scattering;
2.	 for determination of repeat units sequence: nuclear magnetic resonance;
3.	 for end-groups analysis: titration, NMR and FT-IR spectroscopy;
4.	 for the evaluation of polymer purity: elemental analysis, NMR and FT-

IR spectroscopy;
5.	 for other physicochemical parameters (decomposition temperature, 

crystallinity, glass transition temperature Tg, melting temperature Tm) 
evaluation: thermo-gravimetric analysis (TGA), differential scanning 
calorimetry (DSC). 

As shown above, there is no single technique which could be applied for 
complete characterization of a polymer sample. A powerful tool to study polymer 
structure appeared mass spectrometry. Mass spectrometric analysis has frequently 
been used to determine many polymer parameters, i.e. average molecular mass, 
molecular mass distribution (MMD), polydisperdity (PD), terminal functional 
groups and others, often difficult to obtain by NMR or IR. However, the 
application of MS to large molecules of synthetic polymers has been limited due 
to low volatility and thermal instability of these materials. These difficulties have 
been overcome through the development of soft ionization techniques,  such 
as chemical ionization (CI)7,8, secondary-ion mass spectrometry (SIMS)7,8, fast 
atom bombardment (FAB)7,8,  electrospray ionization (ESI) or matrix-assisted 
laser desorption/ionization (MALDI). 

 First of all, an effective ionization technique for high molecular weight 
synthetic polymers appeared to be MALDI-MS9,10,11,12. This technique allows for 
the mass determination of large molecules of synthetic polymers by ionization 
and vaporization without degradation.

In MALDI-MS technique the matrix (circa 100-fold molar excess) and 
polymer are mixed in the appropriate solvent and placed onto the MALDI 
target. The solvent evaporates, allowing co-crystallization of polymer sample 
with matrix molecules. During the co-crystallization, polymer molecules are 
homogeneously dispersed within matrix molecules, which are able to absorb 
extensively ultraviolet laser light and transfer the absorbed energy to the analyte. 
As a result of this process, intact charged polymer molecules are transferred into 
the gas phase. The laser energy is spent mainly in volatilizing matrix and analyte 
and not in fragmenting the polymer chain. The crucial factor in MALDI MS 
application to synthetic polymers is a choice of an appropriate polymer/matrix 
mixture. Conventionally used matrix materials proved not to be compatible 
with organic-soluble polymers, which caused analytical complications, because 
the matrices working well for polar biopolymers are not useful for nonpolar 
synthetic polymers. Water-soluble synthetic polymers turn out to be capable of 
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analysis in similar conditions as large biomolecules, whereas the organic-soluble 
ones frequently demand special types of matrices. A specific kind of matrix, i.e. 
a fine metal (Co) powder dispersed in glycerol, has been used by Koichi Tanaka 
and his co-workers13 to achieve at the first time desorption of PEG 20000 in 
MALDI MS measurement. Nowadays, a broad spectrum of matrices have been 
used for polymer analysis (Table 1).

Organic-soluble synthetic polymers often do not have a proper concentration 
of ionized species and need an addition of cationizing agent to increase a number 
of ions in the analyte14. As the cationizing species are utilised often alkaline salts 
(LiCl, NaCl, KCl) and silver trifluoroacetate14. 

The fundamental works concerning MALDI MS application to the polymer 
analysis did M. Karas and F. Hillenkamp (with co-workers)14,15. They obtained 
MALDI mass spectra for poly(ethylene glycol)s PEG and poly(propylene glycol)
s PPG with well resolved oligomers peaks, mainly sodiated and potassiated, 
with the distance between oligomer peaks corresponding to the expected values 
respective to the repeat unit mass (44 Da for PEG and 58 Da for PPG – Fig. 1.). 

Figure 1. MALDI spectrum of PPG 5300, matrix: DHB. The spectrum consists of 
number of peaks with the constant distance, i.e. constant mass difference Δm = 58 Da, 
corresponding to the mass of repeat unit  [-O-CH(CH3)-CH2-].14

The authors14 found that Na+ and K+ cations become attached to the polymer 
molecules even without doping with alkaline salts (NaCl, KCl). The alkali 
cations may originate from solvent impurities or glassware. It turned out that 
oligomers are desorbed intact, without fragmentation, from analyte/matrix  
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mixture. This phenomenon allowed for average molecular weight calculation 
from the MALDI mass spectra of polymers. 

Karas and Hillenkamp obtained as first mass spectra for as large polymer 
molecules as polystyrene PS46000 and polystyrene PS7000014, the largest 
polymer molecules analyzed by MALDI at that time (Fig.2).

Figure 2. MALDI mass spectrum of polystyrene PS70000, the largest polymer successfully 
investigated by Karas and Hillenkamp14 to 1992.  

They proved usefulness of silver cationization for the nonpolar polymers 
(they applied PS cationization with CF3COO-Ag+) and the presence of dimers, 
trimers and tetramers in the PS spectrum (Figure 3). As a matrix for polystyrenes 
2-nitrophenyl octyl ether (NPOE), a highly viscous liquid, was used , because 
commonly used 2,5-dihydroxy-benzoic acid (DHB) showed a separation of 
matrix crystals and polymer. The authors conclude that the crucial problem is 
a selection of the proper matrix, which should be satisfactory miscible with the 
polymer sample. The expanded part of the spectrum  (Fig. 3) displays that the 
mass of repeat unit (104 Da) can still be distinguished from the peak distance in 
the spectrum.
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Figure  3. MALDI MS spectrum of PS 20000, laser wavelength: 337 nm, instrument 
LAMMA1000.14  

2. Factors influencing the quality of MALDI mass spectra  of synthetic po-
lymers
2.1. Solvents

Many factors are important for the quality of the MALDI MS spectrum 
of synthetic polymers, mainly concerning the sample preparation14,16,17,18,19,20,21. 
The critical factors are: the type of matrix, the cationization reagent, their 
concentrations, the type of solvent or solvent mixture, the spotting technique, 
the cocrystallization of analyte and matrix. There are  many works devoted 
to the choice of the optimal solvent19,20,21,22,23,24,25. The main conclusion is that 
the best results are obtained by using the same solvent for every component 
of the sample26, i.e. polymer, matrix, and cationizing agent. For non-polar 
polymers tetrahydrofuran (THF), toluene and chloroform are frequently used 
as solvents, whereas for polar ones acetone, methanol, acetonitrile and water or 
their mixtures are chosen. The caution must be retained with THF because of 
the presence of peroxides which may cause the oxidation of chemically active 
groups27. Brandt et al.25 checked a wide range of solvents for polystyrene PS7600 
and poly(ethylene glycol) PEG4820, from polar ones such as water, alcohols and 
DMSO to non-polar ones such as toluene, benzene and n-alkanes.  Especially 
for PS7600 some solvent other than THF, e.g., acetone, dimethyl carbonate, and 
methyl ethyl ketone turned out to be appropriate. 

The choice of solvent is often based on experience, trial-end-error and 
traditional rules such as “like dissolves like”. There are many factors involved, 
like evaporation rate, solution viscosity, environmental aspects, the effectiveness 



164

Grażyna Bartkowiak and Grzegorz Schroeder

of dissolution the given materials as well as solubility scales, like heptane number 
or Hildebrand and Hansen solubility parameters28. The three-dimensional 
solubility parameter system, employed by Hansen28, based on three parameters: 
the dispersion force component (δd), the polar component (δp) and the hydrogen 
bonding component (δh), was shown to be most useful25. 

 A new approach to the solvent in MALDI techniques for polymers is the 
development of solvent-free sample preparation29,30,31, which appeared useful for 
solubility-restricted compounds, like polyamides (<5000 Da) and many high-
molecular weight polymers, e.g., poly(methyl methacrylate) and polystyrene.

2.2. MALDI matrices for polymer analysis
MALDI matrix for polymers, in positive mode of operation, must protonate 

the analyte so that it is charged, but such ionization must be done without 
degradation. Acidic matrices, acidic solvents or addition of any acid to the 
matrix/analyte solution may initiate the polymer degradation, especially the 
biodegradable ones32,33. The resulting spectrum of a degraded polymer shows 
increasing of peaks intensity with the decreasing of ion masses, leading to the 
“wedge shape” toward the low-mass region of the spectrum34. 

As a consequence, some information about the average molecular weight of 
the polymer may be limited or biased. To overcome this problem, new type of 
matrices has been developed, namely ionic liquid matrices (ILMs).34

The choice of a matrix tailored for a specific kind of polymer sample is 
critical for successful MALDI analysis. There are two steps of selection of a 
proper matrix:

1.	 a search in literature, where suggested optimal matrices for a particular 
type of compounds can be found;

2.	 the recording of spectra with 3-4 matrices chosen to match the best one.
To accelerate the selection process, one can use the tabulations of MALDI 
matrices, which appear for example at the NIST website35.

There are some empirical facts about the known matrices, which can be 
useful for their proper choice:

•	 α-cyano-4-hydoxycinnamic acid (CHCA) is considered as a “hot 
matrix”, stimulating the molecule’s destruction, so it is used for 
fragmentation experiments;

•	 3-amino-4-hydroxybenzoic acid and POPOP (i.e. 1,4-bis(5-
phenyloxazol-2-yl)benzene) have a high irradiance threshold, so they 
need high laser energy;

•	 all-trans-retinoic acid is more sensitive for impurities as other matrices 
(like HABA and dithranol);
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•	 5-chlorosalicilic acid is preferred for nonpolar polymers, whereas 
trihydroxyacetophenone and norharmane36 are general-purpose 
matrices;

•	 all-trans-retinoic acid is proper for polystyrene, but must be doped, 
preferably with Ag salts.

Most commonly used and novel matrices for polymers are presented in 
Table 1.

Table 1. Common matrices, used for polymer analysis and second-generation ionic liquid 
matrices (ILMs)16,25,37,38.

Matrix (Formula) Abbreviation Structure MW (Da)
Common matrices

2,5-dihydroxy-
benzoic acid

(C7H6O4)
DHB 154

α-cyano-4-
hydroxy-

cinnamic acid
(C10H7NO3)

CHCA 189

2-(4-hydroxy-
phenylazo)

benzoic acid
(C13H10N2O3)

HABA 242

1,1-dicyano-
4-(4’-tert-

butylphenyl)-3-
methyl-buta-1,3-

diene
(C17H18N2)

DCTB 250

trans-3-indole 
acrylic acid
(C17H9NO2)

IAA 187

O

OH

HO

OH

 

HO

ONC

OH
 

O

N

OH

OH

N

 

NC

CN

 

HN

O

OH
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Sinapinic acid 
(sinapic acid, 
3,5-dimetoxy-

4-hydroxy-
cinnamic acid)

(C11H12O5)

SA 224

Dithranol
(C14H10O3)

DIT 226

2,4,6-trihydroksy- 
acetophenone

(C8H8O4)
THAP 168

2-nitrophenyl 
octyl ether

(C14H21NO3)
NPOE 251

All-trans-retinoic 
acid

(C20H28O2)
RA 300

3-aminoquinoline
(C9H8N2)

AQ 144

COOH

OH

OCH3H3CO

 

OH O OH

 

O

HO OH

OH  

NO2

O C8H17

 

OH

O

 

N

NH2
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5-chlorosalicylic 
acid

(C7H5ClO3)
5-CSA 172

Nicotinic acid
(C6H5NO2) NA 123

trans,trans-1,4-
Diphenyl-1,3-

butadiene
(C16H14)

DPBD 206

trans-2-[3-(4-tert-
Butylphenyl)-
2-methyl-2-

propenylidene)
malononitrile

(C17H18N2)

DCTB 250

Norharmane
(C11H8N2)

168

Ionic liquid matrices

N,N-diisopropyl 
ethylammonium 

α-cyano-
4-hydroxy 
cinnamate

[C18H26N2O3]

DEA-CHCA 318

N,N-diisopropyl 
ethylammonium 
trans-3-indole 

acrylate
[C19H28N2O2]

DEA-IAA 316

O

OH

Cl

OH

 

N

COOH

 

 

t-Bu
CH3 CN

CN

 

NN
H  

HO

ONC

O NH
 

HN

O

O NH
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2.3. Doping agents 
For successful characterization of polymers by MALDI-MS the effective 

formation of ions is required. It has been proved that for synthetic polymers 
cationization via metal ion attachment is more preferred than via protonation39,40. 
As cationizing reagents have been used alkali metal cations, i.e. Na+, K+ or Li+, 
introduced as alkaline salts solutions (NaCl, KCl, LiCl) or such cations as Ag+ 
(introduced as silver trifluoroacetate), Cu+ or Cu2+. The usage of other metal salts, 
like Pd(II), Zn(II), Cd(II), Pt(III), Cr(III) or Al(III), for polystyrene cationization 
failed41. It seems probable that only metal cations in the oxidation state of +1 are 
effective and that Cu2+ undergo reduction to the Cu+ before cationization.

As an example, the effectiveness of cationization of poly(vinyl pyrrolidone) 
with different cationizing agents (Na, K, Li and Ag)42 is shown in Figure 4. The 
best S/N (signal-to-noise) ratio exhibits PVP cationized by sodium. 

Figure 4. MALDI spectrum of poly(vinyl pyrrolidone) with different cationizing agents 
(Na, K, Li and Ag).42

3. Molar mass (MM) and polydispersity (PD) determination
Important factors for polymers, which can be calculated from their mass 

spectra, are molar mass (MM) and molar-mass distribution (MMD). Polymers 
are collections of molecules of different chain lengths and sizes. Synthetic 
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polymers always possess certain polydispersity, because the numbers of 
monomers creating a polymer molecule can differ, sometimes significantly. 
The crucial feature to determine is the molar-mass distribution (MMD), i.e. the 
number and weight of macromolecular chains at  size (or length) s, at size (s+1), 
at size (s+2),  at size (s+3) and so on. Knowing MMD, one can compute MMD 
averages43,44,45,46. 

The MM and MMD of a polymer are vital criteria for its practical applications, 
since the size and weight of molecules are essential for polymer properties. The 
possible types of molar mass distribution are illustrated in Figure 5. The MMD 
measurements may reveal narrow (Fig. 5a), broad (Fig. 5b) or bimodal (when  
distribution displays two maxima, Fig. 5c) distribution. 

Figure 5. Different types of molar mass distributions: (a) narrow, (b) broad, (c) bimodal.47 

The mass spectrometric methods of molar mass measure  are based on the 
fact that ions strike the detector and produce a current that reflects the number 
of ions. The number of ions of a given mass M is proportional to the number 
of molecules at that mass, which means that the detector measures the molar 
fraction of molecules of mass M.

 The number-average molar mass Mn is defined47:
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Mn = (Σ miNi)/(ΣNi)        [1]

where Ni stands for  the number of chains with mass mi.

The weight-average molar mass Mw is defined as: 

Mw = (Σmi
2Ni)/(ΣmiNi)     [2]

Assuming direct linear relationship between spectral peak intensity and number 
of ions responsible for formation of this peak (when the detector response is 
proportional to molar fraction) we can calculate Mn, Mw and  PD as follows, 
indicating by Mi molar mass of oligomeric component and by Ii – its signal 
intensity: 

∑
∑=

i

ii
n I

IM
M             [3]

∑
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ii
w IM

IM
M

2

          [4]

Practically, to calculate Mn and Mw using equations above, it is necessary to 
record the MS spectrum and tabulate the mass spectral peaks intensities. 
Providing these intensities values to the respective equations we obtain Mn and 
Mw.

The polydispersity (PD) is calculated by dividing Mw by Mn:
                  

			   [5]

4. Identification of polymer end-groups
Synthetic polymers show various kinds of heterogeneity. Aside from 

different types of molar mass distribution they can posses various structures 
(linear, branched, cyclic, grafted), monomer sequence and different functional 
end-groups. These features of synthetic polymers construction are not easy to 
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PD   
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understand or solve. The MALDI-TOF mass spectra often allow to determine 
the type and structure of the end-groups present in the polymer sample. 

The polymer end-group identification by means of MALDI mass 
spectrometry has been a subject of many papers48,49,50,51,52,53,54,55,56. An excellent 
example of the identification of end-groups in polymers by MALDI-TOF MS is 
the work by Montaudo et al.57, containing a detailed study of end-groups structure 
in Ny6 samples, modified in different conditions. The samples of Nylon6 were 
submitted to the reaction with: 

	 a) diaminohexamethylene H2N-(CH2)6-NH2 (the reaction given below),

                       

(R1)

	 b) decylamine C10H21NH2,
             		

	
	

HN
H

O

OH +
H2N

NH2

HN
H

O

H
N

NH2

n

n

(a)

Nylon 6 diaminohexamethylene
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	 c) adipic acid HOOC-(CH2)4-COOH, 

              

(R3)
	

d) water in methanesulfonic acid (hydrolysis). 
This way the authors synthesized four samples of modified Nylon6, each 

terminated by different end groups, i.e. diamino terminated (a), monoamino 
terminated (monocapped, b), dicarboxyl terminated (c) and amino-carboxyl 
terminated (d) oligomers. The products were analyzed on MALI-TOF Bruker 
Reflex mass spectrometer, equipped with nitrogen laser, using 2-(4-hydroxy 
phenylazo)benzoic acid (HABA) as a matrix and trifluoroethanol (TFE) as a 
solvent.

Respective MALDI-TOF mass spectra47,57 of resulting polymers are given in 
Figures 6(ab) and 6(cd) as representative examples. 

Nylon6, reacted with diaminohexamethylene H2N-(CH2)6-NH2, forms 
oligomers bearing NH2 groups at both chain ends as shown in reaction equation 
(R1). 

The formula H-[NH(CH2)5CO]nNH(CH2)6NH2 describes the structure 
of created oligomers, in which the repeat unit, [NH(CH2)5CO]n or C6H11NO, 
corresponds to the mass 113,1 Da. The mass spectrum of the Ny6-diamino 
terminated displays sets of three intense peaks, marked as A, B and C (see 
insert in Fig. 6a), corresponding to protonated (A), sodiated (B) and potassiated 
(C) species. The most intense peaks in the mass spectrum (Fig. 6a) should be  
assigned to the sodiated species B H-[NH(CH2)5CO]nNH(CH2)6NH2···Na+, 
(n·113.1+116+23), with n = 11-52.

Figure 6b displays mass spectrum of Ny6 reacted with decylamine 
C10H21NH2, which gave oligomers amino terminated at one end with general 
formula

H[NH(CH2)5CO]nNH(CH2)9CH3.

HN
H

O

OH

nNylon 6

+ HOOC
COOH

adipic acid

N
H

O

OH

n

HOOC

O

(c)
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The MALDI spectrum (see insert in Fig. 6b) shows intense sodiated ions D and 
less intense protonated ions C. The species marked as 1 and 2 correspond to 
sodiated and potassiated ions of Ny6 cyclic oligomers.

Figure 6(ab). MALDI-TOF mass spectrum of Nylon6 reacted with diaminohexamethylene 
(a) and decylamine (b).47,57
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Figure 6(cd). MALDI-TOF mass spectrum of Nylon6 reacted with adipic acid (c) and 
hydrolyzed with water/methanesulfonic acid (d).47,57
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Nylon6, reacted with adipic acid, gave  Ny6-dicarboxy terminated (Fig. 6c) 
with general formula  

HOOC(CH2)4CO[NH(CH2)5CO]nOH.

The MALDI-TOF spectrum (Fig. 6c) displays a series of intense peaks in the 
region from 1000 to 7000 Da. The most intense peaks labeled as 5 (insert of 
Fig. 6c) correspond to the sodiated oligomers bearing two –COOH end-groups. 
The analogous protonated oligomers 3 and Ny6 cyclic oligomers protonated 1 
and sodiated 2 as well as sodiated ions of the monosodium salt  of dicarboxy 
terminated oligomers 7 are clearly seen in the spectrum. 

Nylon6 hydrolyzed in aqueous methanesulfonic acid gave NH2/COOH-
terminated oligomers, displayed as a series of intense sodiated peaks C in the 
MALDI spectrum (inset of Fig. 6d). Protonated (peaks B) and potassiated (peaks 
D) ions of these oligomers appear with low intensity, like protonated cyclic 
oligomers 1 and sodiated ions of sodium salt (peaks E). 

5. Investigation  of fragmentation process
The examination of fragmentation process provides valuable information 

about the structure of polymer studied. Although the MALDI process is 
considered as “soft” ionization method, fragmentation of ions is possible under  
specific instrumental and experimental conditions: 

1.	 Fragmentation may be triggered off  in the ion-source region by the  
higher laser fluences. This type of fragmentation is called “prompt 
fragmentation”58.

2.	 Another type of fragmentation is referred to as “in-source decay” 
(ISD) and is characteristic for delayed extraction ion sources. The ion 
decomposition takes place during the delay time before extraction and 
is caused by a great number of collisions in the expanding plume.35,59. 
ISD fragmentation has been used in analysis of poly(propylene glycol) 
PPG and poly(ethylene glycol) PEG35.

3.	 In contrast to the previous methods, which can be performed in both the 
linear and reflection modes, metastable fragmentation called “post source 
decay “(PSD) occurs only in the field-free region of the instruments 
with reflectron detector. In the linear TOF mode parent and daughter 
ions are indistinguishable because of the same velocity, whereas in the 
reflection mode these two types of ions can be differentiated due to 
their different kinetic energy. The main advantage of PSD process is 
the possibility of precursor ion selection and obtaining of daughter ion 
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spectrum60. 
The MALDI-PSD measurements are useful for controlled fragmentation study, 
such as required for end-group identification in synthetic polymers. Placing 
the additional collisional cell in the field-free region of MALDI-TOF system 
is effective in obtaining additional fragments which means more structural 
information about polymer studied (PSD/CID). Several papers on the application 
of MALDI-PSD and PSD/CID can be found in literature concerning the analysis 
of synthetic polymers, i.e. PSD-MALDI and CID-MALDI investigation 
of polystyrene61,62, poly(methyl methacrylate)s63,64,65, poly(ethylene glycol)
s57, poly(ethylene terephthalate)57, polyisobutylene66 and poly(bisphenol-A 
carbonate, PC)67.

Figure 7. PSD-MALDI-TOF mass spectrum of the lithiated trimer from poly(bisphenol-A 
carbonate, PC)47,67.

As an example, PSD-MALDI mass spectrum of  the lithiated trimer m/z 
1096.2) from poly(bisphenol-A carbonate, PC) capped with 4-tert-butylphenol 
at both ends, is shown in Figure 7. In this spectrum one series of fragment ion 
peaks (m/z 904.3, 649.6, 395.5 and 141.1), corresponding to the oligomers with 
only one end-group and lithium cation, is clearly seen. The PSD measurement 
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demonstrated that the fragmentation behaviour of such a type of polycarbonates  
depends on the substituents bound to the central carbon atom of the bisphenol 
unit. 

6. Composition and sequence of copolymers
The mass spectral analysis of copolymers is more complex than for 

homopolymers, since the number of peaks observed is increasing with chain 
size. In the case of more than two different monomers the number of peaks grows 
exponentially, so a higher mass resolution (as compared to homopolymers) 
is required to detect the individual oligomers signals as separate peaks. 
Nevertheless, the large number of papers on analysis copolymers by MALDI 
can be found68,69,70,71,72,73,74,75,76,77 in recent literature.

The proper MALDI peak assignment for copolymers is a challenging task, 
however the procedure is the same as in the case of homopolymers:

1.	 propose  hypothetic chemical structures that may be present in the 
sample;

2.	 calculate the masses of all possible chains and checking if expected 
peaks are present in the spectrum. 

In copolymers of the type AB (with two different monomers), two repeat 
units with masses m1 and m2 may interchange along the polymer backbone. The 
two masses (m1 and m2) differ in most cases, because the coincidence that m1 and 
m2 are equal is extremely rare, so MALDI spectrum allows the identification of 
the copolymer backbone structure. 

On condition that the MS ionization/desorption method used to ionize 
and desorb the oligomers does not produce significant ion fragmentation, peak 
intensities from the MALDI mass spectrum can be used to determine copolymer 
composition68,78. The method is based on the assumption that the intensities of 
peaks appearing in MALDI spectrum of copolymer are directly proportional to 
the relative abundance of oligomers existing in the copolymer68,72,75. 

There are some interesting examples of using MALDI MS for copolymer 
characterization. Vitalini79 analyzed MALDI-TOF mass spectrum (in the 
negative mode) of a copolymer constructed from bisphenol units (A) and 
derivatized fullerene units (B). The mass spectrum (Fig. 8) extends in the wide 
mass range of 1600-14 000 Da. The calculation of mass values indicate that the 
observable peaks originate from the cyclic ions of the type AnB, where n = 1-15. 
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Figure 8. MALDI-TOF mass spectrum of a copolymer containing bisphenol units BPA-
CH2 and units of derivatized fullerene.79

Viala et al.80 studied the copolymerization of methyl methacrylate (MMA) and 
1,1-diphenylethylene (DPE)in the presence of ammonia, sodium dodecylsulfate 
and ammonium peroxodisulfate. Depending on the reactants, various end groups 
are expected, i.e. –H terminal group due to disproportionation, -SO4  terminal 
groups originating from initiation with sulfate ion radicals, -OH  terminal 
groups from hydrolysis or initiation with hydroxyl radicals and more complex 
end groups from termination with DPE. The recorded spectrum of copolymer 
revealed all the expected products.

Impallomeni et al.81 heated poly(4-hydroxybutarate) (PHB) and poly(ε-
caprolactone) (PCL) with p-toluenesulfonic acid  (PTSA) as a catalyst. Produced 
copolymer possessed two different end-group sets, namely H/COOH and PTSA/
COOH. The products were submitted to SEC and MALDI-TOF analysis. The 
MALDI-TOF spectrum (Fig. 9) revealed two ion distributions: the first, centered 
at m/z = 3700 (due to sodiated ion of the co-oligomers terminated with PTSA 
and COOH, species 1 in Fig. 9) and the second, centered at m/z = 4600 (due to 
sodiated ion of the co-oligomers terminated with OH and COOH groups, species 
2 in Fig. 9).

.
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Figure 9. MALDI-TOF mass spectrum of SEC fraction of P(HB-co-47% mol CL). The 
spectrum revealed copolymer chains of structures shown in the upper part81. 

7. Dendrimers growth control
Dendrimers can be considered to be monodisperse polymers with controlled 

molecular structure. Their growth is following step-by-step creating in each 
step new  stratum, so called “generation” (G). An example for MALDI MS 
application to the investigation of dendrimer growth is shown in Figure 10. A 
presented dendrimer grows on a star-shaped nucleus made of PEG, by subsequent 
reactions. Initial mass about 25000 (Star PEG, line a) increases in the next stage 
to 28000 (PEG-[G-2]4, line b), then to 33000  (PEG-[G-3]4, line c) and finally to 
39000 (PEG-[G-4]4, line d)82. 
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Figure 10. MALDI-TOF mass spectra of a dendrimer growing on a star-shaped core 
made of PEG (various stages of growth).82

8. Summary
Matrix-assisted laser desorption/ionization mass spectrometry along with 

fragmentation analysis have been shown to be valuable tools for detailed polymer 
characterization. The MALDI-TOF MS technique is widely used in the analysis 
of synthetic organic polymers as a general method of independent determination 
of the chain length distribution as well as for the determination of the end groups 
structure and their sequences. This method is concerned as a highly sensitive, 
non-averaging procedure that provides detailed structural information about 
the individual molecules present in a polymer sample. It has been shown that 
MALDI-TOF is  promising and very rapidly developing analytical technique.

Abbreviations used:
AQ - 3-aminoquinoline
CCD – chemical composition distribution
CHCA - α-cyano-4-hydroxy-cinnamic acid
CID – collision-induced dissociation 
5-CSA - 5-chlorosalicylic acid
DEA-CHCA - N,N-diisopropyl ethylammonium α-cyano-4-hydroxy cinnamate
DEA-IAA - N,N-diisopropyl ethylammonium trans-3-indole acrylate
DHB - 2,5-dihydroxy-benzoic acid
DCTB - 1,1-dicyano-4-(4’-tert-butylphenyl)-3-methyl-buta-1,3-diene
DPBD - trans,trans-1,4-diphenyl-1,3-butadiene
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DSC - differential scanning calorimetry
EG – end group
FTD – functionality distribution
HABA - 2-(4-hydroxy-phenylazo)benzoic acid
IAA - trans-3-indole acrylic acid
ILM – ionic liquid matrix
ISD – in-source decay
MALDI – matrix-assisted laser desorption/ionization
MM – molar mass
MMA – methyl methacrylate
MMD - molar mass distribution
Mn – number-average molar mass
Mw – weight-average molar mass
NIST – National Institute od Standards and Technology
NPOE - 2-nitrophenyl octyl ether
NA – nicotinic acid
PA – polyamide
PC – polycarbonate
PCL - poly(ε-caprolactone)
PE – polyethylene
PEG – polyethyleneglycols
PET – polyethylene terephthalate
PHB - poly(4-hydroxybutarate)  
PMMA – poly(methyl methacrylate)
POPOP - 1,4-bis(5-phenyloxazol-2-yl)benzene
PP – polypropylene
PS- polystyrene
PSD – post source decay
PTSA - p-toluenesulfonic acid
PVC – polyvinyl chloride
RA – all-trans-retinoic acid
SA - sinapic acid or 3,5-dimetoxy-4-hydroxy-cinnamic acid
SEC – size exclusion chromatography
TFE - trifluoroethanol
TGA – thermo-gravimetric analysis
THAP - 2,4,6-trihydroxyacetophenone
TOF – time of flight
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Chapter 8

Nano-systems and soft materials for anion complexation

Bogusława Łęska and Radosław Pankiewicz
Faculty of Chemistry, A. Mickiewicz University, Grunwaldzka 6, 

60-780 Poznań, Poland

Introduction
Non-covalent anion coordination chemistry was relatively slow to develop 

in comparison with the development of hosts for cations and even neutral 
molecules. But last decades we could observed the increase of interesting of this 
theme [1-5]. The applications of anion - binding ligands are very broad. Interest 
and developments in non-covalent anion coordination chemistry continued 
sporadically throughout the 1970s and early 1980s, with the synthesis of several 
hosts of crucial conceptual importance (mainly of cryptand type, analogous to the 
katapinands) by the groups of P. Schmidtchen and J.-M. Lehn [6, 7]. This short 
review-article is intended to highlight novel receptors for anions complexation 
and modern “bases”, defined as nano and soft materials.

The development of chemical sensors continues to be of great interest in 
modern analytical chemistry [8, 9]. Demands arise from clinical diagnostics, 
environmental and food analysis or in the detection of illicit drugs, explosives 
and chemical warfare agents. A molecular chemical sensor typically consists of 
the analyte binding site and a signaling unit, which transposes the binding event 
into a macroscopically observable output, for example, a color change or a light 
emission. For the development of devices it is often useful to immobilize the 
sensor molecule on surfaces, in membranes, gels or on nanoparticles.

Nanoparticles in anion sensing
The functional hybrid nanomaterials and supramolecular systems are more 

interest [10-12], particularly for molecular recognition and sensing [13-16], as 
drug delivery systems [17] and for catalysis [18]. Gold nanoparticles (AuNPs), 
have attracted much attention in the development of such devices, because of 
their biocompatibility, unique size- and shape-dependence, and optoelectronic 
properties [19-22]. The complexes of lanthanide ion have been studied as tools 
for optical imaging and sensing of biological species [23-25]. The lanthanides 
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have many unique photophysical properties and these are particularly attractive 
features as they overcome autofluorescence and light scattering often associated 
with commonly used fluorophores employed in chemical biology [26, 27]. 

The use of nanoparticles in anion sensing, it is interesting to note, that 
Massue et al. have synthesised gold nanoparticles with appended Eu(III)–cyclen 
complexes 1.Eu as sensors for biologically relevant phosphates such as flavin 
monophosphate 3 (Scheme 1). 

Scheme 1. Eu(III)–cyclen complexes 1.Eu as sensors for biologically relevant phosphates 
such as flavin monophosphate 3 [28].

Authors [28] present 1.Eu, a heptadendate macrocyclic Eu(III) cyclen 
conjugate possessing an alkyl thiol group, which enables the adsorption of 
1.Eu onto the surface of gold nanoparticles for the formation of water soluble 
gold nanoparticles AuNP-1.Eu. The formation of ternary complexes or a self-
assembly, between AuNP- 1.Eu and the β-diketone antenna 2, at pH 7.4 (0.1 
M HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) gives rise to 
the formation of AuNP-1.Eu-2, which is highly luminescent upon excitation of 
the antennae. We demonstrate that these luminescent AuNPs can be used in the 
sensing of biologically relevant phosphates such as flavin monophosphate 3, 
through the displacement of 2 (β-diketone antenna ) by flavin monophosphate 3. 

The functionalized nanoparticles were a β -diketone antenna 2 which 
coordinates to the Eu(III) centre and switches on fluorescence. This is displaced 
by phosphate species such as flavin monophosphate 3, which consequently causes 
fluorescence to be switched off as the antenna has been displaced (Scheme 2) in 
buffered aqueous solution. In this paper the first example of structurally defined 
luminescent lanthanide AuNP and demonstrated the sensing of anions through 
the displacement of sensitizing antennae at the surface of the AuNP have been 
developed [28].
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Scheme 2. The self-assembly formation between the nonluminescent AuNP–1.Eu and 2 
to give AuNP–1.Eu-2. The sensing of flavin 3 occurs by the displacement of 2 and the 
formation of AuNP–1.Eu-3 [28].

Increasing attention is being given to the detection of anions, cyanide anion 
is one of the most lethal poisons to humans, that can be potentially harmful to the 
environment or humans [29, 30]. In addition to being found in many foods and 
plants, cyanide has been extensively used in industry, which correspondingly 
raises the potential contamination to the ground water and even drinking water 
[31, 32]. Therefore, pursuing an efficient and reliable analytical method for 
cyanide determination is of particular importance and has been the focus of 
much research in recent years [33-35]. 

Shang et al. have reported a new simple method for sensing cyanide 
involving Rhodamine-B (RB) adsorbed onto the surface of citrate stabilised gold 
nanoparticle. This method based on the depletion of the quencher by the analyte 
combined with the use of a sensitive fluorescent probe. It allows the detection 
of cyanide in aqueous media in a very simple approach with high sensitivity and 
selectivity at the same time [36]. Rhodamine B (RB) was chosen as the model 
fluorophore, because it is strongly fluorescent, photostable, and water-soluble. 
Moreover, positively-charged RB can be readily adsorbed on the surfaces of 
citrate-stabilized AuNPs via electrostatic interactions and highly efficient 
fluorescent resonance energy transfer is expected to occur between them. 

As shown in Scheme 3, when adsorbed onto the surface of the nanoparticles 
the system RB–Au NPs fluoresces weakly mainly due to the efficient energy 
transfer from the fluorophore (RB) to the gold nanoparticle Au NPs, while the 
inner filter effect also contributes to the observed fluorescence decrease but to 
a much less extent. When in the presence of cyanide, Au NPs will be gradually 
dissolved. Then the fluorescence of RB is expected to be restored due to the loss 
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of quencher, based upon which cyanide can be detected.

Scheme 3. Schematic illustration of turn-on fluorescent cyanide detection based on the 
dissolution of RB–Au NPs [36].

In particular this method [36] allowed the selective detection of cyanide as 
low as 8.0x10-8 M in aqueous solution in a very simple approach. The sensing 
mechanism occurred through three routes: 

•	 desorption of fluorophores from the surface of Au NPs; 
•	 decreased fluorescence quenching ability of Au NPs with smaller size; 
•	 diminished fluorescence inner filter effect of Au NPs upon dissolution. 
Therefore, the fluorescence of RB-adsorbed Au NPs could be greatly 

enhanced in response to cyanide. The present principle can be generalized to 
develop other sensing systems by virtue of the analyte-induced depletion of 
the quencher. These studies demonstrates the well known interaction between 
cyanide and metal, thus a new avenue for the design of sensors based on a similar 
reaction might open up in the analytical and related fields. 

The same group has also reported the development of a new cyanide sensor 
based on copper ion-modified CdTe quantum dots (QDs) in aqueous media 
[37]. This sensor functions by the ability of CN- to bind and remove copper ions 
from the surface of QDs which recovers the photoluminescence (PL) that has 
been quenched by Cu2+. The enhanced fluorescence nature, strong fluorescence 
quenching ability of Cu 2+, much higher stability constant of the complex of CN- 
and copper ions and high quantum yields of QDs ensure a sensitive and selective 
response of the present sensor system to CN-. Under the optimal conditions, 
a good linear relationship between the PL intensity and the concentration of 
CN_ can be obtained in the range of 3.0x10-7 to 1.2x10-5 M, with a detection 
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limit as low as 1.5x10-7 M. Additionally, the present fluorescent sensor possesses 
remarkable selectivity for cyanide over other anions, and negligible influences 
were observed on the cyanide detection by the coexistence of other anions or 
biological species. The proposed copper ion-modified QDs could be an efficient 
and reliable sensing system to monitor cyanide concentration in environmental 
or clinical applications.

Mesoporous solids functionalized with anion-binding groups
For years the recognition of chemical species of varying complexity has 

been one of the most intensively studied areas of supramolecular chemistry. 
Much work has been devoted to synthesis of sophisticated coordination subunits 
arranged in certain topologies with the aim of achieving a high degree of 
complementarity with the target guests [38-40].

Recently, supramolecular chemistry becames interested in the use of 
coordination subunits for the preparation of molecules in such a way that the 
presence of target guests was transformed into a change in color [41, 42], 
fluorescence[43-45] or redox potential.[46-48]. The recognition and signaling 
of chemical species is now one of the most fruitful areas of contemporary 
supramolecular chemistry. In this area chromogenic and fluorogenic sensors for 
anions [49, 50] have been developed and there is a timely increasing interest in 
the design of chemosensors for neutral species [51]. Although, the chromogenic 
and fluorogenic sensors for cations have been the most developed and expended 
stream in present supramolecular chemistry [52-53].

Generally the supramolecular signaling process comprises two steps: 
1.	 the selective coordination of the target guest by using selective 

coordinating groups; 
2.	 a transduction of the coordination event through modulation of the 

optical or electrochemical signal. 
This two-step process requires adequate integration, generally into a 

superstructure of both components, of the signaling unit and the coordination 
or binding sites. Additionally, besides fluorescence or electrochemical outputs, 
colorimetric recognition is especially attractive because it offers the possibility 
of “naked eye detection” and the systems are usually easy to handle and can 
be applied, for instance, to the design of rapid screening semi-quantitative 
determinations. Many examples reported in the chemosensing field are based 
on relatively simple molecular systems; receptors displaying sensing features 
only in organic solvents are relatively common. Moreover, the milestone of 
selectivity in water usually necessitates extensive synthetic chemistry to prepare 
multitopic highly pre-organized systems.
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Polyanions such as polysulfates, including heparin, chondroitin sulfate, sucrose 
octasulfate (Suc-8S), polyphosphates, including adenosine triphosphate (ATP), 
1,4,5-inositol triphosphate (IP3), inositol hexaphosphate (IP6), phosphorylated 
proteins, polynucleotides such as DNA and RNA, and phospholipids, are 
ubiquitous in nature. They are important sensing targets because of their wide 
variety of biological activities [54-60]. The development of rapid, convenient, 
and high sensing systems for such polyanions is of considerable significance. 
Particularly, contamination by oversulfated chondroitin sulfate found in certain 
lots of heparin was recently reported to cause serious side effects presumably 
due to anaphylactoid response [61, 62]. 

The good example is gel-based sensing systems, developed by Hamachi 
et al. (fluorescence sensing system for polyanions based upon MCM-41 
mesoporous silica particles modified with aminoethyl groups, enzymes and a 
supramolecular hydrogel) [63]. Autors presented a novel polyanion-selective 
fluorescence sensing system composed of a hybrid material of supramolecular 
hydrogel, enzymes, and aminoethyl-modified MCM41-type mesoporous silica 
particles (NH2-MCM41) encapsulating anionic fluorescent dyes. The rational 
combination of the polyanion-exchange ability of NH2-MCM41 and semi-wet 
supramolecular hydrogel matrix successfully produced three distinct domains; 
namely, cationic nanopores, hydrophobic nano/microfibers, and aqueous bulk 
gel phase, which are orthogonal to each other. 

The coupling of anion-selective probe release from NH2-MCM41 with 
translocation of the probe facilitated by enzymatic reaction enabled fluorescence 
resonance energy transfertype sensing in the hybrid materials for polyanions, 
such as heparin, chondroitin sulfate, sucrose octasulfate, and so one. The 
enzymatic dephosphorylation catalyzed by phosphatase (alkaline phosphatase 
or acid phosphatase) that is embedded in gel matrix with retention of activity 
also contributed to improving the sensing selectivity toward polysulfates relative 
to polyphosphates. It is clear that the orthogonal domain formation of these 
materials and maintaining the mobility of the fluorescent dyes between the three 
domains are crucial for the rapid and convenient sensing provided by this system 
[63]. 

Scheme 4 illustrates author’s strategy for the construction of the MCM-
enzyme-supramolecular hydrogel hybrid sensor. The anion exchange within 
NH2-MCM41 took place even in the supramolecular hydrogel matrix, owing to 
its semi-wet environment similar to aqueous solution [63].
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Scheme 4. (a) Chemical structures of compounds 1-4, Suc-8S, IP6, heparin, and 
chondroitin sulfate and (b) construction and mechanism operating in fluorescent dye 
encapsulated MCM-enzyme-supramolecular hydrogel hybrid sensory system [63].

The succeeding example of use mesoporous solids functionalized with 
anion-binding groups is presented by Martinez-Manez et al. [64]. They have 
employed mesoporous solids to produce new anion sensing devices that 
function in water via a displacement assay approach. UVM-7 was chosen as the 
support for the devices. A mesoporous MCM41-type support characterized by 
the presence of nanometric mesoporous particle conglomerates, was selected 
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as inorganic scaffolding. Reaction of the template-free UVM-7 solid with 
3-aminopropyltriethoxysilane yielded solid S1, from which the derivatives S2 
and S3 were obtained by reaction with 2-methylthio-2-imidazoline hydroiodide 
and butyl isocyanate, respectively. Solids S4 and S5 were prepared by 
reaction of the starting mesoporous UVM-7 scaffolding with N-methyl-N’- 
propyltrimethoxysilyl imidazolium chloride and with 3-(trimethoxysilyl)propyl-
N,N,N-trimethylammonium chloride, respectively. The solids synthesized 
contain mesoporous binding pockets that can interact with anions through 
electrostatic attractive forces (S1, S2, S4, S5) and hydrogenbonding interactions 
(S1, S2, S3, S4). The solids produced contain pockets containing either positive 
charges, hydrogen bond donors or both. 

Scheme 5. Protocol for anion sensing in water using mesoporous MCM-41-like solids 
containing nanoscopic binding pockets and suitable dyes [64].

These functionalized solids were loaded with a dye (d) capable of interacting 
coordinatively with the anchored binding sites (5-carboxyfluorescein) to yield 
the hybrid materials S1d, S2d, S3d, S4d and S5d. These dye-containing solids 
are the signaling reporters (Scheme 5). Their sensing ability towards a family of 
carboxylates, namely acetate, citrate, lactate, succinate, oxalate, tartrate, malate, 
mandelate, glutamate and certain nucleotides, has been studied in pure water 
at pH 7.5 (HEPES, 0.01 mol dm-3). In the sensing protocol, a particular analyte 
may be bonded preferentially by the nanoscopic functionalized pocket, leading 
to delivery of the dye to the solution and resulting in colorimetric detection of 
the guest. The response to a given anion depends on the characteristics of the 
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binding pockets and the specific interaction of the anion with the binding groups 
in the mesopores [64].

Upon addition of anion, depending on the characteristics of the functionalised 
binding pocket, the carboxyfluorescein may be displaced. For example S1d 
proved to be very selective for citrate in pure water. These conclusions can open 
new perspectives in the use of solids as hosts in new solid-state-supramolecular 
chemistry concepts. Particularly, the possibility of using a large number of 
mesoporous materials functionalized with different binding sites makes the 
approach suitable for the design of new chromo/fluorogenic probes for target 
guests

Other approaches to anion sensing
Other approaches to anion sensing include the production of photonic 

polymers from ionic liquid precursors which undergo colour changes due to 
anion exchange resulting in swelling or shrinking of the nanostructure [65].

Ionic liquids (ILs), mainly involving imidazolium cation, have attracted 
increasing interest due to their unique physicochemical properties and ever-
expanding applications [66-68]. Recently, a number of literatures have described 
the use of imidazolium-based ILs for the regeneration of biopolymers, anion 
sensing, protein detection and sensitive nanomaterials [66-70]. Authors 
demonstrate that based on the combination of the unique properties of both ILs 
and photonic crystals this new concept can be efficiently employed for handy, 
rapid, and sensitive naked-eye detection of anions (Scheme 6) [65].

Scheme 6. Schematic illustration of the concept for anion detection based on the 
combination of the unique properties of both ILs and photonic crystals [65].

The initial structure of the fabricated photonic IL film is shown as Scheme 
7A. The interconnected, highly ordered porous structure cannot only directly 
generate optical signals due to Bragg diffraction, but also be favorable for the rapid 
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counter-anion exchanging within IL films. Since different anion of imidazolium 
moiety greatly affects the hydrophilicity or hydrophobicity of IL units [66-70] 
when a photonic IL film is soaked in an anion aqueous solution, counteranion 
exchanging will induce its volume change[71] and as a consequence, cause well-
defined shift of the stop band of the photonic IL film depending on the type of 
counteranion. 

As shown in Scheme 7C, the prepared photonic IL film selectively exhibits 
different stop band shifts upon soaking in diversified aqueous anion solutions. 
More interestingly, these stop band shifts can be directly observed by the naked 
eye because of the substantial color changes (Fig. 2D). For example, the original 
photonic IL film is pink in deionized water, but changes to blue upon exposure 
to an aqueous solution of lithium bis(trifluoromethylsulfonyl) imide (LiTf2N). 
Moreover, with the increase of the hydrophobicity of IL units upon counteranion 
exchange, the photonic IL film changes gradually from the transparent into 
semitransparent, even opaque, probably due to the increased light scattering of 
the interface between water phase and hydrophobic gel. Correspondingly, the 
opened pores become closed, due to the strong shrinkage of IL film (Scheme 
7B).

Scheme 7. SEM images of the fabricated photonic ionic liquid film with opened pore 
structure (A) and closed pore structure (B). C) Stop band shifts of the photonic ionic 
liquid film upon soaking in diversified 0.02M anions aqueous solutions. D) The induced 
color changes of the photonic ionic liquid film upon soaking in diversified 0.02 M anions 
aqueous solutions [65].
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It is interesting to note, that based on the system of the unique properties 
of both ILs and photonic crystals, this paper demonstrates a new concept for 
anion detection in a easy, rapid and sensitive way. Through simple counter anion 
exchanging of the imidazolium IL units the 3D highly ordered IL porous structure 
can directly sense different anions and easily convert the anion detection events 
into readable optical signals with color changes. The constructed photonic IL 
also shows promisefor the detection of solvents with different polarities. This 
combination of the unique properties of both ILs and photonic crystals could 
open immense opportunities for constructing novel advanced materials [65].

Anions, especially halides, play important roles in both environment and life 
sciences. For example, iodide (I-) can induce depolymerization of actin filaments 
and the corresponding transition from a gel–like state to a sol state, possibly by 
influencing the hydration shell that is thought to surround and stabilize the actin 
filaments polymer [72]. Therefore, developing selective and feasible detection 
strategies for anions are undoubtedly crucial. Actually, anion recognitions have 
indeed received much attention during past decades [2]. However, only few 
investigations involve I- recognition, and most of which were conducted by 
colorimetric and fluorimetric methods [73-75].

Applicable example we could find in the paper of Jiang and co-workers [76]. 
The authors demonstrate for the first time a highly selective recognition of anions 
based on gel–sol state transition of supramolecular hydrogel of Ag(I)-glutathione 
(GSH) coordination polymers, which allows for facile and selective visual 
recognition of I- via naked eyes even in a strongly colored and/or fluorescent 
background. Such a strategy overcomes the drawback of spectral interferences 
which are often encountered in conventional colorimetric and fluorimetric 
means. Illustration of reversible gel–sol state transition of supramolecular 
hydrogel of Ag(I)-GSH coordination polymers triggered by alternately adding 
I- into hydrogel and Ag(I) into the resulting sol solution has been shown in 
Scheme 8. It was rationalized that I- functioned as a depolymerizing agent for the 
Ag(I)-GSH supramolecular hydrogels. A feasible quantitative assay for I- was 
established that afforded satisfactory results for simulated wastewater samples. 

This strategy [77] can in principle be applicable to other species by following 
a smart gel–sol state transition in designed supramolecular hydrogel. 

Immobilization can be achieved, among other methods [77-79] by the 
incorporation of receptors into self-assembled monolayers or bilayer membranes 
[7] Polydiacetylene (PDA) is a particular interesting material in this respect, 
as diacetylene surfactants will selfassemble in water to form vesicles that can 
be photopolymerized to generate PDA in situ [80-83] The polymers conjugated 
backbone provides absorbance and fluorescence properties which are useful for 
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the transduction of the analytical signal [84, 85] Functionalized polydiacetylene 
films and vesicles have been used as chemosensors to monitor metal ions [84] 
glucose [86] proteins [9] and for the colorimetric detection of the influenza virus 
[87]. 

Scheme 8 Illustration of reversible gel–sol state transition of supramolecular hydrogel 
of Ag(I)-GSH coordination polymers triggered by alternately adding I- into hydrogel and 
Ag(I) into the resulting sol solution [76].

Koenig and co-workers have assembled vesicles from polydiacetylene 
molecules functionalised with metal complexes [88]. This group describes the 
preparation of self-assembled vesicular polydiacetylene (PDA) particles with 
embedded metal complex receptor sites. The particles respond to the presence of 
ATP and PPi (pyrophosphate) in buffered aqueous solution by visible changes of 
their color and emission properties. Blue PDA vesicles of uniform size of about 
200 nm were obtained upon UV irradiation from mono- and dinuclear zinc(II)–
cyclen and iminodiacetato copper [CuII–IDA] modified diacetylenes, embedded 
in amphiphilic diacet- Gylene monomers. Addition of ATP and PPi to the PDA 
vesicle solution induces a color change from blue to red observable by the naked 
eye. The binding of ATP and PPi changes the emission intensity.

Other anions such as ADP, AMP, H2PO4
-, CH3COO-, F-, Cl-, Br- and I-, failed 

to induce any spectral changes. The zinc(II)–cyclen nanoparticles are useful 
for the facile detection of PPi and ATP in millimolar concentrations in neutral 
aqueous solutions, while CuII–IDA modified vesicular PDA receptors are able 
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to selectively discriminate between ATP and PPi. Scheme 9 shows schematically 
the assembly and analyte response of the vesicular metal complex sensor system.

Scheme 9. Schematic representation of the preparation and the analyte response of 
self-assembled polydiacetylene vesicles with embedded metal complex binding sites for 
anions [88].

The vesicular receptors obtained from ZnII–cyclen functionalized 
polydiacetylene monomers respond to the presence of ATP and PPi at neutral pH 
at millimolar concentrations with visible changes of their color and emission. 
Other anions, such as halides, do not induce an analytic response. Polymerized 
vesicular receptors with metal complex binding sites may find applications for 
simple analytic tasks

Conclusions
In recent years we could observe advances in a number of areas of 

supramolecular chemistry. Anion recognition’s problems pertain to one of 
them. This short review focuses on anion binding systems are representative by 
examples based on gel–sol state transition of supramolecular hydrogel, use of 
nanoparticles and mesoporous materials in sensing and self-assembled vesicular 
anion receptors, functionalised with metal complexes. Chemical sensors have 
been necessary and demanded for clinical diagnostics, environmental and food 
analysis or in the detection of illicit drugs, explosives and chemical warfare 
agents, ect. Anion complexation continues to be a stimulating and fruitful area 
of cross-disciplinary research and we could expect significant steps forward in 
the coming years. 
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Chapter 9

Selective fluorescent chemosensors

Radosław Pankiewicz, Grzegorz Schroeder and Bogusława Łęska
Adam Mickiewicz University, Faculty of Chemistry, Grunwaldzka 6, 

60-780 Poznań, Poland

Introduction
Chemosensors are molecules or supramolecular devices that signal 

interactions with analytes. Sensors can detect wide range of cations, anions both 
simple inorganic and organic as well as many different uncharged particles. 
Detection, in the most cases, be holds in solutions. Even in cases of detection 
of gases molecules or ions are first caught to solution and after that sensing. In 
time projecting of sensor we must solve two problems: good interaction between 
analyzed particle and after that easy recognizable signal. The solution is creation 
bifunctional molecules, one part coordinate particle, second part is responsible 
for signaling.  Fluorescence offers high sensitivity among the many signal types 
available. [1, 2] So this mode of signal transduction has been used widely in the 
detection of a number of transition metal ions. [3, 4] Detection of individual 
metal ions with high specificity under physiologically relevant conditions is 
an important aspect in the design of fluorescent chemosensors for biological 
and environmental applications. Therefore peptide based sensors offer several 
advantages over other systems as they are biocompatible and could be conjugated 
to appropriate systems of biological interest such as proteins or nucleic acids.

There are known many of fluorescent sensors [5] that would merit discussion 
in general introductory review of that kind. Most of these were already featured 
in the review literature [6]. For this reason we presented only few selected, 
representative examples.

A fluorescent sensor for Li+

The pyrrole derivative was prepared as 2~’6 polycondensation reaction with 
squaric acid. The molecular wire was (SMW) obtained in 62% yield. Addition of 
micromolar quantitites of alkali metal ions such as Li+, K+ and Na+ to a DMSO 
solution enhanced the absorption maxima with a marginal red shift. On the 
other hand, the squaraine molecular wire SMW showed significant change in 
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its fluorescence emission behaviour upon addition of micromolar quantities of 
Li+. Interestingly, addition of micromolar quantities of K+ and Na+ did not show 
any considerable change to the emission property. The squaraine molecular wire 
showed a 92% enhancement in the fluorescence quantum yield. The observed 
specificity of SMW towards Li+ can be attributed to the optimum chain length of 
the binding sites and the electron affinity of Li+ [7].

N

O

O
O O

n

A fluorescent sensor for Na+

A good Na+ sensor would have the following properties. Na+ should bind 
with a dissociation constant of 5-50 mM at pH 7 in aqueous solution with no 
organic solvents permitted. Such a K would approximately match the expected 
range for sodium cations and maximize sensitivity. Excessive Na+ affinity 
would be undesirable, since the indicator would then either be Na+ saturated, 
or if applied in excess would depress [Na+]. A good indicator should have 
enough discrimination against K+, H+, Mg2+ and Ca2+. The sensor should show 
strong fluorescence, character able by a product of extinction coefficient and 
fluorescence quantum yield exceeding 103 M-1cm-1. 

The sensor 2 made by Leiner and coworkers [8] fulfils all above mentioned 
conditions. 

Monoaza-15-crown-5 ether has similar preferences for binding sodium and 
potassium cations besides sufficient attraction toward H+ [9]. Connections of 
the phenyl ring with azacrown nitrogen drastically lower the attraction toward 
H+ under these conditions. The three-dimensional pseudocryptand environment 
give higher selectivity [10,11] toward the size-complementary Na+ than the 
larger K+ (Figure 1). 

Group of fluorescent PET sensor which 2 is a good example shows clear 
conformational changes upon binding sodium cations which decouple the 
electron systems of the 2-methoxyphenyl unit and of the nitrogen atom [13]. 
This has important ramification in a PET sensing content, because the oxidation 
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potential of the receptor jumps from 0.8 V to >1.2 V upon Na+ binding [5].
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Figure 1. Structure of 2 with Na+ calculated by PM5 semiempirical method [12].

A fluorescent sensor for K+
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Kim and coworkers [14] has reported a new transduction mechanism based 
on the aggregation of conjugated sensory polymers induced by K+ ions. This 
system displays enhanced sensitivity because of energy migration processes and 
high selectivity for K+ over Na+ ions.

Li+ or Na+ ions form 1:1 complexes with [15]-crown-5, and show no 
observable effect on any of the spectroscopic properties of the polymer. The 
absorbance and fluorescence spectra of polymer in solution are essentially 
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unchanged even after the addition of a 1500-fold excess of Li+ or Na+ ions. In 
contrast, addition of K+ ions to a solution of sensor produced a new red-shifted 
peak at 457 nm in the absorption spectra and also fluorescence quenching was 
evident.

A fluorescent sensor for Cs+

CNNC
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New dicyano-substituted distyrylbenzene derivative and two 18-crown-6 
rings (L) was synthesized. In acetone solution, L shows a broad absorption 
at 380 nm. With the addition of Cs+ ion, a slight decrease of the absorption is 
observed. However, a significant change is observed in fluorescence spectra of 
L when Cs+ ions are added. The fluorescence intensity is enhanced significantly 
and the fluorescent peak redshifts from 482 to 526 nm. Stoichiometry studies 
indicate that L forms a 1:1 complex with caesium ion, indicating that each Cs+ 
ion coordinates to two 18-crown-6 moieties. At saturation in acetone solution the 
maximum fluorescence intensity of L complexed with Cs+ is about 20 times that 
of free L. Other alkali metal ions such as Li+, Na+ and K+ were also examined. 
No significant fluorescent enhancement was observed with any of these, even 
though 18-crown-6 is known to bind K+ strongly [15].

A fluorescent sensor for Mg2+

Conjugated polymers containing 2, 29-bipyridylene (P) was synthesized by 
Pei and coworkers [16] and studied their capability to detect metal ions. When 
aqueous solutions of Mg2+, Ca2+, Ba2+, and Sr2+ ions were added to a solution 
of polymer P, Ca2+, Ba2+ and Sr2+ did not change the appearance of the polymer 
solution. Only, the addition of Mg2+ changed the color of the solution from 
yellow to orange. Spectral studies indicated that both absorption spectra and 
fluorescence spectra of the polymer solution remained unchanged upon the 
addition of Ca2+, Ba2+, and Sr2+, but the addition of Mg2+ resulted in a red shift in 
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the absorption spectrum of 12 nm. The fluorescence of the P solution was also 
gradually quenched upon adding Mg2+ up to a nearly complete quenching at a 
concentration of 30 ppm. The selective response to alkali earth metal ions thus 
allows the selective detection of Mg2+.

N N
S

n

A Fluorescent sensor for Ca2+

Important evaluation of the role of calcium as an intracellular messenger 
requies quantitative measurement of cytosolic free Ca2+ concentractions and 
comparison with varied stimuli and cell responses [17]. The best example of 
calcium indicator is “fura” 3 synthesized by Tsien and coworkers [18]. 

O

N O

O N
CO2

-

CO2
-

CO2
-

O

N
CO2

-

CO2
-



213

Selective fluorescent chemosensors

UV absorption spectra of 3 a various levels of free Ca2+ are shown in 
Figure 2. The absorbance spectra are much as one would expect for stilbene 
chromophores. In the absence of, the spectrum shows a maximum at about 340 
nm. Ca2+ binding causes a major shift toward shorter wavelengths. 

Figure 2. Excitation spectra for 1 µM 3 at 20 ºC in buffers with free Ca2+ values ranging 
from <1nM to >10 µM. The excitation band width was 1.9 nm, the emission was collected 
at 510 nm with 4.6 nm band width, and the spectra were automatically corrected for 
excitation lamp and monochromator characteristics using a thodamine B quantum 
corner [18]. 

The quantum yield of fluorescence of fluorescence for the 2 is about 0.5 with 
Ca2+. This value is typical of dyes normally considered to be highly fluorescent. 
In all cases the calcium complex has quantum efficiency between 1.3- and 2.1- 
fold higher than the Ca2+ -free dye. 

Dissociation constans for this indicator is about 140 nM at ionic strengths 
about 0.1. This values are close to the dissociation constant (110 nM) of the 
parent compound BAPTA [19]. The substituents that make up the rest of the 
chromophores must be only slighty electron-withdrawing, therefore moderately 
electron-withdrawing substituents such as halo, azo, and acyl cause larger 
increases in calcium dissociation constans [20]. Good complexation ability is 
caused by two carboxylic group on the “tail” of molecule, Figure 3, which can 
close cation in the form of pseudo ring. 
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Figure 3. Structure of 3 calculated by PM5 semiempirical method [12].

A fluorescent sensor for Ba2+
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Kawakami and coworkers was synthesized new fluorescent ions sensor. 
Thanks to adjusting length of polyether chain binding two chromophores they 
received excellent fluorescent chemosensor for Ba2+ [21].
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Fluorescent sensors for Fe3+

Siderophores are naturally good ligands to complex Fe3+ with excellent 
selectivity, [5] without which many microorganisms could not achieve their 
essential iron intake [22]. Some of these siderophores are also excellent at 
recognizing MoO4

– [23]. This receptors were incorporated into fluorophore-
spacer-receptor systems without compromising their coordination properties. 
The best sample of this receptor is 4 with a tris-hydroxamate motif in their 
structure [24]. 
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The have tri pendand-like arms (Fig. 4.) which can complex Fe3+ cations. 
The complexation of cation causes significantly fluorescence quenching.

Figure 4. Structure of 4 calculated by PM5 semiempirical method [12]. 
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A fluorescent sensor for Co2+

In a fourth generation poly(propylene amine) dendrimer decorated with 
32 dansyl units at the periphery and containing 30 aliphatic amine units in the 
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interior, the strong fluorescence of all the dansyl units is quenched when a Co2+ 
ion is incorporated into the dendrimer. In acetonitrile–dichloromethane solution, 
dendrimer exhibits intense absorption bands in the near UV spectral region and 
a strong fluorescence band in the visible region (λmax = 514 nm). Addition of 
Co2+ solution caused a strong quenching on the fluorescence intensity of the 
dansyl units appended at the periphery of the dendrimer, without affecting the 
absorption spectrum [25].

A fluorescent sensor for Ni2+
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A conjugated polymer was obtained by the polymerization of 
4,7-diethynylbenzo[2,1,3]thiadiazole with 1,4-diazidobenzene via click 
reaction. The polymer shows strong blue-green fluorescence due to the extended 
p-electronic structure in the main chain backbone. the fluorescence intensities 
of the polymer were almost unaffected by the addition of Co2+, Hg2+, Ag+, Cd2+, 
Zn2+ and Cu2+, but strongly quenched by Ni2+ at 1:1 molar ratio. These results 
indicated that the polymer has highly specific recognition ability for Ni2+ ion. 
The good selectivity and high sensitivity of the polymer for Ni2+ recognition may 
be attributed to the building block receptor arisen from benzo[2,1,3]thiadiazole 
and triazole units in the main chain backbone that are well fit for the formation 
of a more stable Ni2+-polymer complex as compared to other transition metal 
ions [26].

A fluorescent sensor for Cu2+

Many of fluorescent receptors showing good Cu2+ selectivity is the presence 
of one ore more primary amide moietes that appear to lose the amide proton 
during the complexation process [5]. Of course other ligating units are engaged 
in this chelating process. Sensor 5, synthesized by Bhattaacharya and Thomas, 
contains a receptor unit that illustrates these generalities [1]. 
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To study the nature of complex formed between 1 and copper cations in 
solution, Bhattaacharya and Thomas examined the system by electrospray 
ionization mass spectrometry (ESI-MS). This studies shows that two independent 
co-ordination centers of similar nature as in 5 are present. Direct involvement of 
the central tertiary amino group and the dansyl group in metal-complexation is 
less probable. Autors propose a co-ordinationation scheme that explains the ESI-
MS results. They suggested that copper cation are complexed by four nitrogen 
atoms, two for heterocyclic moieties and two deprotonated aliphatic nitrogen 
atoms [1]. This data are in good agreement with molecular modeling data Figure 
5 [12].

In the emission fluorescence spectra recorded at excitation at 330 nm, a 
linear decrease in the fluorescence intensity was observed until one equiv, of 
Cu2+ was added, Figure 6. Continued addition of copper cation produced only a 
nominal decrease in fluorescence intensity.  

The fluorescence quenching of 5 by Cu2+ was tested over a range of 
concentrations and was found to be linear with the added metal ion concentration.
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Figure 5. Structure of 5 with Cu2+ calculated by PM5 semiempirical method [12].
	

Figure 6. Effect of addition of Cu2+ on the emission spectra (λex = 330 nm) of 5 in 20 mM 
tris buffer containing 150 mM NaCl (pH 7.4). Curve “a”, free probe (4.4 µM). 4.4 µM 
of Cu2+ was added in ten equal aliquots. Curve “k” corresponds to 4.4 µM of Cu2+ [1].
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A fluorescent sensor for Ag+

N

N

N

N

New fluorescent chemosensors, 1,8-bis(pyrazolylmethyl) anthracene and 
9,10-bis(pyrazolylmethyl)anthracene, were synthesized by Kang and coworkers 
[27]. The 1,8-isomer showed selective fluorescent quenching effects with Ag+ 
and Cu+. On the other hand, the 9,10-isomer (showed) displayed a selective 
fluorescent quenching effect only with Ag+. From the association constants 
obtained from fluorescent titrations and by extraction, we conclude that rigid 
immobilization of the ligands, 1,8-isomer, plays a more important role in 
the binding with Ag+ than the additional ð-cation interaction offered by the 
9,10-isomer.

A fluorescent sensor for Zn2+

The novel ligand, [8-(5A-dimethylamino-1A-naphthalene)sulfonamidoquinoline] 
(L), was prepared. The fluorescence properties of L were also studied in a 
DMSO–H2O mixture. The fluorescent experiment reveals that essential metal 
ions such as Cu2+, Fe2+, Fe3+, Co3+, Mn2+ and Ni2+ ions quenched the fluorescence 
of the ligand while Zn2+ ion enhanced the fluorescence. The maximum excitation 
band of L is at 357 nm with a shoulder at 381 nm. Whatever the excitation 
wavelength 300–450 nm is chosen, the maximum of the emission is always at 
545 nm [28].



221

Selective fluorescent chemosensors

N

S
NH

N

O

O

A fluorescent sensor for Cd2+
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2,7-dichlorofluorescein exhibits a fluorescent peak At 540 nm when excited 
by 350 nm wavelength photons in 1:1 CH3OH:H2O. The intensity of fluorescent 
peak is found to increase on interaction with Cd2+ ion but not significant increase 
in the intensity was observed on interactions with the ions: Na+, K+, Ca2+, Cu2+, 
Ni2+ and Zn2+. These observations indicate that 2,7-dichlorofluorescein is good 
fluorescent sensor for Cd2+ ion [29].

A fluorescent sensor for Hg2+

Wang and Chan [30] was synthesized cholic acid-based sensor and applied 
it as fluorescent sensor for the detection of both Hg2+ and MeHg+ in aqueous 
solutions. This sensor exhibits outstanding selectivity toward mercuric ion due 
to the complementary charge and size factor between the receptive site of the 
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host and the guest ion. A distinctive OFF–ON type signaling of up to 10-fold 
enhancement was observed for this new sensor probe.

A fluorescent sensor for In3+

N

N N
S

O
O

Synthesized by Wu and coworkers [31] neutral fluorescent sensor based 
on pyrazolo[1,5-a]pyrimidine exhibited a unique selectivity for In3+ ion over 
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various other metal ions with dramatic fluorescence response in acetonitrile. This 
compound shows a relatively stable emission band around 412 nm. When the 
concentration of In3+ was increased up to 1.0 molar equivalent, 95% quenching 
of the initial fluorescence of pyrazolo[1,5-a]pyrimidine was observed.

A fluorescent sensor for Pb2+

N O O

O

O

O

O

O

N

This Chemosensor (C) was prepared by the condensation of 
4-(N,Ndiethylamino)sailicylaldehyde with β-ketoester appended with 
15-monoazacrown-5 ether in the presence of piperidine. To explore further the 
utility of C as an ion-selective fluorescent chemosensor for Pb2+, the competition 
experiments are conducted in which C is first incubated with various metal ions 
at their saturation concentrations, and Pb2+ is added until the total concentration 
of Pb2+ reaches saturation concentration. Although absorption bands provide 
the most structurally relevant information about the binding, the absorption as 
well as fluorescence spectra are exploited to monitor the competition events. 
The absorption spectrum of C Mg2+ is consistent with the two carbonyl groups 
of the fluorophore taking part in the binding, regardless of the presence of the 
monoazacrown moiety. As the Pb2+ concentration increases, the characteristic 
absorption at 478 nm for CMg2+ complex gradually decreases, and a new 
characteristic absorption at 428 nm, responsible for CPb2+ complex, starts to 
appear with a concomitant fluorescence increase. Notably, Pb2+ ions do not simply 
replace Mg2+ in the same binding sites but form a new fluorescent complex [32].

A fluorescent sensor for La3+

Hosseini and coworkers [33] synthesized fluorescent sensor containing 
(1-[({2-[2-(2-hydroxy-1-naphtyl)-3-(2-{[(E)-1-(2-hydroxy-1-naphtyl)
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methylidene]amino}ethyl)-1-imidazolidinyl]ethyl}-imino)methyl]-2-naphthol) 
(L) for detecting La3+ ratiometrically. Complexation between compound L and 
La3+ with high selectivity gives rise to a great red shift from 430 to 522 nm in 
the emission spectra. In acetonitrile, the red shift of fluorescent emission upon 
lanthanium binding is due to the formation of a 1:1 metal–ligand complex. The 
fluorescent probe exhibits high selectivity over other common metal ions and 
mono-, di-, and trivalent cations, which indicates good selectivity for La3+ ions 
over a large number of interfering cations.

N N NN
OH

HO
HO

A fluorescent sensor for F–

N NH NH N
N

O

O
N

O

O

S

Bisthiocarbohydrazones are found to be a class of sensitive, selective, 
ratiometric and colorometric chemosensors for anions such as fluoride (F-). 
The sensitivities or the binding constans of the sensors with anions, were found 
to be strongly dependent on the substituents appended on the π-conjugation 
framework, the delocalization bridge CH=N, the aromatic moiety and the hetero 
atom in the C=X group of the sensors [34].
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