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„New trends in supramolecular chemistry”  
Edited by Volodymyr I. Rybachenko

Donetsk 2014, East Publisher House, ISBN 978-966-317-208-8

Chapter 1

Supramolecular systems based on lanthanide complexes 
with modified calix[4]arenes as fluorescent receptors 

for metal cations

Natalya Rusakova, Olga Snurnikova and Ninel Efryushina
A.V. Bogatsky Physico-Chemical Institute NAS of Ukraine, 

Lustdorfskaya Doroga 86, 65080 Odessa, Ukraine

The number of publications devoted to polynuclear complexes of 
lanthanides is steadily increasing. The greatest part of works devoted to 
heteronuclear complexes of lanthanides with s- and d-elements, in which 
interest is dictated primarily by their practical application, especially in 
quantum optics and electronics. The effect of s-metals on the 4f-luminescence 
was considered in lanthanide-containing compounds that emit in the visible 
region of the spectrum. As for publications on lanthanide complexes with 
so-called essential d-elements (copper, zinc, cobalt, nickel, chromium, iron, 
etc.) the majority of them are devoted to the development of synthetic models 
of natural ionophores and sensors for biology and medicine. The range of 
publications that focus on the possibility of using multidentate macrocyclic 
compounds as a basis for obtaining polynuclear lanthanide complexes is very 
limited, which determines the prospects of such research. In particular, it is 
related with the search for new photochromic compounds and approaches for 
solving the problems of perception of the optical information, including living 
systems [1-6]. The main advantage of the use of chromophoric macrocyclic 
ligands compared to acyclic analogs is the presence of already formed 
molecular cavity preorganized for coordination of lanthanides with appropriate 
ionic radii, and attached chromophores capable of efficient absorption of the 
exciting light for sensitization of 4f-luminescence [7-10].

After the publication of van Veggel, dedicated to sensitization of intrinsic 
luminescence of Nd(III) and Yb(III) in the complexes containing ruthenium 
bipyridyl and ferrocene, the use of light-absorbing metal complex chromophores 
as sensitizers of 4f-luminescence has attracted the attention of many research 
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groups. The term “metal-containing chromophores” have been used until now. 
A lot of articles were published on the effect of d-metal complex chromophores 
containing such ions as Pt(II), Ru(II,) Re(I), Os(II), Pd(II), Cr(III) on the 
4f-luminescence. Their energy levels are in the range of 13000 - 18000 cm-1 in 
most cases, which is favorable for transfer of excitation energy primarily to the 
resonant levels of lanthanide ions that emit in the infrared region [11-13].

1. Functionalized phenolic-type calix[4]arenes: general characteristics and 
applications

Calix[n]arenes are macrocyclic products of cyclic oligomerization of phenol 
with formaldehyde. These compounds are interesting due to the following reasons: 
the relative ease of preparation, the rigidity of the macrocyclic platform allowing 
to put binding sites as required, conformational diversity, the opportunity of 
modification of phenolic groups, aromatic rings and bridged fragments by different 
functional groups. Calix[n]arenes are compounds in which a modification of one 
fragment affects all spatial structure of the macrocyclic framework and  leads to 
a change in properties of whole molecule (e.g. complexing, optical, magnetic, 
etc.) [14-16]. However, the systematic researches in this area are practically 
not carried out. Furthermore, the calix[n]arene are capable to form inclusion 
complexes of the “host-guest” type with neutral and charged molecules, thereby 
they are used for the creation of an effective chelating ligands, extractants, as 
well as for membrane and phase transfer of low molecular weight substrates 
such as ions of toxic and heavy metals [17-19].

Polytopic calix[n]arene structure is provided by upper (wider) and lower rims 
(Fig. 1, a). The inclusive ability of hydrophobic aromatic cavity and coordination 
properties of substituents on upper and lower rims are used to obtain homo- or 
heteronuclear complexes and supramolecular assemblies based on them.

Figure 1. Schematic formula of calix[n]arenes (a, n=0-5) and TBC (b)
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The size of intramolecular cavity of compounds depends on the number (n) 
of phenolic fragments, and a set of the donor-acceptor centers depends on number 
and nature of substituents (R and R’) [20]. p-tert-Butylcalix[4]arene (TBC, Fig. 
1, b) has been studied widely in terms of functionalization with substituents of 
different nature. Analysis of publications allows selecting three main aspects 
in modification of calixarene macrocycle. The first one is related to the need to 
change the size or conformational properties of the ligand cavity, for example, to 
increase the selectivity in extraction processes [21-23]. The second one provides 
the increase or the decrease of solubility for bonding substrates containing 
multiple functional groups, such as amino acids or biopolymers. The third aspect 
is related with the introduction of additional centers for the coordination of metal 
ions thus the selectivity of calix[n]arenes increases [24-28].

Besides varying the number of phenol rings, the change in dimensions of 
the cavity of the macrocycle is achieved by replacing the methylene (-CH2-) 
bridge to a silanol (-SiR2-), sulfur (-S-,-SO-,-SO2-), oxygen (-СН2-О-CH2-) 
or nitrogen-containing fragments (-СН2-N-CH2-), which affects the inclusive 
ability of cavity for “guests” molecules [14, 29]. In [30, 31] it was shown that 
the replacement of methylene bridges in TBC on the sulfur atoms increases the 
size of the macrocyclic cavity in the “cone” conformation from 7.1-7.2 Å to 7.6-
7.7 Å and creates new features in chemical behavior and the complexing ability 
of the ligand. However, the determination of the conformation of macrocycle by 
1H NMR spectra is greatly complicated due to the absence of bridging methylene 
protons.

One of the earliest examples of modification of p-tert-butylcalix[4]arene is 
the exchange of phenolic protons of lower rim to alkyl radicals. Their introduction 
increases the inversion barrier and hinders mutual transitions of conformers of 
ligand [24, 32]. Replacement of four protons on propyl or more bulky groups 
stabilizes the calix[4]arene molecule in the preferred “cone” conformation. The 
disadvantage of such functionalization is the decreasing of solubility in polar 
solvents, which greatly limits the application of the above derivatives.

In addition to conformational features, one of the important properties 
of calix[4]arenes is their solubility in different environments. Increasing the 
solubility in water is achieved by functionalization of the upper/lower rims 
positively (negatively) charged or neutral hydrophilic groups (-N+R3, -SO3

-, -NO2, 
-COOH, -PO3H2). The first example of water-soluble calixarene was tetracarboxy 
derivative of TBC which solubility in water is 0.5 g per 100 g of water at 298 K 
[16, 36]. p-Tetrasulfocalix[4]arene functionalized with four SO3

- groups at upper 
rim has the highest solubility in water (7.5 g in 100 g of water ) of the presently 
known synthesized calix[n]arenes [33-37].
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Along with the development of synthetic methods of calix[4]arenes with 
appropriate functional groups to regulate the solubility, studies on the acid-base 
properties was carried out. This is primarily related to the study of synthetic 
receptors. Known data [14, 32, 38-41] suggest that due to the spatial structure 
calix[4]arenes are stronger acids than their monomers and non-cyclic analogues. 
In [39, 40] acid-base dissociation constants of TBC (рК1 = 4-5; рК2 = 11-12; 
рК3, рК4 >14; Fig. 2, a) were determined. The first dissociation constant of TBC 
is between the values of medium strength acids and weak acids (compared to 
the pK of acetic acid, 4.8 ± 0.1), while a p-tert-butylphenol (pKa=10.16±0.05) 
and phenol (pKa=9.6±0.1) [29] are very weak acids. Unusual properties of one 
of the phenolic protons (called in the literature “superacidic proton” [14]) were 
explained by the stabilization of the monoanion, which formed at dissociation 
of one phenolic group (Fig. 2b). A series of experimental methods and semi-
empirical calculations has shown that the oxygen atom of phenolate anion 
forms strong hydrogen bonds with neighboring OH groups which stabilize the 
anion and prevent further dissociation of the second OH group, thus explain 
too high value of pK2 compared with non-cyclic analogs. Unusual acidity of 
the first proton is preserved under the introduction of various substituents on 
the upper rim (pK1 (p-sulfocalix[4]arene) = 3.08 [40] and pK1 (p-nitrocalix[4]
arene)<0 [39]), and under replacing of methylene bridges in macrocyclic ligand, 
for example, pK1 (p-tetrasulfothiacalix[4]arene) = 2.18 [41]).

а b
Figure 2. Representation of intramolecular hydrogen bonds in p-tert-butylcalix[4]arene 
(H4L,а) and its monoanione (H3L

-, b) 

The nature of the solvent is an important factor that must be considered at 
determining the dissociation constants of calix[4]arenes. At least two mechanisms 
of interaction of solvent molecules with calix[4]arenes can be distinguished. The 
first of them is the participation of solvent molecules in the formation of hydrogen 



15

Supramolecular systems based on lanthanide complexes with modified calix[4]arenes as...

bonds with the OH groups of the ligand H4L and its monoanion H3L
-. The second 

mechanism involves the formation of inclusion complexes by hydrophobic 
cavity, which is accompanied by changes in the electron density on the phenolic 
oxygen atoms. But theory that takes into account both of these mechanisms has 
not been developed. This is probably due to the acid-base properties of calix[4]
arenes in mixed organic or aqueous-organic media, which were used. It should 
be noted that substituents such as -NН2,-COOH, -PO3H2 also participate in the 
formation of intermolecular hydrogen bonds similarly to the phenolic groups 
[42-44].

The X-ray diffraction results for TBC and its derivatives suggest that the 
calixarenes have the ability to form inclusion complexes (clathrates) with 
solvent molecules. It was found that calix[4]arenes form inclusion complexes 
with small organic molecules: acetone [42], acetic acid [47], benzene, toluene, 
p-xylene, anisole [43] due to СН-π- and π-π-interaction [45, 46]. These studies 
formed the basis of application of calix[n]arene macrocycles (or, as they are 
often called in the literature, “calixarene platforms”) as receptors in “host-guest” 
chemistry. Thus, the use of TBC for determining cations of metals is rather 
limited due to poor solubility in water and many organic solvents, low selectivity 
and strength of binding cations [14, 43, 45-48]. Currently various techniques of 
TBC modification were developed. However, the most affordable and common 
method is still selective alkylation OH-groups of the lower rim in the presence 
of the respective bases (Fig. 3) [49, 50]

After the development of methods for the alkylation on ester derivatives 
(R=-CH3, -C2H5, -C3H7) carboxymethoxy-p-tert-butylcalix[4]arenes (R=-
CH2COOH) were obtained. The first synthesis of tetracarboxy substituted 
TBC was carried by R. Ungaro in 1983-1985 [14]. The degree of substitution 
and the predominant conformation of the resulting product are determined by 
several factors, among which the main role is played by the strength of the 
base and the nature of its cation. 

It is known that 1,2-derived compounds usually are obtained by indirect 
methods with introducing protecting groups (benzyl, propyl, methyl). The 
synthesis of only two trisubstituted calix[4]arenes is described in the literature. 
This indicates that techniques of synthesis of trisubstituted compounds with 
different nature of substituents are not well developed to date. The effect of 
sequential introduction of substituents on the physico-chemical, in particular, 
complexed and spectral-luminescent properties of calix[4]arene studied 
very limited. In general, analysis of the published data suggests that the 
substitution of p-tert-butylcalix[4]arene is carried out mainly by two or four 
phenol groups (symmetric ligands). The synthesis of asymmetric calix[4]



16

Natalya Rusakova, Olga Snurnikova and Ninel Efryushina

arenes is less developed and their properties are virtually unexplored. As can 
be seen from applied synthetic procedure leads to the formation of a mixture 
of conformational isomers which in its turn, requires multiple purification 
of the compounds. On the other hand, several methods which are described 
in the literature involve the introduction of protective groups. The last ones 
increase the number of synthetic steps and, consequently, lead to lowering of 
the product yields [51-56].

OHOH HOOH

OHOH ROOR

Na2CO3 or
K2CO3 (2.2 equiv.);
RX (2.4 equiv.);
acetone

1,3-disubstituted

Cs2CO3 (2.5 equiv.);
RX (2.5 equiv.);
acetone

OHOH HOOR

NaH (1 equiv.);
RX (1 equiv.);

toluene

monosubstituted
"cone"

OROR ROOR

OROR HOOR

BaO+Ba(OH)2
RX (6 equiv.)
DMFA

trisubstituted
"cone"

tetrasubstituted
"cone"

NaH (5-10 equiv.);
RX (5 equiv.);
THF

"cone" "cone"+"partial cone"
(yield 70-80%)

(yield 70-80%)

(yield 30-40%) (yield 10-20%)

TBC

Figure 3. Scheme of synthesis of sequentially substituted p-tert-butylcalix[4]arenes

Subsequent development of chemistry of calixarene receptors involves 
obtaining of modified calix[4]arenes based on appropriate substituted TBC. 
The most suitable derivatives are carboxylic ligands. The formation of amide 
or ester bonds allows introducing into the calixarene molecule fragments, which 
are capable of imparting new properties, such as spectral, coordinational or 
biological. Thus, it is proved that the amide group makes a double contribution 
to the formation of complexes. At first, the carbonyl moieties and the oxygen 
atoms of the ester groups form an intramolecular cavity, which may include 
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cations. Secondly, the anion coordination with the NH-moiety increases stability 
of the formed complexes. For example, it was obtained new supramolecular 
polytopic receptors, based on the carboxyl and amino derivatives of calix[4]
arenes, in which calix[4]arene and azacrown ether fragments are separated by 
spacer groups, (Fig. 4, [14]).

Figure 4. Possible ways of metal cations complexation by calix[4]arene modified with 
azacrown ether moieties

The next stage in the development of chemistry of functionalized calixarenes 
was the creation of compounds on their basis, which containe both coordination-
active groups and additional chromophoric fragments. Such compounds in 
the literature are called chromophore or fluorescent sensors or receptors. The 
receptor consists of an ion-recognizing fragment (an ionophore), the signal part 
(chromophore/fluorophore) and the bridge between them (the “spacer”, Figure 5).

	
Figure 5. The scheme of action of fluorescent sensor
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Chromophoric moiety converts the chemical information obtained by the 
interaction between the ionophore and the cations (anions) in the optical signal. 
The mechanism of the photophysical changes occurring at the binding of the ion 
is associated with a redistribution of the electron density in the molecule as a 
result of the PET effect («Photoinducted Electron Transfer»). Excitation of the 
fluorophore (acceptor) allows the electronic transition from ionophore (donor) 
to the fluorophore causing fluorescence quenching of the latter. After binding the 
cation to receptor the PET effect is not realized, and the sensor starts to fluoresce.

If fluorophore of sensor in addition to the electron acceptor part also contains 
an electron donor fragment, it gives so-called PCT-effect («Photoinducted 
Charge Transfer») due to the interaction of charged fluorophore and ionophore. 
It leads to batho- or hypsochromic shift of the absorption and emission as well as 
changes in their characteristics. In disubstituted receptors containing two identical 
or different fluorophores photochemical changes under the complexation also 
can be described by FRET-effect («Fluorescence Resonance Energy Transfer») 
caused by the interaction in pairs of fluorophores in their excited states. As a 
result of the dipole-dipole interaction of the excited state of the fluorescent donor 
is transferred to the acceptor and donor returns to its ground state.

Examples of fluorescent sensors based on TBC where as the fluorophores 
are used conjugated aromatic substituents (naphthalene and pyrene) are shown 
in Fig. 6. 

Figure 6. Structures of fluorescent sensors based on TBC with naphthalene (a) and pyrene 
(b) substituents 

The main advantages of these ligands are the sensitivity and the possibility 
of its application in biological studies. Unsubstituted hydroxyl groups in these 
ligands serve as an “anchor”, which fix the position of the functional groups of 
the second pair of substituents. These structures represent so-called molecular 



19

Supramolecular systems based on lanthanide complexes with modified calix[4]arenes as...

“tweezers” and “tongs” [57-60]. 
There are the growing number of studies devoted to the calix[4]arenes 

modified by porphyrins parallsel to the research of fluorescent sensors. It is 
related to the ability of the latter to participate in molecular recognition due to 
the unique spectral properties [61-69]. Calix[4]arene-porphyrin systems can be 
classified by molecular design as covalently and non-covalently bound ( Fig. 7).

Figure 7. Structures of calix[4]arenes functionalized by porphyrins at the lower (a), upper 
(b) rim, bound with the several bridges (c) and non-covalent calix[4]arene-porphyrin (d) 

Covalently bound calixarene-porphyrins are classified as follows:
1.	 Calix[4]arenes functionalized with porphyrins at the lower rim (Fig. 7a) 

[31, 62, 63]; 
2.	 Calix[4]arenes functionalized with  porphyrins at the upper rim (Fig. 

7b) [64, 65];
3.	 Calix[4]arene-porphyrins linked by several bridges in so-called “cage”- 

or “sandwich”-like ligands (Fig. 7c) [66].
One of the simplest methods for preparation of covalently bonded systems 

is the “cross-linking” by amide bond carboxycalix[4]arenes and aminoporphyrin 
at the lower rim (Fig. 7a). The synthesis is possible with both porphyrins 
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and porphyrinates of metal. It is a key factor for obtaining the heteronuclear 
complexes.

Noncovalently binding systems can be referred to ion associates (Fig. 7d), 
the hallmark of which is the water solubility. The formation of such systems 
is provided by the presence of charged groups, located on the periphery of the 
porphyrin macrocycle and at the rim of calixarene. The presence of free porphyrin 
cavity and a second rim of calixarene makes these polytopic systems interesting 
in molecular recognition. However, the mutual influence of two macrocycles in 
calixarene-porphyrin ion associates is not enough studied. In addition, there is 
no data about heterometalic systems based on these ligands [67-69].

As already mentioned, the directions of possible application of functionalized 
TBC are very diverse. Lately, they have been actively investigated as antiviral and 
antibacterial agents. It was found that calix[4]arenes, which are  symmetrically 
disubstituted at lower rim with thiazole fragments have antiviral activity against 
HIV. The varying of the substituents on the upper rim (tert-butyl, phosphonic, 
sulfonic, carboxy) does not affect on the antiviral activity and only changes the 
solubility of the compounds in an aqueous medium [70].

Calix[4]arene modified with two bipyridyl groups on the lower rim and four 
guanidine groups on the upper one exhibits antibacterial activity against some 
Gram-positive and Gram-negative bacteria comparable to hexamidine but has a 
lower cytotoxicity [71].

It was found [72] that calix[4]arene tetracarboxy substituted at the lower 
rim interacts with receptors on the cell membrane of carcinoma and causes their 
death even at low concentrations (less than 10-10 mol/L) and moreover it is non-
toxic. The latter indicates that they are effective and promising as anticancer 
drugs. Study on the biological activity of such compounds has shown that the 
calix[4]arene macrocycle plays an organizational role holding functional groups 
that generate antibacterial and antiviral activity at a certain distance in space. The 
possibility of the additional functionalization of another rim allows enhancing 
these characteristics and reducing the toxicity of compounds.

The relationship of the chemical structure of calix[4]arene molecules with 
their biological activity indicates the specific effect of nature of the substituents. 
The one can suggests that the reasons for the observed differences in biological 
activity are steric factors which affect the solubility of the compounds, 
permeability, localization in tissue and interaction with biological structures. 
However, a systematic research of the biochemical mechanisms involving 
calix[4]arenes and relationship “structure-bioactivity” was not carried out. 
It is known, for example, that benzimidazole and its derivatives, particularly 
complexes with ions of some d-metals (Fe(III), Cu(II), Co(II), Ni(II), Zn(II)) 
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have a broad spectrum of antimicrobial and antifungal activity and are active 
ingredients of drugs (e.g. omeprazole, astemizole, mebendazole) [73, 74]. 
However, the biological activity of p-tert-butylcalix[4]arenes modified 
benzimidazole fragments at the lower rim and their complexes has not been 
investigated.

2. Heteronuclear lanthanide-containing complexes 
Different variants of structure of polynuclear complexes which contain 

several central cations both the same and different natures (homo- and 
heteronuclear complexes) are typically caused by the fact that the polytopic 
ligand does not fully realize its denticity relative to one ion. Analysis of [75-
77] devoted to the methods of synthesis of polynuclear lanthanide-containing 
compounds allowes to select at least two basic requirements for ligands (Fig. 8, 
[76]).

а b
Figure 8. Structures of ligands containing metal chelate cycles based on terpyridine (a) 
and DTPA modified macrocyclic moieties (b)

Firstly, the number of donor centers must be sufficient for binding several 
metals. Secondly, their spatial organization must allow formation of a stable 
coordination structure which can be achieved, for example, if the chelate groups 
are located at the terminal parts of ligand. In general two synthetic approaches 
were used for the synthesis of polynuclear compounds in particular lanthanide-
containing:

•	 the synthesis based on mononuclear complexes with vacant donor 
groups (chelating sites). In this case, mononuclear complexes are 
«building blocks» for polynuclear. In other words, mononuclear 
complexes act as ligands. Such methods of synthesis are called «block» 
or rational design methods [76];

•	 synthesis of polinuclear complexes based on ligands containing several 
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individual donor centers able to coordinate two or more metal ion 
independantly. Such methods of synthesis methods are called «self-
assembly» in the literature [77].

2.1. Features of formation and spectral-luminescent properties of hetero-
nuclear complexes of lanthanides

«Block» synthesis techniques were widely used for polynuclear complexes 
of lanthanides and s-elements with ligands that contain modified crown ethers. 
Undoubted advantage of polytopic ligands is the ability to plan the spatial 
organization of the complexes. The use of complexes of s- and d-elements 
as «building blocks» for polynuclear lanthanide-containing compounds is 
applicable only if the total coordinating capacity of the ligand exceeds the 
maximum possible coordination number (CN) of the metal ion. Such compounds 
are, for example, polycarboxylates, polyheterocyclic ligands with chain-like 
structure, some types of crown ethers and polyazamacrocycles. Thus, free donor 
atoms may be coordinated to other metals with the implementation of bridging 
function of ligand. Such synthesis allows obtaining of polynuclear coordination 
compounds with a specific topology of metal centers, which is undoubtedly 
one of the main advantages of this method [78-80]. For example, the presence 
of vacant NN-donor centers in Re(I) complexes with bipyridine ( Fig. 9a) and 
terpyridine ligands (Fig. 9b) allowed to join them with β-diketonate complexes 
of lanthanides.

	 	 а                                              	       b
Figure 9. The structures of the Ln(III)–Re(I) complexes based on 2,2’-bipyrimidine (bbp, 
a) and 2,3-bis-(2-pyridyl)pyrazine (bbpz, b) [81, 82]

In these complexes two metal centers were coupled with diazine bridges of 
ligand at the distance of 6.23 - 7.47 Å for Re ... Er and Re ... Nd, respectively. 
The quenching of molecular luminescence was observed in the heteronuclear 
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compounds [Re(CO)3Cl(bppz)] with maximum at 650 nm, which, according to 
the authors, shows the energy transfer from donor Re-fragments to the low-lying 
excited states of Er(III) and Nd(III) ions [81, 82].

In some cases the obtaining of heteronuclear compounds requires additional 
third stage: joining exo-coordinated metal ions to form supramolecular 
assemblies [83, 84]. In [84] the synthetic scheme of polynuclear Ln(III) – Pt(II) 
complexes based on terpyridine derivatives functionalized with alkynyl groups 
was given (Fig. 10).

Figure 10. Three-step synthesis scheme of heteronuclear complex {Pt2(μ-
dppm)2(C≡СPhtpy)4}{Ln(hfac)3}4 (Ln=Nd, Eu, Gd, Yb).

The first step is the reaction of platinum (II) complex with terpyridine 
derivative with formation of mononuclear complex within a few days. Further 
continuation of the reaction (the second stage lasts almost a week) leads to the 
formation of the binuclear complex Pt2(μ-dppm)2(C≡СPhtpy)4. At the third step, 
lanthanide hexafluoroacetylacetonate solution in dichloromethane was stired for 
an hour at room temperature with the resulting platinum “block” to obtain the 
heteronuclear complex with yield 87 – 92 %. In researches of the structures of 
europium and ytterbium complexes {Pt2(μ-dppm)2(C≡СPhtpy)4}{Ln(hfac)3}4 it 
was showed that  the distance Pt...Ln depends on the f-metal and ranges from 
14.32 to 14.01 Å (in the case of Nd(III) – 14.01 Å and Yb(III) – 14.08 Å; Fig.11).
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а b
Figure 11. Structures of complexes {Pt2(μ-dppm)2(C≡СPhtpy)4}-{Ln(hfac)3}4  with   Eu 
(III) (а) and Yb (III) (b) ions [84]

In contrast to previous work, sensitized 4f-luminescence of Nd(III), Eu(III) 
and Yb(III) was registered. The long-wavelength fluorescence band at 500-600 
nm that was observed in the initial homonuclear Pt(II) complexes and related to 
the charge transfer band (CTB), was almost totally quenched in the heteronuclear 
complexes with Ln(III) ions. Its lifetime (1390 ns for the [Pt2Gd4] complex 637 
ns for [Pt2Yb4] and 4.1 ns for [Pt2Nd4]) allowed calculating the rate constant 
of energy transfer Pt→Ln. Nd(III)-containing complex is characterized by the 
greater constant kET = 1.02·107 с-1 due to most effective overlap of the emission 
spectrum of Pt(II)-containing chromophore with the absorption spectrum 
of Nd(III) ion, in comparison with Yb(III). In addition, 4f-luminescence of 
Eu(III) was registered. In this case, the authors suggest that sensitization is not 
due to CTB, energy transfer occurs from triplet state of organic ligand, which 
fluorescence is observed at 388 nm (25770 cm-1).

Solvent molecules and counterions have an extremely important role 
in stabilizing the structure of heteronuclear compounds. They affect both the 
formation of individual fragments of complexes and various self-assembling 
processes of supramolecular systems. In some cases, the variation of solvent 
nature gives the opportunity to control the composition and structure of 
polynuclear compounds. 

In a number of studies special attention is paid to the role of the anions 
of metal salts. They can act as mono-, bi – and ambidentate ligands and form 
bridges between two metal atoms. As an example dinuclear Ln(III) – Cu(II) 
complexes with Schiff base can be considered (Figure 12) [85]. Complexes 
Ln:Cu:Lig=1:1:1 (Fig. 12a) formed in ethanolic medium, wherein there are 
coordination of three trifluoroacetate anions and two solvent molecules.
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Figure 12. Structures of Ln(III) – Cu(II) heteronuclear complexes with Schiff base 
obtained in ethanol (a) and acetonitrile (b)

The using of acetonitrile or acetic anhydride as a solvent leads to the 
formation of the trinuclear complexes Ln:Cu:Lig=1:2:2 and coordination of 
solvent molecules does not occur (Fig. 12b). Trifluoroacetate ions used in the 
synthesis, on the one hand, complete a metal coordination sphere neutralizing the 
positive charge; on the other side they perform the bridging function associating 
two different metals. 

The replacement of one metal ion to another is used in cases where direct 
obtaining of heteronuclear complexes is not possible. For example mononuclear 
complex [Eu(H3L)(NO3)(H2O)](ClO4)2 was obtained with cryptand obtained 
from tris(2-aminoethyl)amine and 2,6-diformyl-4-chlorophenol. Further 
coordination of d-metal was prevented because of water molecules located in 
the inner coordination sphere. Their removal was achieved through the use of 
calcium hydride as dehydrating agent [86]. The results of mass spectrometry 
experiments showed that calcium ion has sufficient lability to be replaced by 
d-metals. Heteronuclear complexes [EuMeL(DMF)](ClO4)2·MeCN were 
obtained by mixing the solutions of block [EuCaL(DMF)](ClO4)2 and d-metal 
salts, where d-metal ions were Ni(II), Zn( II), Cd(II).

Synthetic procedures that use the processes of spontaneous self-organization 
include methods of “self-assembly” or “self-organization” [87, 88] and some of 
their variants, for example, the direct synthesis [89]. The spatial organization of 
donor atoms as well as conformational flexibility of ligand and dimensions of 
complexing ions allowing the formation of stable polychelate structure must be 
considered during such syntheses. Topology of donor centers has been already 
determined while using the “block” method of synthesis. “Self-organization” 
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methods have some features in comparison with “block” method: first, the 
selection of optimal ratios of metal salts and ligands in synthesis, and secondly, 
the use of inert solvents, which could not act as ligands.

For example, d-f-complexes with helicates containing two different 
binding sites were prepared: 2-(benzimidazole-oxazolyl)pyridine (L1) and 
2,6-bis(benzimidazolyl)pyridine (L2) connected by bridging methylene group 
(Fig. 13, a, b). Similar d-f-complexes were discussed in detail in the works of J.-
C. Bunzli and coworkers [90-92]. As tetradentate ligands helicands form mono-, 
bi- and polynuclear coordination compounds with two- or trivalent ions of p-, 
d- and f-elements with different composition and molecular structure: pseudo 
macrocyclic or porphyrin-like, double or triple helix, three-, four- or hexagonal 
structure, etc. It is assumed that the first donor center selectively binds d-metal 
ions forming an octahedral coordination environment, while lanthanide 
ion coordinate exceptionally 2,6-bis-(benzimidazolyl)pyridine moiety with 
the implementation of coordination number 9. Methylene group prevents 
simultaneous coordination of two fragments with the same metal.

а b c
Figure 13. Schematic structure (benzimidazolyl)pyridyl-containing ligands L1 (a), L2 (b) 
and complex LaZn(L2)3 (c) [91]

Expected heteronuclear complexes with helical structure LaZn(L1)3 
(Fig. 13c) were prepared in acetonitrile at stoichiometric ratio La:Zn:L = 
1:1:3 and ligand concentration ≥ 10-2 mol/l; equilibrium concentration of this 
form in solution exceeds 90 %. Authors [33] concluded that the structure of 
complexes is determined primarily by complementary functional fragments 
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to different metals. Despite the considerable affinity of both fragments to 
binding d-metals, reducing the ligand concentration leads to the formation of 
complicated mixture of products. At the same time, the substitution of one of the 
benzimidazolyl fragments to amide or carboxyl group (Fig. 13b) increases the 
stability of f-block. In this case the selective formation of heteronuclear complex 
LaZn(L2)3 is observed until the ligand concentration 10-4 mol/L. The formation 
of complexes with different composition ([Zn(L2)3]

2+, [Zn2(L2)3]
4+, [Zn2(L2)2]

4+, 
[La(L2)3]

3+, [La2(L2)3]
6+) was observed with further variation of ratios of metal 

concentrations.
The variety of synthetic approaches that combine both the design of certain 

“building blocks” and spontaneous self-organization processes were widely used 
in the recent studies. In such systems the nature of the “second” metal generally 
determines the structure of the final polynuclear compounds. Typically, it was 
observed in the case of s-f-complexes when s-metal performs the function of 
counterion or “stabilizer of the structure”.

For example, bifunctional macrocyclic ligands, which are analogs of Schiff 
bases, were obtained in [93]. One part of ligands forms donor center N2O2 and 
the second is crown-ether-like cavity О2О3 or О2О4 which is responsible for 
coordination of s-metal ion (Fig. 14). Varying the size of macrocycle cavity leads 
to the possibility to use mononuclear complexes of s- or f-metals as “building 
blocks”. Ions of alkali or alkaline-earth metals coordinate oxygen atoms of 
crown ether, while lanthanide ions bind donor atoms of the Schiff base with 
formation of complexes [YbNaL]2+ or [LaBaL]3+. The presence of the s-metal 
ions in heteronuclear complexes affects on photophysical and/or relaxation 
properties of the lanthanide ions, which can be used to create a sensitive sensor 
systems.

In [1, 5, 76] ligand containing terpyridine moiety for complexation with 
Eu(III) ions and two azacrown-ether fragments for coordination of potassium 
ions was studied (Fig. 8a). Excitation of the organic chromophore occurs so-
called photoinduced electron transfer: the lone pair of the nitrogen atom moves 
to the vacant molecular orbital of the aromatic moiety, which leads to quenching 
of ligand fluorescence. The quantum yield of Eu(III) mononuclear block 
in methanol solution is 2.6 %. The lone pair is involved in the binding when 
potassium cations coordinate azacrown ethers fragments, thus, photoinduced 
procces substantially impedes and φ4f increases to 46 %. Selective sensors for 
s-metal ions with programmable luminescence were designed on the basis of 
this model.
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Figure 14. Structure of lanthanum-containing complex with crown-ether-like Schiff base 
and coordination environment ion Ln (III) (arrow shows further coordination of s-metal) 

More complicated influence of the nature of “second” metal on the structure 
of formed complexes and spectral-luminescent properties of lanthanide ions was 
noted in f-d-complexes compared with s-f-compounds. First of all, this is due 
to the electronic structure of outer shells. Their completeness/incompleteness 
determines the specific properties of d-metals such as ability to form coordination 
compounds with different polyhedron structures, ferromagnetism of some metals, 
paramagnetism, etc. Therefore, when predicting the photophysical properties of 
heteronuclear lanthanide compounds it is necessary to consider the basic types 
of electronic states and transitions for d-metal complexes. Some of them are d-d- 
transitions (metal-centered transition – MCT), which are significantly affected 
by the ligand field in the complexes. Metal-ligand charge-transfer band (metal-
to-ligand charge transfer – MLCT), i.e. d-π*-transitions, which are responsible 
for electron transfer from metal center to π*-antibonding ligand orbitals, are also 
characteristic for f-elements. However, the most important process in terms of 
heteronuclear compounds is the reverse ligand-metal charge transfer (ligand-
to-metal-charge-transfer – LMCT), π-d/f-state arising at electron transfer from 
π- orbitals of the ligand to central metal ion. The contribution of one of these 
transitions can be varied by replacing atoms as d- and f-metals, using different 
ligands, introducing of certain substituents in the ligand structure or changing 
geometry of the complex. Such approaches allow creating new compounds with 
pre-defined properties.
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Metal-metal interactions in f-d-heteronuclear compounds can be divided 
into three main types: associated with overlapping orbitals, electrostatic and 
“mechanical” [79]. 

Overlapping orbitals affect primarily on excitation energy transfer 
processes. When lanthanide and d-metal ions are close enough mixing of the 
4f- and d-orbitals leads to a change in the relaxation time of the electronic states 
and can either decrease or increase the probability of radiative f-f-transitions. In 
particular, mixing 4f-orbitals and low-lying states of charge transfer of d-metal 
causes luminescence quenching if the redox potential of Ln(III) ion is not high 
(for example, ions Eu(III)). In addition, the excitation energy may be transferred 
to levels of d-metals with subsequent non-radiative dissipation. Transferring 
the excitation energy from f- to d-metal was demonstrated for heteronuclear 
lanthanide compounds with Cr(III), Co(III), Zn(II), Fe(II) ions and various 
classes of organic ligands.

In one of the fundamental research the problem of mutual influence 
of Ln(III) and d-metal ions coordination compounds have been studied 
based on tris(dipicolinates – dipic) lanthanide with general formula [MeLx]
[Ln(dipic)3]·nH2O (Ln(III) = Eu, Tb, Nd, Er, Tm; Me = Cr(III), Co(III); Lx – 
various amines and urea, Fig. 15a, [79, 94]).

 
а b 

Figure 15. Structure of heteronuclear complexes [Co(Lx)]-[Eu(dipic)3]·13H2O (а) and the 
energy level diagram of corresponding 4f- and 3d-metals (b) [94]

According to X-ray data Mе…Ln distance is in the range 6.5-7.5 Å. 
Since metal ions are in different parts of complex orbital interaction in this 
case is completely excluded. Compared with the emition intensity of the 
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complex Cs3[Eu(dipic)3], emission of Eu(III) ions in heteronuclear systems is 
substantially quenched in the case of Co(III) and Cr(III). That can be explained 
by energy transfer from excited levels of lanthanides on resonance energy levels 
of d-metals (Fig. 15b). At the same time, due to the presence of low-lying energy 
levels of Cr(III) 2Eg this ion has been successfully used for sensibilization of 
4f-luminescence in IR-region in solid matrixes containing Nd (III), Er (III) and 
Tm (III) ions. 

Effect of electrostatic interaction between two metals can be demonstrated by 
Zn(II)-Ln(III), Fe(II)-Ln(III) helicates shown in Fig. 13 [79]. Fe(II) ion is a universal 
acceptor in pairs with f-metals. This is due to the implementation of two different 
electronic configurations characterized by optical and magnetic properties, which 
depend on ligand environment of Fe(II). For complex [LnFeL3]

5+ the transition of 
terms 1А1 and 5Т2 and thermochromism were observed: the diamagnetic low-spin 
form is purple at not high temperatures, and the high-spin diamagnetic form has 
orange coloring at higher temperatures. This is due to intense absorption band of 
metal-ligand charge transfer at 19000 cm-1, which quenchs 4f-luminescence of Eu 
(III) with the implementation of the transfer Eu(III)→Fe1s(II)  (Fe...Ln distance 
about 9Å). At the same time, the band of high-spin form has a higher energy 
(≈22200 cm-1) and d-d-transitions in 8800-11000 cm-1 are allowed. The presence 
of transparent spectral window at 12000-20000 cm-1 in some extent minimizes 
intramolecular transfer Eu(III)→Fe(II). As a consequence, weak 4f-luminescence 
of Eu(III) is realized in high-spin compound at excitation in absorption region of 
ligand. The quantum yield is 300 times less than corresponding Zn(II)-Ln(III) 
complex. Thus, Eu(III) ions can serve as a kind of sensors of spin states of Fe(II) 
ions. 

Zinc (cadmium) complexes are slightly different from the other elements. 
Their cations have complete d-d-levels, so their compounds are usually 
fluorescent and for some of them also were observed phosphorescent signals. 
Such transitions can not only quench 4f-luminescence, but also sensitize it in 
compounds of lanthanide ions emitting in the near infrared region. This effect is 
clearly demonstrated in a series of compounds containing d-blocks with Ru(II), 
Rh(II), Pd(II), Re(I), Pt(II) and nitrogen heterocycles such as bipyridyl, pyrrole 
and their derivatives as ligands  (Fig. 16) [11-13, 77]. 

Emission caused by charge transfer bands in respective mononuclear 
complexes were observed in the region of 500-700 nm. This area is optimal 
for the energy transfer to lanthanide ions with low-lying excited levels, such 
as Yb (III), Nd (III) and Er(III). The possibility of using visible light excitation 
makes these compounds promising for biomedical applications due to lack of 
irradiation of biological tissues with UV light. 
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Figure 16. Structures d-f-heteronuclear complexes, sensitizing 4f-luminescence of Ln 
(III) in the IR region. 

The so-called „mechanical” interactions in heteronuclear complexes can be 
demonstrated on the example of iron complexes (II), which have been described 
in [79, 90]. It was found that among Ln(III)-Fe(II) heteronuclear complexes 
with content of high-spin form at constant temperature depends on radius of 
lanthanide ion coordinated by neighboring donor centers of ligand. Increasing 
size of lanthanide ion in [LnFeL3]

5+ imposes some restrictions on expansion of 
Fe-N bonds, which is necessary for realization of spin-spin transfer.

Analysis of works devoted to synthesis and structure of heteronuclear s- and 
d-complexes with lanthanides allows emphasizing two main points. First, a key 
factor in design of such compounds is the selection of ligand containing moieties 
capable to transfer energy from metal complex chromophore to lanthanide ion. 
Obviously, this energy transfer will facilitate the presence of π-conjugated 
system between the donor and acceptor, which imposes certain requirements 
on the nature of the ligand and the structure of its electron shells. Secondly, 
prediction of properties of f-d-pairs in complexes, for example, sensitization or 
quenching of 4f-luminescence, is difficult and implies to take into account the 
mutual influence of many factors, which are not always obvious.
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2.2. Homo- and heteronuclear complexes of lanthanide with modified ca-
lix[4]arenes 

First lanthanide complexes with derivatives of p-tert-butylcalix[4]arene 
were synthesized by J. Harrowfield and coworkers in 1985-1990 [95, 96]. The 
structure of mono- and dinuclear Eu(III)-containing f-f-compounds were analyzed 
in solid form and in solution, however, their luminescence characteristics were 
not investigated. In subsequent works as a circle of functionalized ligands and a 
number of lanthanide ions has been extended. These research became the basis 
for further spectral-luminescent studies of lanthanide complexes of calix[4]arenes. 
One of the features of synthetic techniques for obtaining lanthanide complexes 
consists in reacting of lanthanide salts and calix[4]arenes in anhydrous solvents 
or their mixtures, in the presence of triethylamine, which promotes dissociation 
of phenolic group thereby facilitating complex formation. Clorides, nitrates and 
acetates are most commonly used as lanthanide salts. If occurrence of counterions 
in the inner coordination sphere of the lanthanide is undesirable, trifluoroacetates, 
trichloroacetates, perchlorates and trifluoromethylsulfonate (triflate) were used.

Lanthanide complexes with TBC substituted at opposite phenolic rings one 
carboxymethoxy-(-CH2-COOH) and one alkylcarbamoylmethoxy groups (-CH2-
CO-NHR) were obtained in [97] (Fig. 17, a). It was proved that structure of 
complexes is determined by ionic radius and does not depend on the carbon chain 
length. Greater ions Ln(III) = La, Eu, Sm form dimeric isomorphic complexes 
Ln:Lig = 2:2. Lanthanide ion forms the coordination number of eight due to four 
oxygen atoms of lower rim, oxygen atom of amide group and two μ-O-atom of 
carboxyl groups of both ligands and oxygen atoms of solvent molecule (Fig. 17, b).

а b
Figure 17. Structure of modified calix[4]arenes (a) and dimeric lanthanide-containing 
complexes on their basis (b) [97]
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Lutetium complexes form the compounds Lu:Lig= 1:1, in which lanthanide 
coordination polyhedron is formed by four oxygen atoms of lower rim of 
calixarene, two oxygen atoms of amide and carboxyl groups and one solvent 
molecule (coordination number = 7). Absence of lanthanide salt counterion 
in the inner coordination sphere is explained by addition of triethylamine in 
synthesis, so carboxyl and phenolic groups proton replaced by lanthanide ion 
forming a neutral complex. 

Lanthanide complexes, in which dimerization was not observed, were 
obtained on the basis of TBC functionalized at lower rim with two (CH2-CO-
NEt2)-fragments [97]. Coordination sphere was formed by eight oxygen atoms 
for Sm(III), Yb(III) and Lu(III) ions: four phenolic, two carbonyl of amide 
substituents and two oxygen atoms of picrate anion (lanthanide picrates were 
used in synthesis). In the case of La(III) complexes picrate anions are coordinated 
as monodentate ligand, and inner sphere contains one water molecule. Authors 
concluded that formation of dimeric complexes is possible only if ligands 
contain potential bridging donor atoms and at the same time do not contain bulky 
substituents creating steric hindrance. 

Obtaining polynuclear f-f-complexes of calix[4]arenes promotes replacing 
methylene bridges on sulfide or sulfone groups, which leads to expansion of  
ligand cavity and appearance of additional coordinating atoms. Polynuclear 
complex with p-tert-butylthiacalix[4]arene (L) – [Nd4(μ4-OH)(L-4H)2(DMF)8-
(DMSO)2](NO3)3 ( Fig. 18 ) was obtained in [98]. 

а б
Figure 18. Structure of homotetranuclear complex of p-tert-butylthiacalix[4]arene with 
Nd(III) ions: perpendicular view of the complex (a) and along tetrametal plane (b) [98]
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Complex contains hydroxyl group, which is coordinated by four neodymium 
ions at the same time and stabilizes complex reducing electrostatic repulsion 
between cations. All phenolic groups of ligand are deprotonated; complex 
particle has charge +3, which is compensated by outer nitrate anions. Complex 
is symmetrical: every four neodymium ion coordinates oxygen atoms and two 
sulfur atoms of ligand, oxygen atom of μ4-OH-anion and two oxygen atom of 
solvent molecules (CN = 9 ). Two DMF molecules are retained in the cavity of 
each ligand due to CH3-π-interactions forming an inclusion complex. The average 
distance between neodymium ions(Nd...Nd – 3.675-3.689 Å) is prerequisite for 
electron interactions, which was confirmed by studies of magnetic susceptibility 
of  complex.

Heteronuclear sandwich-type complex [Mn2[Gd(CH3OH)]2(OH)L2](OH) 
(Fig. 19) was obtained on the basis of this ligand [99]. Dihedral angle between 
two macrocycles is 14.29º due to the difference in metal cations radii.  Manganese 
(II) cations coordinate four oxygen atoms of phenolic groups of ligands, two 
sulfur atoms and bridging OH-group, which is located in the center of Mn2Gd2 
site and coordinated by four cations. Gadolinium ion has CN = 9, that includes 
four phenolic oxygen atoms, two sulfur atoms, bridging OH-anion and  two 
oxygen atoms of solvent molecules (methanol). It should be noted that all OH-
groups of calixarene are deprotonated and complex has a charge +1 which is 
compensated by outer sphere OH-anion. However, neither in this nor in previous 
studies spectral properties have not been studied.

Figure 19. Structure of complex [Mn2[Gd(CH3OH)]2(OH)L2](OH) (L = p-tert-
butylthiacalix[4]arene) [99]
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One of the few publications devoted to luminescent properties of 
polynuclear complexes with calixarenes is [100], which describes bi-((n-
Bu4N)2[Ln2(L)2(H2O)4]) and tetra-homonuclear ((n-Bu4N)4[Ln4(L)2(OH)4(AcO)4]) 
complexes of Tb(III), Eu(III) and Gd(III) ion with p-tert-butylsulfonylcalix[4]
arene (H4L, Fig. 20).

а b
Figure 20. Structures of complexes (n-Bu4N)2[Tb2L2(H2O4)] (а) and (n-Bu4N)4[Tb4L2(OН4)
(АсО)4] (b) [100]

The intense 4f-luminescence was recorded for terbium binuclear compound 
in solid state at room temperature, while for a similar Eu(III) complex is 
totally quenched. In tetranuclear systems weak fluorescent signal was recorded 
for complex of terbium, while for europium compounds 4f-luminescence 
is intensive enough. This fact was attributed to mutual position of the triplet 
levels of the ligands (3T*) and excited levels of lanthanides (5D4 for Tb(III) and 
5D1 for Eu(III)) in respective systems, resulting in possible process of energy 
back transfer from lanthanide ion to ligand (Fig. 21). The article also deals 
with features 4f- luminescence properties of ions Ln(III) and briefly considered 
the mechanism of its occurrence in such systems. Since direct excitation of 
4f-electrons is not effective, even if quantum efficiency is relatively high, so 
an alternative way is to use the complex with organic ligands that strongly 
absorb visible/UV light and are capable of transmitting energy to lanthanide 
ions (“photoantenna effect”).
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Figure 21. Scheme of intramolecular energy transfer from p-tert-butylsulfonylcalix[4]
arene to excited levels of Tb(III) and Eu(III) ions in the tetranuclear systems

Calix[4]arene H4L is “photoantenna” which absorbs light, transfers it to 
Ln(III) ion principally from triplet state of ligand, causing f-emission. Transfer 
of energy to the excited levels of lanthanide ions can be carried out from singlet 
state of ligand (1S*), but this process is considered to be inefficient because of 
small lifetime. Processes of energy migration from Ln(III) levels can also be 
initiated by vibrations through states with charge transfer and energy levels 
of ions of d-elements. Usually simplified energy transfer path for lanthanide 
compounds is considered 1S* (ligand) → 3T* (ligand) → Ln*. Energy of Tb(III) 
excited level is 20430-20500 cm-1 (5D4) and Eu (III) – 17250-17500 cm-1 (5D0). 
The difference between triplet level of organic ligand and resonant 5D0 level of 
europium ion ΔE(3T*–5D0) must be in the range 2500 – 3500 cm-1 for effective 
energy transfer, and 2500 < ΔE(3T*–5D4) < 4000 cm-1 for terbium ion. In studied 
systems for terbium ion it is only 500-800 cm-1 which leads to energy back 
transfer from lanthanide ion to ligand [101].

f-s-Polynuclear complex was obtained on the base of Tb(III)-containing 
sulfothiacalix[4]arene (TCAS) – Ag4TbTCAS2 (Fig. 22) [102]. Coordination 
polyhedron of lanthanide ion is a square prism with CN=8 in this compound, 
which is not characteristic for f-elements. The authors explained that by 
“mechanical” effect of silver ions, which coordinate bridging sulfur atoms, link 
together two macrocycle and make pre-organazed coordination surrounding 
of Tb(III) ion. 4f-Luminescence intensity of Ag4TbTCAS2 is lower than 
mononuclear complex Tb-TCAS, but quantum yield of luminescence (φ4f) 
is significantly higher (88% for Ag4TbTCAS2 compared with 16% for Tb-
TCAS).
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	 	   а                       	  b
Figure 22. Crystal structure [Ag4Tb(TCAS)2DMF2]

9- (а) and coordination environment 
of the nucleus Ag4Tb (b) [102]

The increasing of luminescence lifetime of heteronuclear complex to 4.61 
ms is due to the coordination of Tb(III) ions with two macrocycles at the same 
time. Moreover, the presence of four silver ions shields lanthanide ion from the 
water molecules.

Luminescent properties of d-f-complexes (Me = Ru(II); Ln(III) = Eu, Tb, 
Nd) with dimeric calix[4]arenes modified on lower rim by amide fragment (Fig. 
23a) were studied in [97].

a b
Figure 23. Structures of heteronuclear Ln(III)-Ru(II) complex (а) and homotetranuclear 
Gd(III) complex with calix[4]arene-DOTA (b)
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Luminescence of ruthenium is completly quenched in Nd(III)-Ru(II) 
compounds. It indicates the efficient energy transfer from excited level 
metallochromic calix[4]arene moiety to lanthanide ion. At the same time,  
formation of Tb(III) and Eu(III) adducts leads to increase luminescence and 
lifetime of Ru(dipy)3-calix[4]arene fragments.

Particular attention is drawn to practical use of calixarene complexes with 
lanthanides. For example complexes of gadolinium ions with modified calix[4]
arenes are considered as potential contrast agents for magnetic resonance 
imaging (MRI, Fig. 23b [103]). High solubility in water and significant stability 
of gadolinium complex are important characteristics for contrast agents. 

Water-soluble calix[4]arenes functionalized with phosphorus fragments at 
lower and/or upper rim are perspective in extraction processes of Ln(III) ions 
[5, 79, 104]. For example, phosphorus calix[4]arenes included СН2-, СН(ОН)-, 
CH(NHAr)-, NHC(O)CH2-, CH2NHC(Me)2-spacers between phosphorus 
and carbon atoms of macrocycle, bi- and tetraphosphonyl acids (-Р(О)(ОН)2 
obtained by functionalization of lower rim of p-tert-butylcalix[4]arene were 
studied as extraction agents.

Recently increased interest has dedicated to the synthesis, structure and 
application of hybrid materials containing homo- and heteronuclear lanthanide 
complexes with calix[4]arenes. These compounds combine rigidity and heat 
resistance of inorganic matrix and photophysical properties of complexes of 
lanthanide ions. The presence of covalent bonds between lanthanide complex 
and inorganic matrix is necessary to achieve high chemical, photo- and thermo-
stability of such systems. Convenient way of covalent binding of calix[4]
arenes to inorganic materials is their functionalization with triethoxysilypropyl 
isocyanate fragments. Hybrid sol-gel materials dopped with Tb(III) and Eu(III) 
complexes of TBC were obtained using such path. It was found that encapsulation 
of complexes in inorganic matrix leads to reduction of non-radiative energy 
losses, primarily related to the presence of large number of bonds (OH, CH, 
etc) quenching 4f-luminescence in solutions. Analogously hybrid materials 
containing heteronuclear complexes of calix[4]arene with stoichiometric ratio 
Tb(III):Zn(II) = 1:1 were obtained. Intensity of 4f-luminescence of terbium ions 
was higher than analogous material containing homonuclear complex [105-108]. 

Thus, we can conclude that recent interest in calix[n]arenes and their homo-
and heteronuclear complexes with Ln(III) ions and other metals has increased 
significantly. But the works dedicated to heteronuclear complexes with modified 
calix[4]arenes are still sporadic and researches devoted to the use of these 
compounds are limited and there is no detailed analysis of “structure-property” 
dependencies to predicting spectral-luminescent properties of new compounds. 
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Cyclodextrins (CD, Fig. 1) are widely applied to molecular encapsulation 
of various drugs. The complexes obtained can be used for address delivery, 
controlled release, solubility increase, spectrum of biological activity expansion, 
stability improvement, therapeutic doses and side effects reduction [1–6].

 
O

OH

OH
OH

O n

23

6

Figure 1. Cyclodextrins (CD): a-cyclodextrin (n=6; a-CD), b-cyclodextrin (n=7; b-CD) 
and g-cyclodextrin (n=8; g-CD).

Plant di- and triterpene glycosides are perspective drug complexants [7–
10]. The following complexants are suggested: glycyrrhizic acid (3-О-β-D-
glucuronopyranosyl-(1→2)-О-β-D-glucuronopyranoside of glycyrrhetinic acid, 
GA, Fig. 2), which is a dominating triterpene glycoside of Glycyrrhiza glabra L. 



50

Leonid Yakovishin, Vladimir Grishkovets, Elena Korzh, Grzegorz Schroeder and Volodymyr Rybachenko

roots, and its monoammonium salt (glycyram, GC, Fig. 2) [7, 8, 11–14]. GA and 
GC have solubilizing properties for a range of drugs [15–18].
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Figure 2. Glycyrrhizic acid (GA) and glycyram (GC).
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Figure 3. a-Hederin (glycoside 1; R=Н) and hederasaponin C (glycoside 2; R=¬bGlcp-
(6¬1)-bGlcp-(4¬1)-aRhap).

Molecular complexes of ivy triterpene glycosides a-hederin (hederagenin 
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3-O-a-L-rhamnopyranosyl-(1→2)-O-a-L-arabinopyranoside, glycoside 1, Fig. 
3) and hederasaponin С (hederagenin 3-O-a-L-rhamnopyranosyl-(1→2)-O-a-L-
arabinopyranosyl-28-О-a-L-rhamnopyranosyl-(1→4)-О-b-D-glucopyranosyl-
(1→6)-О-b-D-glucopyranoside, glycoside 2, Fig. 3) with pharmacones of 
different nature  have been prepared [10].

Clathrate complexes of acanthophylloside, extracted from roots of 
Acanthophyllum gypsophyloides, with prostaglandins are synthesized [7, 14]. 
Molecular complexes of stevioside and rebaudioside (diterpene glycosides 
Stevia rebaudiana Bertoni (Compositae)) have been studied [7, 9].

Complexes with laevomycetin (chloramphenicol)
Laevomycetin (chloramphenicol, Lev, Fig. 4) is a broad-spectrum antibiotic. 

It is applied to cure salmonellosis, brucellosis, meningitis, chlamydiosis, typhoid, 
eye infections, septic wounds and other diseases. But Lev has got a range of 
side effects. It can toxically affect hematopoietic system, suppress intestinal 
microflora, cause psychomotor disturbances, confusion of consciousness, 
delusions, allergic reactions and reduce hearing and eyesight [19].
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Figure 4. Laevomycetin (chloramphenicol, Lev).

Szabó-Révész P. et al. prepared mixtures of Lev and b-CD (Fig. 5) [20] and 
studied its rheologic parameters [21, 22]. By means of the 1Н NMR method, 
the complex 1:1 Lev with b-CD was investigated [23]. The antibiotic was 
discovered to exist in aqueous solution in keto and enol forms with approximate 
ratio 3:2. Herewith, b-CD makes 1:1 complexes with two tautomeric forms of 
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Lev. Interaction selectivity was not observed. While complexation, aromatic 
ring of Lev enters a hydrophobic b-CD cavity, and NO2 group stands out from 
the lower torus ring b-CD.

In [24], the results of computer modelling of inclusive complexes of keto 
and enol forms of Lev with b-CD are given. The complexes in which nitrophenyl 
fragment of Lev enters b-CD cavity at the side of wide ring are preferable.

Li N.B. et al. studied the interaction of Lev with b-CD by means of resonance 
Rayleigh scattering (RRS). The method was first suggested to define К stability 
of clathrates. The values of thermodynamic parameters indicate the presence of 
hydrogen bounds and van der waals interactions while complexation. A good 
coincidence of the values of Кs, obtained by RRS and UV-spectroscopy methods, 
was shown. The temperature increasing, Кs of complexes decrease from 2×103 
to 3×102 M–1 [25].
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Figure 5. b-Cyclodextrin (b-CD).

The complexes of Lev with modified b-CD were obtained [26–30]. For 
instance, in [26], the complex of Lev with heptakis (2,6-di-О-methyl)-b-CD is 
reported. It was studied by the method of phase solubility and by different spectral 
methods. The complex composition is 1:1. К stability of complex, defined by the 
method of phase solubility, is 493 М–1 (293 К). The positions of Lev molecule in 
internal cavities of heptakis (2,6-di-О-methyl)-b-CD and b-CD differ. In the first 
complex, Lev nitrophenyl group is deeply situated in the cavity at the side of the 
narrow torus ring. Comparing IR-spectra of individual Lev and heptakis (2,6-di-
О-methyl)-b-CD, they observed changes in absorption frequencies of aromatic 
ring and С=О, N–H groups. It indicates their participation in the complexation 
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process. Absorption bands of NO2 group do not shift.
Zuorro A. et al. reported preparation of complexes of Lev with methyl- and 

2-hydroxypropyl-b-CD [27]. Complexes composition is 1:1. On the basis of 
phase solubility analysis, stability constants Кs were found to equal 259.5±14.0 
and 86.3±4.8 М–1 (under 298 К) respectively. Solubility increase of Lev under 
interaction with modified b-CD was shown. Besides, the authors studied 
antibacterial activity of the complexes and suggested to apply them to eye drops 
preparation. Complexation does not result in Lev biological activity decrease. 
Herewith, activity of various complexes does not differ substantially.

Complex of Lev with methylated b-CD is constituent in eye drops Clorocil 
(Oftalder company, Portugal) [29, 30].

Palmitate of Lev makes a complex with 2-hydroxypropyl-b-CD as well 
[28]. Nevertheless, its composition differs from the one of Lev–hydroxypropyl-
b-CD complex. Authors of [28] emphasize on stoichiometry 1:2. They made 
their conclusions observing Ap-type of phase solubility diagram under 298 К 
for aqueous solutions. Phase solubility diagrams for Lev–b-CD and Lev–2-
hydroxypropyl-b-CD systems are linear of АL-type. This fact indicates 
1:1 complexes formation. Ks of 1:1 complexes of Lev with b-CD and 
2-hydroxypropyl-b-CD are 170 and 120 М–1 respectively, and for 1:2 complexes 
of Lev palmitate with b-CD, 2-hydroxypropyl-b-CD are 4500 and 3400 М–2. 
Ks of complexes with modified b-CD turns to be less, which is a result of steric 
constraints of complexation caused by oxypropyl groups preventing from 
molecule-guest penetration into CD cavity.

Complex of tryterpene glycoside from glycyrrhizae GA with Lev was obtained 
in aqueous-ethanol medium [31–33]. 1:1 Complex was studied by IR- and UV-
spectroscopy [31, 33]. It is made up by hydrogen bounds with participation of 
GA ОН and С=О groups. The latter fact is proved by corresponding absorption 
bands shift to low-frequencies region of IR-spectra [31]. The complex of GA 
with Lev appeared to be more active than its individual components. It increased 
mice resistance to infectious diseases and stimulated their immunity [31].

Combined drug Biophenicol, containing Lev and GA, has been made [32]. 
Complexes of 18-dehydroglycyrrhetinic acid (glyderinin, Fig. 6) and its sodium 
salt with Lev have been prepared [32, 34]. Ointment Glyphenicol, containing 
18-dehydroglycyrrhetinic acid and Lev, has been made. Its activity surpasses 
the ointment Levomecol [32]. Complex of Lev with 18-dehydroglycyrrhetinic 
acid, obtained in aqueous-ethanol medium, was described by means of IR- and 
UV-spectroscopy methods [34].
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Figure 6. 18-Dehydroglycyrrhetinic acid (glyderinin).

By the method of electrospray-ionization mass spectrometry, complexation 
of Lev with GA was studied [35]. Herewith, in mass spectrum (negative-ion 
mode) the peaks of ions [МGA+МLev–Н]– with m/z 1143.29 and [МGA+МLev–2Н]2– 
with m/z 571.16, corresponding complexation GA with Lev with the ratio 1:1, 
have been observed. Besides, in mass spectrum, a peak of ion [МGA+2МLev–Н]2– 
with m/z 732.14 was discovered. It ratio of components is 1:2.

The method of mass spectrometry (electrospray-ionization) was also applied 
in [36] to analyze complexation of Lev with glycosides 1 and 2. In mass spectra, 
the peaks of ions [M1+МLev–Н]– with m/z 1071.7 (Irel 7.4 %), [М2+МLev+Н]+ with 
m/z 1545.5 (0.2 %) and [М2+МLev–Н]– with m/z 1543.5 (0.1 %), corresponding 
1:1 complexes of glycosides 1 and 2 with Lev.

Spectrophotometric study of Lev complexes with GC and glycosides 1 and 2 
has been recently carried out in aqueous solutions, and thermodynamic parameters 
being calculated (Table 1) [37]. Complexes composition is defined by means 
of isomolar series method. For all the cases the molar ratio ≈1.0 is obtained. It 
corresponds 1:1 complexes (Fig. 7). Previously, the peaks of ions corresponding 
complexes of Lev with glycosides 1 and 2 of the same composition were 
discovered [36]. Absorption spectrum of isomolar series for Lev–GC mixture 
has isobestic points at 232 and 268 nm (Fig. 8). With the help of isomolar curves 
obtained, complexes stability constants were calculated by the method [38]. The 
complex Lev–GC proved to be the most stable one. КLev×GC is 2 times more than 
КLev×1, and 4 times more than КLev×2.
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Figure 7. Graph of optical density DА against composition ratio in isomolar series under 
l=258 nm: с(Lev)=10–4 М, с(GC)=10–4 М (рН 7.2).

Table 1. Thermodynamic parameters of Lev complexation with GC and glycosides 
1, 2 in aqueous solutions under 20 °С (рН 7.2)

Complex K, M–1

Lev×1 4.24×104

Lev×2 2.15×104

Lev×GC 8.57×104

The high stability of complex Lev×GC was explained in [37] with great 
GC abilities to interact with Lev. Its aglicone and carbohydrate parts contain 
carboxylic groups. Besides, GC is a salt, and that is why can take part in 
making ion-molecular hydrogen bound like –СОО–...Н–O– and in ion-dipole 
interactions.

Literature data analysis showed the values К of stability of Lev complexes 
with triterpene glycosides to be higher than К of stability of Lev complexes with 
b-CD and with modified b-CD.
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Figure 8. Absorption curves for isomolar series of solutions: с(Lev)=10–4 М, с(GC)=10–4 
М (рН 7.2).

Complexes with anthracycline antibiotics
Anthracycline antibiotics are widely used to cure oncological diseases. But 

the usage is restricted by their high toxicity [19, 39]. Anthracycline antibiotics 
include doxorubicin (DOX) and daunorubicin (rubomycin, DAU; Fig. 9), which 
are traditionally used as hydrochlorides. They have got a high antitumoral 
activity.
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Figure 9. Hydrochlorides of doxorubicin DOX (R=OH) and daunorubicin DAU (R=H).
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Anthracycline antibiotics toxicity can be reduced by means of their 
complexation with various CD. Besides, complexation improves antibiotics 
solubility. Molecular complexes of DOX with various CD are prepared. Bekers 
O. et al. considered DOX and DAU interaction with a-, b- and g-CD [40]. The 
complexes are discovered to make complexes with g-CD only. The complexation 
has been studied by different methods (HPLC, circular dichroism measurement, 
UV- and visible spectroscopy) in aqueous solutions under рН 1.5–10.0. Herewith, 
under the same temperature and рН, the values of Кs for DOX–g-CD and DAU–
g-CD complexes are of the same order. The highest Кs are obtained under 25 °С, 
рН 7.0 (670 and 775 М–1 for DOX and DAU complexes respectively) and 10.0 
(713 and 653 М–1 for complexes of DOX and DAU respectively).

Bekers O. et al. studied the possibility of DOX and DAU complexation 
with a-, b- and g-CD by the methods of NMR 1Н and molecular modelling [41]. 
Antibiotics complexation with a- and b-CD does not take place. This result 
confirms the above results obtained by the other methods [40]. Analysis of 
NMR-spectra showed the aglicone part of DOX and DAU is introduced into an 
internal cavity, and amino sugar residue can interact with ОН-groups of external 
torus ring of g-CD (Fig. 10). Кs of the complexes were calculated with the help 
of a modified equation of Benesi–Hildebrand. They proved to be quite similar, 
and were equal 345 and 323 М–1 respectively [41].

Besides, Bekers O. et al. studied different factors influencing DOX and 
DAU stability in presence of a-, b- and g-CD [42]. Antibiotics decomposition 
in acid medium is discovered to reduce under g-CD presence only. The presence 
of a- and b-CD does not affect antibiotics stability either in acid or in alkaline 
media.

The authors of [43] studied processes of DOX complexation with b- and 
g-CD by the methods of NMR 1Н and electronic spectroscopy, circular dichroism 
measurement, and fluorescent analysis. Complexes Кs are defined. Unlike the 
authors of [40, 41], Husain N. et al. discovered complexation of DOX with b-CD 
[43]. Under рН 7.1, Кs of complexes b- and g-CD are 129–210 М–1 and 235–977 
М–1 respectively. The values of Кs indicate greater stability of DOX complex 
with g-CD, which is caused by a large diameter of its internal cavity. Complexes 
have 1:1 composition. Besides, Husain N. et al. [43] estimated the influence of 
рН on the value of Кs. The highest values of Кs are obtained under рН 7.1. Under 
рН 3.6 and 11.0, the values of Кs on the average are equal to 48 and 33 М–1 (for 
b-CD respectively), as well as 89 and 43 М–1 (for g-CD respectively).
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Figure 10. DOX and DAU interaction with b-CD.

By the method of electronic spectroscopy, Кs of complexes of DOX with 
g-CD and its hydroxypropyl derivatives under 298 К, are studied [44]. They are 
1360±70 and 320±20 M–1 respectively. In the previous papers, Кs for complex 
DOX–g-CD are given by the values of 1000 M–1 [40, 41, 43].

Complexation ability of DOX with a-, b- and g-CD is studied by the 
method of electronic spectroscopy. Complexes ability of improvement of DOX 
cytotoxicity is considered. DOX and b-CD mixture in the greatest degree (for 
more than 95 %) suppresses vitality of adenocarcinoma cells [45].

2-Hydroxypropyl-b-CD, 2-hydroxypropyl-g-CD and g-CD reduced DOX 
degradation. Modified CD increase DOX solubility rate. Complex of DOX with 
2-hydroxypropyl-b-CD turned to be less toxic [46].

The possibility of DOX association with a polymer, obtained by crosslinking 
of epichlorohydrin with b-CD has been recently considered. The polymer makes 
nanoparticles of  ≈15 nm causing DOX dimmers decomposition by complexation. 
Association constant for 1:1 solution was determined [47].

DOX complexation with new β-CD derivatives mono(6-deoxy-6-(1–1,2,3-
triazo-4-yl)-1-propan-3-O-(4-methoxyphenyl))-β-CD and mono(6-deoxy-6-
thio-(1-propan-3-O-(4-methoxyphenyl)))-β-CD has been studied [48]. For 
1:1 complexes, in DMSO–Н2О medium, Ks 2.3×104 and Ks 3.2×105 М–1 are 
calculated respectively. The values Ks of the complexes are considerably greater 
than of the above-mentioned β-CD complex, obtained in aqueous solution [43]. 
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In DMSO solutions, Ks turned to be considerably less, 121.1±6.2 and 6768±41 
М–1 respectively.

1:1 Complexes of DAU and DOX hydrochlorides with GA are prepared. 
Herewith, complex with DAU is stated to be less toxic than the initial antibiotics 
[49]. Complexes are characterized by UV-spectroscopy. For the complex DAU–
GA, IR-spectrum is given. DAU–GA complex is soluble in water, acetone, 
methanol and ethanol.

Recently, several liposomal transport forms for DOX has been elaborated 
[50, 51]. DOX–γ-CD complex introduction in pegylated liposomes is considered 
[52]. The aggregate reduces tumor growth and improves mice survival rate. 
DOX complex with phospholipid nanosystem, stabilized by trisodium salt of 
GA, is prepared. It has got a better antitumoral and antimetastatic activity, in 
comparison with individual DOX [53].

Triterpene glycoside 1 from ivy is known to have antitumoral activity and 
antimutagenic effect against clastogenicity of DOX [15, 54, 55]. GC improves 
antitumoral effect of drugs and reduces their toxicity [56].

Paper [57] is dedicated to spectrophotometry research of DOX complexation 
with GC and with ivy glycosides 1 and 2, as well as to the definition of Кs of 
the complexes prepared in aqueous solutions under рН 7.2 (16 °С). Complexes 
composition 1:1 is defined by the method of isomolar series (the method by 
Ostromyslensky–Job). For the complexes DOX–1, DOX–2 and DOX–GC, Ks 
are 4.20×105, 1.56×107 and 5.63×104 M−1 respectively. Absorption spectrum of 
isomolar series of DOX with GC has got isobestic point at 276 nm (Fig. 11).

In a DOX molecule, ОН- and CO-groups, which make hydrogen bounds 
with carboxylic and hydroxyl groups of GC and glycosides 1 and 2, are 
contained. DOX and GC are salts and therefore are involved in ionic interactions 
by complex formation. High stability of DOX–2 complex can be explained with 
a substantial role of hydrophobic interactions of aromatic DOX system and non-
polar aglicone part of glycoside 2, which, unlike glycoside 1 and GC, has got 
no carboxylic group. Besides, glycoside 2 molecule contains a number of ОН-
groups, capable of making hydrogen bounds.

Кs of complexes of DOX with CD and their derivatives are discovered to be 
equal to 102–105 М–1 [44, 48]. DOX complexes with human and bovine serum 
albumin have Кs 1.1×104 and 7.8×103 М–1 respectively [58], with nucleic acid 
bases, nucleosides and nucleotides – 25–380 М–1 [59] and with NAD – 190 М–1 
[59]. In such a way, DOX complexes with triterpene glycosides are quite stable. 
GC and glycosides 1 and 2 can be treated as its transport systems.
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Figure 11. Absorption curves of isomolar series of solutions: с(DOX)=10–4 М, с(GC)=10–4 
М (рН 7.2).

Complexes with tetracyclines
Tetracyclines are antibiotics of broad-spectrum antibiotics. They possess a 

range of side effects: reduce appetite, sicken, vomit, diarrhea, allergic reactions, 
photosensitizing etc. Tetracycline (ТС), oxytetracycline (OTC), metacycline, 
doxycycline (DC) and other representatives of tetracyclines have low solubility 
in aqua [19].

1:1 Complex OTC with GA has been prepared [31]. On the basis of 
comparison of IR-spectra of complex and individual GA, the conclusion on 
hydrogen bounds formation is made.

IR-spectrometry is also applied to analyze clathrate of TC hydrochloride with 
b-CD, formed in aqueous solution [60]. The complex consists of ТС molecule 
and of two molecules of b-CD. Complex stoichiometry is additionally confirmed 
by NMR-spectroscopy (1Н and NOESY). F.B. de Sousa et al. supposed one 
molecule of b-CD interacts with a ТС aromatic ring, and another one is situated 
at the opposite side of ТС (Fig. 13).
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Dissociation constants of complexes of ТС hydrochloride with a- and b-CD 
are defined by the method of mass-spectrometry with electrospray ionization [61]. 
1:1 and 1:2 complexes with a-CD have constants Кs 4.47×10–4 and 6.51×10–4 М–1 
(respectively), and b-CD – 2.26×10–4 and 8.57×10–4 М–1 (respectively). We can 
see the values of Кs do not differ considerably.

Nevertheless, in [62] TC was proved to make 1:1 complex with β-CD. 
They also studied antibacterial activity of mixtures of TC and β-CD, with molar 
ratios 1:1, 1:2, 1:3 and 1:4 against Actinobacillus actinomycetemcomitans and 
Porphyromonas gingivalis. 1:4 Mixture proved to be the most effective against 
bacteries P. gingivalis. Mixtures of 1:1 and 1:2 compositions display the best 
counteraction against А. actinomycetemcomitans.

Biologically active glasses have been considered as delivery systems of ТС 
and ТС in 1:1 complex with β-CD [63]. Bacteriostatic activity of glasses with 
ТС and ТС–β-CD complex has been discovered. Heptakis (2,6-di-O-isobutyl)-
β-CD, immobilized on PVC-membrane, has been considered as a sensor for ТС 
determination [64]. Modified β-CD extracts ТС from the solution and makes 
complex with it.
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Figure 13. Interaction of TC with b-CD.

Molecular complex of DC with hydroxypropyl-b-CD of 1:1 composition 
has been prepared. On the basis of phase solubility studies, complex Ks are found 
to be 31.23 (in aqueous solution) and 120.80 М–1 (in 0.5 % solution of MgCl2) 
[65]. Numeric modelling of DC molecular complex with hydroxypropyl-b-CD 
[66, 67]. Hydroxypropyl-b-CD was used to prepare DC hydrogel [68]. The gel 
is proved to inhibit neovascularization of rats cornea.
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Introduction
Phenylboronic acids (PBAs) have been widely investigated in variety 

of chemical and biomedical applications but their most important value is 
biologically important analytes sensing. Bioresponsive compounds which 
form reversible covalent bond with 1,2- or 1,3- diols have attracted scientists’ 
interest for decades [1, 2, 3]. Sugars [4, 5], dopamine [6, 7] and glycoproteins 
[7] can be detected by boronic acids which form complexes with multihydroxy 
compounds. Selective D-glucose binding receptors are significantly important 
due to diabetes mellitus. This disease is projected to be the seventh major cause 
of death in the world by the year 2030. Boronic acids bind carbohydrates with 
reversible covalent bond. They reveal potential medical application as non-
invasive glucose receptors.

Phenylboronic acids exist in two forms neutral – trigonal (1, 3) and anionic 
– tetragonal form (2, 4), which are in equilibrium in water (Scheme 1) [2, 8].
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72

Alicja Pawełko, Agnieszka Adamczyk-Woźniak and Andrzej Sporzyński

The anionic PBAs form glucose-boronate complexes and hence shift the 
equilibrium in aqueous media to form 4 (Scheme 1). Neutral boronate adducts 
were considered as unstable [8]. Tomsho and Benkovic proved that both trigonal 
and tetragonal PBA form esters with model diol – Alizarin Red S (Scheme 2).
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Scheme 2. Binding ARS with PBA at near-neutral pH [9].

Polymer matrix loaded with insulin has been widely investigated [10, 
11]. Self-assembled macromolecular structures can work as nanocarriers for 
triggered drug delivery [12]. Such vehicles can show increased activity due to 
multivalency and provide longer circulation time in the body [13]. Complex 
system combining polymer as a drug nanocarrier and boronic acid moiety as 
a glucose receptor seems to be perfect solution to detect carbohydrates and to 
allow controlled drug release.

The wide variety of boronic acids containing materials [14, 15] such as gels 
[10, 16], hydrogels [17-22], microgels [23-27], nanogels [28], homopolymers 
[29], block copolymers [29-36], glycopolymers [37-39] have been used to 
obtain glucose-sensitive systems. In this review, we addressed the development 
of nanoparticles containing boronic acid moiety and different ways to tune their 
response to biologically important polyols.

Hydrogels, microgels, nanogels
Glucose concentration can be analyzed by volumetric changes of hydrogel 

matrix. Swelling pressure measurements [21], optical [19] and fluorescence 
sensors can be used to study sugar response. PBA immobilized on polymerized 
crystalline colloidal arrays (PCCA) enable monitoring sugar concentration by 
measuring changes in volume (Fig. 1) [17].

Another group of hydrogels are zwitterionic glucose-sensitive hydrogels 
(GSHs) i.e. AAM/3-APB/DMApAA/BIS. GSHs displayed very good results in 
ex vivo blood plasma. Hydrogel swelling was observed to be five times faster at 
37 °C than at room temperature (~20 °C) [18]. On the other hand, Horkay et al. 
proved with chemomechanical sensor that zwitterionic hydrogel shrinks upon 
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glucose and swells upon fructose binding (Fig. 1) [21]. The chemical structure 
of the immobilized PBAs was found to be the most influential factor that causes 
volumetric change of hydrogels.

shrinking 
response swelling 

response

- C

N
H

O

CH3

B
OHOH

R
Figure 1. Esterification of PBA-modified hydrogel with glucose and the shrinking/
swelling behavior of hydrogel volume of PCCA [17].

Poly(N-isopropylacrylamide) (PNIPAM) microgels with PBA moieties 
reveal reversible swelling/deswelling responses to glucose as well [23]. The 
esterification reaction of PBA groups incorporated into PNIPAM can be studied 
by turbidity. Swelling effect of glucose binding by poly(N-isopropylacrylamide-
co-3-acrylamidophenylboronic acid) (P(NIPAM-AAPBA) (Scheme 3) is 
observed within 102 s [25].
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Scheme 3. Synthesis of P(NIPAM-AAPBA) microgels.

Derivatives of N-alkylacrylamides were synthesized by copolymerization 
reaction with 4-(1,6-dioxo-2,5-diaza-7-oxamyl)phenylboronic acid (DDOPBA) 
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and cross-linkers such as N,N’-methylenebis(acrylamide) (BIS) or ethylene 
glycol dimethacrylate (EGDMA) (Fig. 2) [24].
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Figure 2. General structure of N-alkylacrylamides [24].

PBA modifications in polymer change the volume phase 
transition temperature (VPTT) of microgel. The VPTT decreases with 
increasing number of PBA groups. According to the applications in 
physiological conditions, VPTT should be above 37 °C. From group of 
N-alkylacrylamides polymers based on i.e. N-isopropylacrylamide (NIPAM), 
N-isopropylmethacrylamide (NIPMAM), and N-ethylmethacrylamide 
(NEMAM), only PNEMAM shows such a characteristic [24]. Selective glucose 
receptors are based on shrinkage of microgels with EGDMA cross-linkers which 
form bis-boronate complexes. Monobidentate form occurs under higher glucose 
concentrations, whereas fructose binding caused monotonous swelling.

Fluorescent response to glucose within polymer nanoparticles was designed 
by Zenkl et al. Donor (N-fluoresceinacrylamide) and acceptor (acryloylpiperazinyl 
sulforhodamine B Isomer I and Isomer II) were in close distance inside nanosphere 
without any presence of sugar. Glucose or fructose binding caused swelling 
response of the sensor which extended the space between molecules (Fig. 3) [26].
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Figure 3. Fluorescent response to sugar [26].

Controlled release of insulin from nanocarrier can be tuned by glucose 
concentration. A biocompatible nanogel with a core-shell structure was 
synthesized by copolymerization of pentaerythritol tetra(3-mercaptopropionate), 
poly(ethylene glycol) diacrylate, methoxyl poly(ethylene glycol) acrylate 
and N-acryloyl-3-aminophenylboronic acid. The hydrodynamic radius (RH) 
increased and the insulin delivery was faster with the higher concentration of 
glucose in solution [28].

Light scattering is a useful technic to investigate interactions of PBA-
modified microgels with carbohydrates. Changes in light scattering intensity 
enable to prove shrinking/swelling responses of microgels to sugar concentration 
[23].

Homopolymers and block copolymers
Homopolymer is a macromolecule which comprises identical monomer 

units, whereas, block copolymer consists of two or more monomers which form 
alternating blocks. Sugar-responsive homopolymer was obtained by radical 
addition-fragmentation chain transfer (RAFT) polymerization of a Wulff-type 
monomer. Aminomethyl substituent at ortho position of phenylboronic acids 
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decreased pKa of compounds and enhanced polyols binding at neutral pH 
(Scheme 4 and 5).
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Both homopolymer (Scheme 4) and block copolymer (Scheme 5) formed soluble 
esters with D-fructose and D-glucose in pH range 7.4-7.8.

Nanoparticles obtained by self-assembled block copolymers (complex 
polymeric micelles – CPMs) reveal potential medical application as nanocarriers 
for triggered drug delivery. Glucose and pH responsive micelles of poly(ethylene 
glycol)-block-poly(acrylic acid-co-acrylamidophenylboronic acid) PEG-
b-(PAA-co-PAAPBA)] were synthesized and analyzed by 11B magic-angle 
spinning nuclear magnetic resonance (11B MAS NMR) by Wang et al. [31, 32]. 
Interactions between carboxylate anion and PBA can cause shift of boron atom 
toward tetragonal form and enhance sugar binding at physiological pH. Insulin 
was loaded to a hydrophobic, sugar-sensitive core, and nanoparticles were 
stabilized by hydrophilic PEG shell (Fig. 4).
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Figure 4. Glucose-responsive system [31].

Nanoparticles self-assembled from poly(3-acrylamidophenylboronic acid)-
b-poly (N-isopropylacrylamide) (PAPBA-b-PNIPAM) (1, Fig. 5) sensitive to 
temperature, sugar concentration and pH have been designed by Roy et al. [35, 
36]. At pH< pKa of phenylboronic acid and absence of sugar polymeric micelles 
consist of PAPBA core and PNIPAM shell, whereas, at temperature >32 °C they 
form PNIPAM core and PAPBA shell structure (Fig. 6).

Both nanoaggregates of PAPBA-b-PNIPAM (5) and PDMA-b-PAEBB (6, 
Fig. 5) dissociate after increasing pH above the pKa of phenylboronic acid or at 
neutral pH after addition of glucose.
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Figure 6. Tuning response of PAPBA-b-PNIPAM to temperature, sugar concentration 
and pH [35].

Complex micelles of poly(ethylene glycol)-b-poly(aspartic acid-co-
aspartamido-phenylboronic acid) (PEG-b-P(Asp-co-AspPBA)) and poly(N-
isopropylacrylamide)-b-poly(aspartic acid-co-aspartamidophenylboronic acid) 
(PNIPAM-b-P(Asp-co-AspPBA)) were prepared. The same hydrophobic block 
[P(Asp-co-AspPBA)] of two polymers was used to form core and different 
hydrophilic blocks (PEG and PNIPAM) were used to obtain collapsed shell of 
PNIPAM at 37 °C, above lower critical solution temperature (LCST). Collapsed 
PNIPAM membrane protected insulin loaded core of CPMs from proteases 
(Scheme 6) [30].
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Scheme 6. Protected insulin delivery system of CPM of (PEG-b-P(Asp-co-AspPBA)) and 
(PNIPAM-b-P(Asp-co-AspPBA)) [30].

Atom transfer radical polymerization (ATRP) was used to achieve amphiphilic 
poly(ethylene glycol)-block-poly[(2-phenylboronic esters-1,3-dioxane-5-
ethyl) methyl-acrylate] (MPEG5000-block-PBDEMA). Nanoparticles swelled 
upon presence of sugar as a result of changes in polymer polarity (Scheme 7). 
Double hydrophilic polymer was obtained by transesterification reaction of 
phenylboronic acid with sugar [33, 34].
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Scheme 7. Transfer of polymer polarity from amphiphilic to double hydrophilic [33].



80

Alicja Pawełko, Agnieszka Adamczyk-Woźniak and Andrzej Sporzyński

Glycopolymers
Glycopolymers contain carbohydrates in their molecules. They can be utilized 

in targeted drug delivery and synthesis of biocompatible materials. Triblock 
copolymer poly(acrylic acid-co-acrylamidophenylboronic acid)-block-poly(2-
acryloxyethyl galactose)-block-poly(acrylic acid-co-acrylamidophenylboronic 
acid) (((PAA-co-PAAPBA)-b-)2PAEG) was designed to form insulin loaded 
nanoparticles. Nanocarriers were sensitive to pH value and presence of glucose. 
The hydrodynamic diameter increased with increasing glucose concentration. 
Insulin release profile showed that 17% of the hormone was detached from 
surface of nanoparticles in the absence of glucose, compared to 40% and 60% of 
insulin delivery in solution comprising glucose [36].

Complex micelles of poly(ethyleneglycol)-block-poly(acrylic acid-co-
acrylamidophenylboronic acid) PEG-b-P(AA-co-APBA) and poly(acrylic acid-
co-acrylglucosamine) (P(AA-co-AGA)) were fabricated. Lower pKa of PBA 
occurred upon PBA complexation with glycopolymer [38, 39].
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Figure 7. Formation and disintegration of PEG-b-P(AA-co-APBA)/(P(AA-co-AGA)) 
micelles [39].

PBA nanoparticles
N-alkyl-3-boronopyridinium salts form vesicular micelles in aqueous media 

[14, 15].
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Scheme 8. Equilibrium of N-alkylpyridiniumboronic acids [15].
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The introduction of boronic acid moiety into surfactant molecule changes 
its properties i.e. critical aggregation concentration (CAC) as well as minimum 
required area per molecule effectiveness. Savsunenko et al. obtained first 
self-assembled micelles of N-alkylpyridiniumboronic acids. This new type of 
receptors can detect sugars at low concentrations at physiological pH. 

All the described phenylboronic acids-containing nanoparticles are promising 
receptors for sensing biologically important polyols. Tuned response of designed 
systems has been achieved by pH, sugar concentration or temperature. Sugar 
responsive behavior has potential application in medical treatment of diabetes 
mellitus.
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Chapter 4

Boronic acids immobilized on diol-functionalized resins
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and Andrzej Sporzyński

Warsaw University of Technology, Faculty of Chemistry, 
Noakowskiego 3, 00-664 Warsaw, Poland

Introduction
Introduced by Merrifield in the early sixties, solid-phase synthesis (SPS) 

became a powerful tool in organic chemistry. Its original use to prepare peptides 
was the major application of SPS for almost thirty years [1]. From the point of 
view of medicinal chemistry, however, the use of peptides was limited as they 
generally cannot be taken orally and do not have sufficient plasma half-life [2]. 
To sustain the synthetic importance of SPS, its use had to be extended to the 
preparation of non-peptidic drugs. It was not until 1992 that Ellman and Bunin 
developed a method for expedient SPS of 1,4-benzodiazepine derivatives [3]. 
Their findings opened new pathways in the synthesis and biological evaluation 
of potentially bioactive compounds, as the method was invaluable in terms of 
preparing libraries of structurally diverse derivatives of the lead compounds. 
Today, solid-phase reactions play a  significant role in parallel synthesis and 
combinatorial chemistry, primarily in the area of pharmaceutical chemistry [4,5].

Due to a growing interest in the chemistry of boronic acids, a lot of effort 
has been made in recent years to develop the SPS methodologies that involve 
linking the boronic compounds to solid supports by means of the B(OH)2 
group. Such concept gives access to the previously unknown boronic acid 
derivatives as well as broadens the scope of their synthetic applications. This 
work reviews the reported achievements in immobilization of boronic acids onto 
diol-functionalized resins and solid-phase derivatization of boronic acids. The 
use of solid-phase support in metal catalyzed reactions as well as in separating 
(scavenging [6]) boronic acids from post-reaction mixture is also described.
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Diol-functionalized resins for immobilization of boronic acids
Carboni et al. developed a method for attaching boronic acids to a 

macroporous polymer bearing 1,3-diol groups [7]. The solid support was obtained 
in a five-step procedure (Scheme 1), starting from 1,1,1-tris(hydroxymethyl)
ethane. The monomer was prepared in three steps, involving acid-
catalyzed acetalization with acetone, deprotonation of the remaining free 
hydroxyl group with sodium hydride, followed by ether formation with  
4-vinylbenzyl chloride. Polymerization was carried out in an aqueous solution 
using azobisisobutyronitrile (AIBN) as initiator, poly(diallydimethylammonium 
chloride) as stabilizer and 2-ethyl-hexanol as solvent. Hydrolysis enabled to 
afford deprotected 1,3-diol-functionalized polystyrene solid support (PSS).

OH

OH

OH
O

O

O
PS

OH

OH

PS = polystyrene

1. Polymerization
2. HCl/H2O

1. Acetone, PTSA (cat.)
2. NaH, THF

3. 4-Vinylbenzyl chloride

Scheme 1. Synthesis of a 1,3-diol-functionalized PSS.

Optimal conditions for immobilization and cleavage of boronic acids were 
determined by varying different reaction parameters (Scheme 2). The highest 
yields of immobilization were observed when refluxing the diol resin and a 
boronic acid in tetrahydrofuran (THF). The most efficient cleavage was performed 
in the mixture of methanol (MeOH), THF and dichloromethane (DCM). Due to 
the use of MeOH, the post-cleavage filtrate contained the corresponding methyl 
esters of boronic acids. Various alkyl- and aryl-substituted boronic acids were 
investigated, the yields varying significantly, depending on the group attached 
to boronic acid moiety, e.g. 50% for 1-decen-1-yl, 80% for 1-decyl, 55% for 
2-MeO-C6H4 and 75% for 3-NH2-C6H4. All boronic acids obtained in the course 
of cleavage were of high purity (90-99%). Additionally, the authors showed an 
alternative way of arylboronic acids’ cleavage that lead to the corresponding 
phenols, using a mixture of hydrogen peroxide and sodium hydroxide which 
triggered oxidation reaction. The peroxides that are present in THF can also 
react with boronic acids this way. Because of that, all procedures involving 
immobilized boronic acids require freshly distilled THF. The alternative way of 
cleavage could extend the scope of small organic molecules produced utilizing 
SPS.
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PS
OH

OH
PS ArOH

PS
OH

OH
PS B

O

O
R B R

O

O

B
O

O
Ar

RB(OH)2

THF

ArB(OH)2

THF

1. H2O2, NaOH/H2O

2. HCl/H2O

MeOH/THF/DCM

(5:5:2)

Scheme 2. Immobilization and cleavage of alkyl- and arylboronic acids on the 1,3-diol 
resin.

The most frequently used resin in boron-based linking methodologies has 
became N,N-diethanolaminomethyl polystyrene (DEAM-PS), first synthesized 
by Hall et al. [8] The original method for its preparation featured the reaction of 
aminomethylated polystyrene (AM-PS) with the excess of ethylene oxide in a 
mixture of THF and H2O (Scheme 3).

 

PS CH2NH2 PS N

OH

OH

Ethylene oxide

THF/H2O (9:1)

Scheme 3. Synthesis of DEAM-PS from AM-PS.

Another approach to the preparation of DEAM-PS was proposed by Arimori 
et al. [9]. The synthesis starts from functionalization of 4-vinylbenzyl chloride 
with diethanolamine in the presence of a base in acetonitrile (ACN). Afterwards, 
the prepared monomer is co-polymerized with divinylbenzene (DVB) and 
styrene to afford DEAM-PS (Scheme 4). Such approach can be optimized using 
different co-monomers in order to increase the loading capacity of the resin 
and enhance its physical properties. In this method the size of the beads can 
be controlled by the addition of surfactants as well as by adjustment of stirring 
speed. Cross-linking is controlled by the amount of DVB.
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PS
Cl

N

OH

OH

N

OH

OH

NH(CH2CH2OH)2, K2CO3

ACN

Styrene, DVB

AIBN (cat.)
DMF

Scheme 4. Synthesis of DEAM-PS from 4-vinylbenzyl chloride.

Initial studies on the immobilization of arylboronic acids on DEAM-PS 
were carried out using 4-tolylboronic acid as a model compound [8]. The most 
suitable solvents were found to be THF, toluene and DCM (>95% yields). 
Dimethylformamide (DMF) and diethyl ether were almost as effective (87% 
and 90%, respectively). Methanol gave significantly lower yield (53%), partly 
because of an anticipated rival transesterification reaction [10], and partly 
because of a poor swelling of polystyrene resins in polar solvents [11].

DEAM-PS couples arylboronic acid in almost equimolar amount. Neither 
excess of reagent nor heating is required. These advantages as well as higher 
yields of immobilization compared to 1,3-diol resins are considered to be 
benefits of the formation of a nitrogen–boron bond (Figure 1).

PS N
O

O
B R

PS B
O

O
R

Figure 1. Nitrogen-boron bonding in the boronated DEAM-PS versus the boronated 
1,3-diol resin.

Cleavage of boronic acids from DEAM-PS is usually carried out with 
a THF/H2O/acetic acid mixture (9:0.5:0.5 v/v ratio), while for the acid-sensitive 
compounds a  prolonged exposure to THF/H2O mixture (9:1 ratio) can be 
applied. DEAM-PS can be regenerated by vigorous stirring in a basic solution 
(CH2Cl2:Et3N in 3:1 ratio) with only slight loss of loading capacity.

Another example of a solid support for immobilization of boronic acids is 
catechol-functionalized polystyrene. For this purpose it was first used by Yang 
et al. [12] In terms of immobilization, the catechol polymer is slightly more 
efficient than the 1,3-diol-functionalized resin and less efficient than DEAM-
PS (immobilization yields varying from 67% to 75% in THF). Its synthesis 
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starts with protection of the hydroxyl groups of 3,4‑dihydroxybenzaldehyde, 
executed by treatment with methoxymethyl chloride (MOMCl) in the presence 
of diisopropylethylamine (DIPEA). The next step was reductive amination 
with methylamine, followed by attaching the obtained amine to Merrifield 
resin in the presence of a strong base in ACN. Deprotection of methoxymethyl 
groups was carried out with trimethylsilyl bromide in DCM (Scheme 5). 
Immobilization reactions of boronic acids were performed in THF. Noteworthy, 
heating significantly increased the immobilization yields. Cleavage mixture was 
identical to the one applied for DEAM-PS by Hall et al.

OHC OH

OH

OHC OMOM

OMOM

OMOM

OMOM

NH

OMOM

OMOM

NHPS OH

OH

NHPS

1.MeNH2/THF/MeOH

2.NaBH4

Merrifield resin, K2CO3 

ACN

TMSBr 

DCM

DIPEA

MOMCl

Scheme 5. Synthesis of the catechol-functionalized polystyrene. TMS = trimethylsilyl.

Good results were obtained with triol-functionalized resins, first prepared 
by Liu et al. [13]. It can be produced from Merrifield resin and 2‑amino-2-
(hydroxymethyl)-1,3-propanediol (trometamol) in the presence of DIPEA in 
EtOH (Scheme 6).

 

PS
Cl

CH2OH

NH2
CH2OH

CH2OH+ PS
NH

OH

OH

OH
DIPEA 

EtOH

Scheme 6. Synthesis of the triol resin.

The triol resin is efficient in immobilizing arylboronic acids in THF, DCM and 
ethyl acetate at room temperature (yields from 84% to 90% in THF). Liu et al. also 
attempted to immobilize arylboronic acids from aqueous solutions. However, poor 
yields were obtained, mostly due to the fact that polystyrene is a hydrophobic, 
polarizable material and its swelling is poor in alkanes, protic solvents or water. 
Yields of immobilization in basic aqueous and basic methanol solutions were 
varying from 17% to 68%, the highest one being observed for 4-tolylboronic 



90

Łukasz Włoszczak, Krzysztof M. Borys, Agnieszka Adamczyk-Woźniak and Andrzej Sporzyński

acid in 1M NaOH/MeOH. The triol resin, contrary to DEAM-PS, can be thus 
utilized in immobilization from a basic environment (under the same conditions, 
4‑tolylboronic acid was immobilized on DEAM-PS in 41% yield). 	

The reported average loading capacities for the discussed resins are as follows:
•	 ca. 1 mmol/g for the 1,3-diol-functionalized polymer [7],
•	 0.92 mmol/g [8] to 1.54 mmol/g [9] for DEAM‑PS (depending on the 

method of preparation),
•	 0.97 mmol/g for the catechol polymer [12],
•	 1.1 mmol/g for the triol resin [13].
An interesting alternative for polystyrene solid supports is posed by 

polyglycerols (PGs), commercially available polyhydroxylic dendritic polymers. 
Hebel and Haag showed that a series of four boronic acids - phenylboronic 
acid, 2-trifluoromethylphenylboronic acid, 3-nitrophenylboronic acid and 
2-thienylboronic acid could be successfully immobilized onto dendritic PG 
[14]. Immobilization occurs at room temperature almost quantitatively (>95%), 
though molecular sieves are required to drive the process to completion. In case of  
2-thienylboronic acid heating was additionally required. Interestingly, the 
average molecular weight of PG was found to significantly influence the rate of 
immobilization [14].

Solid-phase derivatization of functionalized arylboronic acids
Following immobilization, functional groups of the immobilized boronic 

acids can be subjected to various synthetic transformations. In the literature, such 
functionalizations were carried out solely on arylboronic derivatives. Although 
it is possible to immobilize alkylboronic acids, no works on their modification 
after immobilization have been reported.

Functionalization of arylboronic acids immobilized on the 1,3-diol resin 
could be achieved with moderate yields (54% to 67%, Table 1) [7]. Due to the 
cleavage procedure involving methanol, all the transformed boronic compounds 
were afforded as methyl esters.

Higher yields of functionalization were obtained with arylboronic species 
bound to DEAM-PS resin. The transformations involved reductive amination, 
anilide synthesis, amide formation, ureas synthesis and substitution reactions 
(Table 2) [15]. Only para- and meta-substituted arylboronic acids gave 
satisfactory yields in the anilide, amide and ureas syntheses as well as in 
substitution reactions. For unexplained reasons, ortho-substituted substrates 
suffer from premature cleavage in the course of these reactions. To the contrary, 
only ortho-substituted substrates were surprisingly reported to give reasonable 
yields in reductive amination reactions.
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Table 1. Arylboronic acids bound to 1,3-diol resin: immobilization, functionalization and 
cleavage.

PS
OH

OH
PS B

O

O

R
1

B
O

O
R

2

Functionalization

PS B
O

O

R
2

MeOH/THF/DCM

(5:5:2)

R1-C6H4-B(OH)2

THF

R1 Functionalization Solvent R2 Yield 
(%)

3-NH2 Propionyl chloride, pyridine DCM 3-NHCOEt 63

3-NH2 4-Toluenesulfonyl chloride, DIPEA DCM 3-NHSO2Tol 54

3-NH2 Phenylisocyanate DCM 3-NHC(O)NHPh 59

4-CO2H 1. SOCl2  2. n-BuOH, pyridine Toluene 4-CO2Bu 65

4-CH2OH Propionyl chloride, (i-Pr)2NEt DCM 4-CH2O(O)CEt 54

4-CHO Pinacol allylboronate DCM 4-CH(OH)-Allyl 67

Table 2. Arylboronic acids bound to DEAM-PS: immobilization, functionalization, cleavage. 
PyBOP = Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate, Fmoc 
= Fluorenylmethyloxycarbonyl, NMP = N-Methyl-2-pyrrolidone.

 

 

PS PS N
O

O
B

R
1PS N

OH

OH

R1-C6H4-B(OH)2 

THF

Functionalization

R
2

B
OH

OH

PS N
O

O
B

R
2

THF/H2O/AcOH 

(9:0.5:0.5)

R1 Functionalization Solvent R2 Yield 
(%)

3-CH2Br NH2CH2Ph NMP 3-CH2NHCH2Ph 69

3-CH2Br NH2CH2CH(CH3)2 NMP 3-CH2NHCH2CH(CH3)2 50
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R1 Functionalization Solvent R2 Yield 
(%)

3-CH2Br HN(CH2CH2)2O NMP 3-CH2N(CH2CH2)2O 85

3-CH2Br CH3NHCH2Ph NMP 3-CH2N(CH2)CH2Ph 75

4-CH2Br NH2CH2Ph NMP 4-CH2NHCH2Ph 69

4-CH2Br NH2CH2CH(CH3)2 NMP 4-CH2NHCH2CH(CH3)2 53

4-CH2Br HN(CH2CH2)2O NMP 4-CH2N(CH2CH2)2O 98

4-CH2Br CH3NHCH2Ph NMP 4-CH2N(CH2)CH2Ph 94

2-CHO NH2CH2Ph, NaBH4 THF 2-CH2NHCH2Ph 66

2-CHO NH2CH2CH(CH3)2, 
NaBH4

THF 2-CH2NHCH2CH(CH3)2 55

2-CHO NH2(CH2)3Ph, NaBH4 THF 2-CH2NH(CH2)3Ph 62

2-CHO NH2(CH2)3CH3, NaBH4 THF 2-CH2NH(CH2)3CH3 73

3-COOH NH2(CH2)3Ph, DIC, 
HOBT/H2O

NMP or 
DMF 3-CONH(CH2)3Ph 57

3-COOH NH2CH(CH3)2, DIC, 
HOBT/H2O

NMP or 
DMF 3-CONHCH(CH3)2 60

3-COOH NH2(CH2)3CH3, DIC, 
HOBT/H2O

NMP or 
DMF 3-CONH(CH2)3CH3 56

3-COOH NH2Ph, PyBOP, DIPEA DMF 3-CONHPh 82

3-COOH NH(Et)2, DIC, HOBT/
H2O

NMP or 
DMF 3-CON(Et)2 77

3-COOH NH(n-Bu)2, DIC, 
HOBT/H2O

NMP or 
DMF 3-CON(Bu)2 79

3-COOH NH(CH2Ph)2, DIC, 
HOBT/H2O

NMP or 
DMF 3-CON(CH2Ph)2 60

4-COOH NH2(CH2)3Ph, PyBOP, 
DIPEA DMF 4-CONH(CH2)3Ph 65

4-COOH NH2CH(CH3)2, PyBOP, 
DIPEA DMF 4-CONHCH(CH3)2 81
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R1 Functionalization Solvent R2 Yield 
(%)

4-COOH NH2(CH2)3CH3, DIC, 
HOBT/H2O

NMP or 
DMF 4-CONH(CH2)3CH3 64

4-COOH NH2Ph, DIC, HOBT/
H2O

NMP or 
DMF 4-CONHPh 67

4-COOH NH(Et)2, DIC, HOBT/
H2O

NMP or 
DMF 4-CON(Et)2 59

4-COOH NH(n-Bu)2, DIC, 
HOBT/H2O

NMP or 
DMF 4-CON(Bu)2 53

4-COOH NH(CH2Ph)2, PyBOP, 
DIPEA DMF 4-CON(CH2Ph)2 70

4-COOH NH2(CH2)2NEt2, DIC, 
HOBT/H2O

NMP or 
DMF 4-CONH(CH2)2NEt2 70

2-NH2
CH3CH2CO2H, PyBOP, 

DIPEA NMP NHCOCH2CH3 61

2-NH2
PhCO2H, PyBOP, 

DIPEA NMP NHCOPh 60

3-NH2
CH3CH2CO2H, DIC, 

HOBT/H2O
DMF NHCOCH2CH3 42

3-NH2
PhCO2H, DIC, HOBT/

H2O
DMF NHCOPh 52

3-NH2
CH3CH2CO2H, PyBOP, 

DIPEA NMP NHCOCH2CH3 72

3-NH2
PhCO2H, PyBOP, 

DIPEA NMP NHCOPh 82

3-NH2
CH2=CHCH2CH2CO2H, 

PyBOP, DIPEA NMP NHCOCH2CH2CH=CH2 70

3-NH2
PhCCCO2H, PyBOP, 

DIPEA NMP NHCOCCPh 75

3-NH2

FmocNH(CH3)(S)
CHCO2H, PyBOP, 

DIPEA
NMP NHCOR(S)CH(CH3)

NHFmoc 51
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R1 Functionalization Solvent R2 Yield 
(%)

4-NH2
CH3CH2CO2H, PyBOP, 

DIPEA NMP NHCOCH2CH3 61

4-NH2
PhCO2H, PyBOP, 

DIPEA NMP NHCOPh 46

3-NH2 (CH3)2CHNCO DCM NHCONHCH(CH3)2 66

3-NH2 PhNCO DCM NHCONHPh 79

3-NH2 (4-MeO-C6H4)NCO DCM NHCONH-(4-MeO-C6H4) 82

3-NH2 (4-NO2-C6H4)NCO DCM NHCONH-(4-NO2-C6H4) 80

3-NH2 PhNCS DCM NHCSNHPh 85

4-NH2 (CH3)2CHNCO DCM NHCONHCH(CH3)2 65

4-NH2 PhNCO DCM NHCONHPh 85

4-NH2 (4-MeO-C6H4)NCO DCM NHCONH-(4-MeO-C6H4) 88

4-NH2 (4-NO2-C6H4)NCO DCM NHCONH-(4-NO2-C6H4) 92

OH

OH

NHPS O

O

NH B
O

OHPS

O

O

NH B
O

NHPS OH

OH
B

O

NH

4-COOH-C6H4-B(OH2)

THF

PhCH2NH2, DIC (cat.), HOBT (cat.)

DMF

THF/H2O/AcOH 

(9:0.5:0.5)

Scheme 7. Synthesis of 4-(benzyl carbamoyl)phenylboronic acid using the catechol-
functionalized polystyrene.

Only a few solid-phase reactions have been developed for other resins 
than DEAM‑PS. No reactions have been reported for the triol resin and only 
one for the catechol polymer [12]. The reaction of 4‑carboxyphenylboronic 
acid immobilized on the catechol resin with benzylamine was carried out in 
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the presence of diisopropylcarbodiimide (DIC) and 1‑hydroxybenzotriazole 
(HOBT) in DMF as a solvent (Scheme 8). The resulting 4‑(benzylcarbamoyl)
phenylboronic acid was afforded in 53% yield.

Use of solid supports for boronic acids in metal-catalyzed reactions
Transition metal-promoted couplings are among the most popular reactions 

for the formation of new carbon-carbon bonds within organic molecules. With 
the palladium-catalyzed Suzuki-Miyaura cross-coupling regarded as one of the 
most popular synthetic applications of boronic acids and their derivatives [16], 
it was clear that metal-catalyzed reactions would be investigated in the context 
of SPS.

Pourbaix et al. applied Suzuki cross‑coupling as a cleavage protocol for a series 
of boronic acids bound to a 1,3-diol resin [17]. The reactions were carried out by 
treating an immobilized arylboronic acid with an excess of 4‑iodomethoxybenzene 
in the presence of a palladium catalyst: ([1,1′‑bis(diphenylphosphino)ferrocene]
dichloropalladium(II), Pd(dppf)Cl2) and a base in a polar aprotic solvent. A new 
C-C bond is consequently formed, affording a biaryl product (Table 3). The desired 
biaryls were frequently detached from the resin along with the products of boronic 
acid homocoupling. Because of that, all post-cleavage mixtures had to be further 
subjected to flash chromatography on silica gel.

Table 3. Suzuki cross-coupling of 4-iodomethoxybenzene with arylboronic acids 
immobilized on 1,3-diol resin.

O I

O

R
1

PS B
O

O

R
1

Pd(dppf)Cl2 (3 mol %)
K3PO4 (3 eq.)
DMF, 60 °C  

R1 Yield (%)

H 67

3-NO2 60

3-NHCOEt 75

4-NHCH2Ph 53

4-C(O)N(CH2Ph)CH(iPr)C(O)NHCH2Ph 45
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The conditions for arylation of aldehydes developed by Miyaura et al. 
[18] were successfully adopted by Pourbaix et al. [17] for the solid-phase 
transformations. Immobilized arylboronic acid is reacted with an aromatic 
aldehyde in the presence of (acetylacetonato)dicarbonylrhodium(I) Rh(acac)(CO)2 
and (diphenylphosphino)ferrocene (dppf) (Table 4).

Table 4. Arylation of aromatic aldehydes with arylboronic acids immobilized on 1,3-diol 
resin. DME = dimethoxyethane.

R
1

OH

R
2

PS B
O

O
R

1

4-R2-C6H4-CHO (1.2 eq)
Rh(acac)(CO)2 (3 mol %)

dppf (3 mol %), DME/H2O
 

R1 R2 Yield (%)

CH3 H 62

CH3 Cl 43

CH3 CF3 63

CH3 CN 81

H CN 56

The pure products were isolated in moderate yields. Increase in the amount 
of the starting aldehyde was found to decrease the yield of the desired alcohol. 
Noteworthy, a 1,3-diol-functionalized resin was utilized also for removal of the 
starting aldehyde remaining in the post-reaction mixture [19].

Solid support functionalized with 1,3-diol groups was also found to be 
useful for the nucleophilic 1,4-addition of alkyl or aryl groups to enones (Table 
5). Reaction of a resin-bound alkyl-/arylboronic acid with methyl vinyl ketone 
(MVK) in the presence of Rh(acac)(CO)2 and triphenylphosphine afforded 
β‑functionalized ketones in moderate yields.

DEAM-PS resin was also successfully employed in palladium-catalyzed 
reactions for the preparation of unsymmetrical biaryl compounds [20], as well 
as bi(hetero)aryl compounds [21].

Gravel et al. presented a strategy for the synthesis of biaryl species via a 
resin-to-resin Suzuki coupling, both under aqueous and anhydrous conditions 
[20]. In both cases, the resin with the immobilized boronic acid is used in excess. 
The presence of a base and a palladium catalyst is required, which is common 
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for all Suzuki couplings. The feature distinguishing these two methods is of 
course the solvent system, with special emphasis put on the solid phase-transfer 
agent. This agent allows the boronic acid to be cleaved from DEAM-PS and 
then transferred to the iodoarene-bearing resin. Aqueous conditions feature the 
use of a toluene/methanol mixture with water as the solid phase-transfer agent, 
while the anhydrous method involves DMF with ethylene glycol (Scheme 8). 
Coupling products were isolated in good to excellent yields (75%-quantitative).

Table 5. Nucleophilic 1,4-addition of immobilized boronic acids to enones

O

R
1

PS B
O

O
R

1
MVK, Rh(acac)(CO)2 (3 mol %)

PPh3 (6 mol %)
THF/MeOH/H2O (7:6:1) 

 
R1 Yield (%)

Ph 60

4-MeC6H4 47

1-hexenyl 55

+ PS
X

O

O

CO2H

R
1

PS N
O

O
B

R
1

A.Na2CO3 (5 eq.)/H2O, 20% mol Pd(PPh3)4, 
Toluene/MeOH (3:1), 85 °C

or 
B. 20% mol Pd2(dba)3, DMF/Et3N/(HOCH2)2 (8:1:1)
105 °C

Scheme 8. General concept of the resin-to-resin Suzuki coupling leading to biaryls. 
dba = dibenzylideneacetone.

First approach to the Suzuki coupling-based SPS of bi(hetero)aryls (namely 
pyridylarenes and pyridylheteroarenes) was proposed by Gros et al. [21].
2-Pirydylboronic acid bound to DEAM‑PS was reacted with aromatic and 
heteroaromatic halides (Scheme 9). Only slight excess of halide was needed. 
Reactions were catalyzed by bis(triphenylphosphine)palladium (II) dichloride 
PdCl2(PPh3)2, accompanied with an additive of the phosphine ligand (PPh3). 
Out of three tested bases: Et3N, K2CO3 and CsF, the most efficient proved to be 
CsF. Addition of CuI gave meaningful increase in reaction efficiency, preventing 
the homocoupling process. Reactions were carried in DMF as a solvent. The 
products were obtained in moderate to good yields (50% to 87%).
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PS N
O

O
B

N

N

(Het)Ar

(Het)ArX

PdCl2(PPh3)2 (5%), PPh3 (10%), CuI (10%)
CsF (3 eq.), DMF, 80 °C

Scheme 9. Coupling of DEAM-PS-bound 2-pyrydylboronic acid with (hetero)aromatic 
halides. X = Br, I.

Also boronic acids immobilized on polyglycerols were employed in 
Suzuki couplings (Table 6) [14]. The biaryl compounds were obtained in the 
reaction with an aryl halide, K2CO3 and Pd2(dba)3 in DMF. When the reaction 
was complete, DMF was substituted with toluene for the separation protocol in 
which ultrafiltration and precipitation were used to purify the products.

Table 6. Suzuki couplings performed with boronic acids immobilized on PG supports.

PG
O

O
B R

1

Br
R

2

R
1 R

2

Br
R

2

PG
O

O
B

S
S R

2

 Pd(PPh3)4 or Pd(dba)2 (0.2 mol %)
K2CO3 (2.5 eq.) / DMF, 120 °C

 Pd(PPh3)4 or Pd(dba)2 (0.2 mol %)
K2CO3 (2.5 eq.) / DMF 120 °C

PG = polyglycerol

Boronic Acid R1 R2 Catalyst Yield (%)

Phenylboronic acid H 4-OCH3 Pd(PPh3)4 88

Phenylboronic acid H 4-C(O)CH3 Pd(PPh3)4 84

Phenylboronic acid 2-CF3 4-OCH3 Pd(PPh3)4 89

Phenylboronic acid 2-CF3 4-C(O)CH3 Pd(dba)2 91

Phenylboronic acid 3-NO2 4-OCH3 Pd(PPh3)4 86

Phenylboronic acid 3-NO2 4-C(O)CH3 Pd(dba)2 91

2-Thienylboronic acid - 4-OCH3 Pd(PPh3)4 90

2-Thienylboronic acid - 4-C(O)CH3 Pd(dba)2 88
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Scavenging boronic acids with diol-functionalized resins
One of the biggest issues in operating boronic acids as reagents in organic 

synthesis is isolating them from the post-reaction mixtures. Diol resins may be 
useful in solving this problem. As a matter of fact, scavenging of boronic acids 
with DEAM-PS may be considered one of the most interesting application of 
diol resins. By addition of DEAM-PS to a mixture, stirring for several hours, 
followed by removal of the resin by filtration, the immobilized boronic acids 
can be removed from the reaction mixture (Scheme 10) [22]. The efficiency of 
scavenging is highly dependent on the structure of the boronic acid and on the 
solvent applied.

O
R

R
OH

O
R

NH2R
O

R

O

B R
OH

OH

DEAM-PS

Boronic 
compound 
bound to 
DEAM-PS

R N

O
R

R
OH

O
R

NH2R
O

R

O

R N

Scheme 10. Scavenging of boronic acids from a post-reaction mixture with the use of 
DEAM-PS.

Hence, performing Suzuki coupling without the need for aqueous work-up 
or column chromatography was made possible owing to the use of DEAM-PS 
resin.

Lan et al. proposed a polymer-supported carbonate (tetraalkylammonium 
carbonate resin) as a scavenger for boronic acids [22]. However, the experiments 
performed by Vickerstaffe et al. proved that it was not sufficiently effective in this 
process [23]. They found excess boronic acid contaminating the desired product 
after Suzuki coupling. To purify it, evaporation of the reaction mixture, followed 
by redissolving in DMF and then incubation with DEAM-PS was needed.

Remarkably, the scavenging applications of DEAM-PS are not limited to the 
removal of boronic acids. Tsukamoto et al. employed DEAM-PS resin for the 
work-up of a Suzuki coupling reaction mixture, separating boronic acids along 
with palladium catalyst [24]. The authors reported that DEAM-PS scavenged 
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99.4% of the used palladium catalyst (Pd(PPh3)4). The diethanolamine moiety in 
DEAM-PS was found to be essential for scavenging: non-functionalized cross-
linked polystyrene scavenged (by adsorption) only 49.5% of the catalyst. 
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Chapter 5

Electronic structure of the organic compounds 
and their reactivity in the reactions of radical hydrogen atom 

tear by HO2
·  radical

A.F. Dmitruk, L.F. Pikula, T.V. Kryuk and Yu.O. Lesishina
Donetsk National University of Economics and Trade named after 

Mykhailo Tugan-Baranovsky, Schersa Str. 31, 83050 Donetsk, Ukraine

The highly-active free radicals are formed constantly in the living organism 
during the oxidation of lipids, proteins and nucleic acids creating conditions for 
the development of many different diseases. Substances that neutralize these 
reactive particles – antioxidants – are produced, to some extent, by the cell, 
but most of them are delivered with the food, especially of plant origin. The 
forecasting of the antioxidant activity of different substances depending on their 
structure is thus an extremely important goal.

Analysis of the latest research and publications showed that the oxidation 
inhibitors (InH), contained in the food, are related primarily to different types 
of phenolic compounds [1]. Primarily, these are flavonoids (formulas I-III), 
hydroxy acids and their derivatives (formula IV, V), polyphenols (formula VI, 
VII). Heterocyclic compounds containing nitrogen (mainly B vitamins, formula 
VIII, IX) and oxygen (E vitamins, the formula X) also have high antioxidant 
effect.

A
O

B
(I)

I – a general formula of flavonoids, 
rings A and B may contain a 
different number of OH–groups 
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O

OH

OOH

HO

OH

OH

(II)

II – quercetin – 
an antioxidant of tea, hops, onion, 
black currants, blackberries;  

O

OH

(III)

    

III – catechin – antioxidant 
strawberry, peach);

HO OH

OH

COOR

(IV)
IV – gallic acid derivatives 
(R – H, alkyl radical) are part of 
the plants of tea;

CHHO

HO

CH COOR

(V)
V – caffeic acid derivatives (R – 
H, alkyl radical) are contained in 
the stone fruit;

OH

OH

HO

(VI) VI – phloroglucinol – the 
component of the citrus fruits;

OH

OH

(VII) VII – resorcinol – is a part of citrus 
fruit plants;

N

NH3C

H2C (CHOH)3

NH

N

O

O
CH2OH

H3C
(VIII)

VIII – riboflavin (vitamin B2) – is 
a part of the green leaf vegetables, 
legumes;

N

R

H3C

H3C CH2OH

(IX)

IX – the general formula of 
vitamins B6 (R= –CHO, –CH2NH2, 
–CH2OH) – components of green 
pepper, wheat, dry yeast;
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O CH3
HH3C HH3C CH3H3C

CH3

R

HO

R'

R''
(X)

X – the total formula of 
tocopherols – derivatives of the 
tocol (R=R’=R»=H), which are 
found in vegetable oils.

All these compounds possessing reducing properties and easily react with 
peroxyl radicals thus breaking the natural oxidation chain:

                           RO2
· + InH → 7k  ROOH + In·. 			   (1)

The rate constant of the reaction (1) is a quantitative measure of the 
antioxidant activity of the inhibitor [2]. While the rate constant of hydrogen 
abstraction by peroxyl radicals can be calculated for the individual chemical 
compounds, most natural antioxidants present a complex mixture of substances, 
which is difficult to separate.

A number of comprehensive studies of the kinetics of the reaction (1) have 
been conducted to date. The hydrocarbons of various structures and inhibitors, 
representing a variety of aromatic compounds with OH– and NH–groups 
analogous to natural antioxidants have been studied in this reaction. 

The aim of this study was to investigate the effect of the features of the 
chemical structure of antioxidants on the reactivity of X-H bonds (where X is or 
N) towards oxidation.

The most complete information about the electronic structure of chemical 
compounds can be obtained by quantum-chemical methods. Here, we performed 
such studies using SCF approach within the restricted Hartree-Fock molecular 
orbitals theory, at PM3 approximation [3], as implemented in MOPAC 93 [4]. 
Geometry optimization was carried out in all degrees of freedom of the molecules 
(i.e., (3N-6) variables). The optimization was performed until the the gradient 
< 0.1 kcal/(mol∙Å) is reached and frequency calculations were used to confirm 
that the optimized structure in the minimum (by lack of imaginary frequencies).

In order to study the electronic nature of the transition state of the reaction 
(1), we have scanned the surface of the potential energy along the reaction 
coordinate for the reaction:

                     c-C6H12 + RO2
· →  c-C6H11

· + RO2H, 			  (2)

where RO2• – cyclohexyl peroxyl radical.
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The localization of the transition state (TS) of the reaction (2) was carried 
out in the approximation PM3 Unrestricted Hartree-Fock method. The starting 
geometry of the saddle point has been found by the method proposed in [3]. 
The saddle point on the potential energy surface corresponding to the TS, has 
been localized by Bartel method, realized in MOPAC 93. This saddle point was 
tested as follow. We performed a numerical harmonic vibrational analysis by 
calculation of the mass-weighted Hessian and obtained frequencies and forms of 
normal vibrations, one of which is imaginary and corresponds to the mode of the 
antisymmetric С<–>Н–><–О vibration of atoms of the reaction center. Besides 
the reaction coordinate was built in mass-weighted Cartesian coordinates using 
the method of the internal reaction coordinate as showed on Figure 1. 
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Figure 1. Reaction(2) coordinate 

Primary disturbance (equal 
to the quantum of vibrational 
energy) in the direction of the 
normal coordinate and reversible 
disturbance in the opposite direction 
to the normal coordinate has 
been applied. Thus, the internal 
reaction’s coordinate was built from 
the transition state along the way 
down the reaction channels in both 
directions until the reactants and 
reaction products.                           

Figure 1 shows that the transition state actually connects the reactants and 
products. The reduction of the potential energy of the system is monotonic in 
both directions on the way from the TS.The values of the calculated parameters 
of the transition state of the reaction (2): the imaginary frequency (n*I), the 
relative increase of the length of C–H and O–H bonds in the transition state 
(DR), the total square of deformation of the bond lengths in the reactants and 
products in relation to the transition state (r*), the total electronic charge on the 
fragments of TS are shown in the Table 1.
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Table 1. The values ​​of the calculated parameters of the transition state of the reaction (2)

n*I, 
[см-1]

DRC–H,
[Å]

DRO–H,
[Å]

г*,  [Å2] Electronic charge on the 
fragments of TS

Reactants Products с-С6Н11 H O2R

1683 0.1119 0.2433 0.01 20.04 0.022 0.110 –0.132

As follows from the results, the transition state of the reaction is very close 
geometrically to the structure of the reactants and far away from products. This 
is evidenced by the small deformation of the TS structure from the structure of 
the reagents and a large deformation from the structure of the products. Most 
notable is the fact that the transition state of the reaction is polarized, i.e. the 
transfer of the electron density from the molecule containing the C–H bond 
to the peroxyl radical is observed. Thus, the reaction proceeds by the donor-
acceptor mechanism, where the oxidize molecule is an electron donor, and the 
peroxyl radical is an acceptor. 

E a
ex

p ,k
J\

m
ol

 

Ea
col, kJ/mol 

Figure 2. The relationship between 
the experimental values ​​of the 
activation energy and values of 
the activation energy calculated 
from equation (3), for the hydrogen 
abstraction by peroxyl radical.

It should be expected that there is a 
functional dependence between the 
electron-donor properties of the molecule 
(ionization energy, electron-charge 
distribution on the atoms of the reaction 
center) and the ability of the molecule 
to oxidize. The authors of [3] obtained 
a correlation as showed on Figure 2, 
which connect the activation energy 
of the reaction with the parameters 
of the electronic structure of the 
following reagents: c-C6H12, PhCH3, 
PhC2H5, PhCH(CH3)2, 1,4-(CH3)2C6H4, 
1,4-(C2H5)2C6H4, 1,4-(изо-C3H7)2C6H4, 
Ph2CH2, PhCHO for molecules containing 
reactive C–H bond. These dependences 
are obtained by the equation:
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 Ea = 925.1 + 485.6*FO – (78.1*FH + 1.0*dcyk),		  (3)

where QH, QO – electronic charges on the atoms of the reaction center H and O, 
respectively; IRH, IRO2 – ionization potential of the molecule and peroxyl radical; FO = 
(QO/IRO2)

1/2 and FH = (QH/IRH); dcyk = 0 or 1 (depending on the presence or absence of a 
saturated cycle).

These results allow us to suggest that similar dependence should be observed 
for compounds with a more reactive X–H bond. Based on this assumption, we 
calculated the electronic structure of a number of aromatic amines and phenols, 
for which the experimental values ​​of the reaction rate constants at 60°C ​​are 
known [4].

                Ph(CH3)2COO· + InH →  Ph(CH3)2COOH + In·.	 (4)

Following aromatic phenols and amines have been used as InH:

C(CH3)2(H3C)2C

OH

C(CH3)2
(XI)

(H3C)2C

OH

C(CH3)2

(XII)

C(CH3)2

OH

C(CH3)2

C(H3C)2

OH

C(CH3)2

OH
C(CH3)2

C(CH3)2

(XIII)

C(H3C)2

HO

C(H3C)2

C(CH3)2

OH

C(CH3)2

(XIV)

C(H3C)2

OH

CH3

OH
C(CH3)2

CH3

(XV)
 

H
N

(XVI)
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OH

 
HO
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OH

H
N
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H

CH
CH3

CH3
(XXI)  

CH
CH3

CH3 (XXII)

The results of the quantum-chemical calculations of these compounds are given 
in Table 2.

It should be noted in general, that the hydrogen abstraction from the X-H 
bond leads to radicals centered on the atom X. Radicals in which the unpaired 
electron is centered on C, O or N atoms are quite different the spin density 
localized on these atoms. Therefore, the oxidative capacity of molecules 
containing X-H bond will be determined not only by the electron-donating ability 
of the molecule, but also by the stability of the forming radical. Accounting 
for this fact it was possible to obtain an equation relating the logarithm of the 
rate constant of reaction (4) with the electronic parameters of the reactants and 
reaction products:

     lgk = (24.3±2.0) –(102.1±10.4)FH – (19.1±1.7)rX + (1.1±0.2)nXH,	 (5) 

where rX – the spin density on the atom X forming radical, nXH – the number of reactive 
X-H bonds. Multiple correlation coefficient is 0.97 and the standard error is 0.4.
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Table 2.  Values ​​of the enthalpy of formation (DНf, 298), ionization potential (I), the charges 
on the H atom of the tearing X-H bond (QH) and the value of the spin density (rX) on the 
atom X of the  formed radical In• by the reaction of (5)

Number of the
substance

DНf, 298,
kcal/mol

I,
eV QH rX

1 2 3 4 5

ХI –79,20 8,74 0,2111 0,2797

ХII –115,83 8,46 0,2111 0,2882

ХIII –129,90 8,65 0,2070 0,2999

ХIV –111,36 8,21 0,2164 0,2853

ХV –101,65 8,73 0,2065 0,3009

ХVI 67,75 8,33 0,0508 0,6724

ХVII 50,50 8,60 0,049 0,6840

ХVIII –30,14 9,99 0,2042 0,3608

ХIX –3,28 8,54 0,1994 0,2573

ХX –66,25 8,75 0,1953 0,3192

XХI 35,91 8,20 0,0482 0,6770

XХII 5,35 9,44 0,0659 0,9098

Our results demonstrate that the ability of molecules to act as antioxidatants 
is determined first by their electron-donor properties, and, second, by a stability 
of the radical formed in the breaking of the X-H bond.
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1. Introduction
Since the discovery of the MCM-41s silicas in 1992, the synthesis of 

mesoporous silica materials has developed rapidly. The best known families 
of mesoporous silicas include MCM-n1, MSU-n (Michigan State University 
silica)2, KIT-1 (Korean Institute of Technology)3, SBA-n (Santa Barbara 
amorphous silica)4, IBN (Institute of Bioengineering and Nanotechnology)5, 
FDU-n (Fudan University)6, KSW silicas7, FSM8 and HMS9 silicas. Each of 
them has its own unique advantages and disadvantages, and all have found a 
variety of applications.

Mesoporous nanoparticles have been found particularly interesting from the 
point of view of applications in medicine because of their increased mechanical 
strength, chemical stability, tunable particle size, uniform and tunable pore sizes, 
high surface areas, large pore volumes, two functional surfaces – an internal one 
in the pores and an external one on the exterior particle surface, porous structure 
enabling controlled cargo delivery, biocompatibility and higher resistance 
to microbial attack comparing to their organic (polymeric) equivalents10. 
Additionally, the silica matrix protects entrapped molecules against denaturation 
or enzymatic degradation induced by external pH and temperature11.

Multiple nanocomponents with diagnostic and therapeutic functions can be 
combined into a single nanosystem. These systems follow on the concept of a 
“theranostic” device, in which both diagnostic and therapeutic functions can be 
administered in a single dose12.
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2. Synthesis and surface properties of the mesoporous silica nanoparticles
2.1. General synthetic approaches

According to the International Union of Pure and Applied Chemistry 
(IUPAC), a mesoporous material is defined as a porous material with pore 
diameters between 2 and 50 nm. 

There are three main synthetic routes to the synthesis of mesoporous silica 
nanoparticles. The first one, the so-called “modified Stöber method”, involves 
the condensation of silicon source (TEOS, TMOS, etc.) in a basic medium in 
the presence of a cationic structure directing agent13, which yields monodisperse 
spherical particles with sizes in the 50-200 nm range, containing pores of about 
2 nm in diameter. More useful in plant-scale is the use of the spray-drying 
process14. This method involves spraying a homogenized precursor solution 
containing the inorganic compounds and relevant additives within a specially 
designed chamber at above the boiling point of the solvent. The particle size 
is determined mainly by the droplet size sprayed into a chamber, however 
diameters below 250 nm are difficult to achieve and the particle size distribution 
is poor15. Another method for the production of nanoparticles is microemulsion 
process. This approach has been used for synthesis of metallic nanoparticles16 
as well as magnetic and superconductor nanoparticles17. Microemulsions are 
produced spontaneously without the need for mechanical agitation, making it a 
rather simple technique. The technique is useful for large-scale production and 
uses relatively simple and inexpensive equipment that result in high yields with 
homogenous particle size distribution18.

Two main approaches have been used to avoid secondary aggregation 
during the synthesis: a) carrying out the synthesis in highly diluted solutions and 
b) the use of particle growth quenchers. Performing the synthesis under dilute 
conditions gives reproducible results for producing monodisperse particles 
in the laboratory scale, but up-scaling of the synthesis may become difficult. 
In this case, the use of particle growth quenchers, like non-ionic surfactants 
or polymers19,20, fluorocarbon-based cationic surfactants21, triethanolamine22, 
propanetriol23 etc. is an alternative.

The last step of all synthetic approaches is the surfactant removal and it 
leads to two-dimensional hexagonal organization of cylindrical mesopores 
typical of MCM-41-type materials1. Elimination of the structure directing agent 
is normally carried out by solvent extraction, as calcination can lead to inter-
particle condensation. Thermal decomposition can also lead to decomposition 
of organic moieties incorporated during the co-condensation reactions, which 
normally is undesired. Dialysis has also been shown to be an attractive method 
for surfactant removal in the case of very small nanoparticles (<20 nm), which 
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otherwise tend to aggregate irreversibly during repeated centrifugation and re-
dispersion cycles24.

Figure 1. General synthetic approaches to the synthesis of mesoporous silica nanoparticles.

2.2. Surface properties and characterization
Nanoparticles are often defined as materials with two or three dimensions 

between 1 and 100 nm and showing specific properties related to their size, 
shape and chemical composition. Indeed, it is generally assumed that the size 
of nanoparticles allows them to easily enter and pass through tissues, cells and 
organelles as this size is comparable to that of many biological molecules and 
structures.
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Native mesoporous silica nanoparticles typically have a high surface 
concentration of silanol groups (approximately 5 per nm2, measured using the 
proton-deuterium exchange method25), especially when not calcined, and the 
process of the particles drying can easily lead to formation of siloxane bridges 
between the particles. Surface silanol groups show different acidic properties, for 
example SBA-15 silica analyzed by Rosenholm et al.26 is characterized by two 
different pKa values. One pKa of 8.2 describes the Si-(OH)2 groups that represent 
over 80% of all silanol moieties covering the silica nanoparticles surface. The 
other 18% of Si-(OH) groups are characterized by pKa near 2.0. These two pKa 
values result in silica’s negative charge in most biological systems (≈7.4 in 
physiological pH and lower than 7.0 under most pathological conditions)27.

The surface functional organic groups, which can be attached to the surface 
through the post-synthetic grafting process or by using the co-condensation 
method, are employed to fulfill specific tasks in medical appliations28: a) to 
increase the host-guest affinity when drugs are adsorbed in the mesoporous 
channels to enhance drug adsorption and/or slow down drug release rates, b) to 
chemically graft functional molecules inside or outside the pores, c) to control 
the surface electrical charge of particles, d) to link nanogates at the mesopore 
entrances to prevent premature release of entrapped cargo.

Characterization of unloaded mesoporous silica usually means specification 
of its chemical composition and pore network structure. Spectroscopic methods, 
such as nuclear magnetic resonance spectroscopy, Raman spectroscopy 
and Fourier transformation infrared spectroscopy have been widely used to 
characterize the chemical groups on the surfaces of these materials. High surface 
area and the high number of attached species make its characterization relatively 
easy although heterogeneity of the surface can complicate interpretation of 
results.

The pore structure is often characterized by electron microscopy imaging 
(transmission electron microscopy (TEM) or SEM) or nitrogen sorption 
measurements. Imaging methods provide valuable information about the 
morphology of the pores, unobtainable by other methods. Nitrogen sorption 
measurements give statistically strong results for pore sizes and can also 
characterize the pore volume and surface area of the materials. It also informs 
about pore blocking effects when reduction in pore diameter and pore volume 
is observed. Mesoporous structures can also be characterized by a few other 
methods such as mercury intrusion porosimetry, thermoporometry and NMR 
cryoporometry29. 

X-ray diffraction (XRD) is frequently used for characterization of ordered 
mesoporous silica materials. Although the pore walls consist of amorphous 



117

Application of mesoporous silica nanoparticles for drug delivery

silica, the pore order gives rise to a diffraction pattern following the Babinet’s 
principle. XRD provides information about the regularity of the structure and the 
mean distance between adjacent pore centers. This repeat distance along with the 
pore diameter can be used to determine the pore wall thickness. 

Figure 2. Typical XRD pattern of MCM-41 mesoporous silica.

Particle size and morphology can also play a role in drug delivery 
applications. Particle size is typically characterized by different techniques, 
e.g. imaging, sieving, dynamic light scattering and laser diffraction29. Particle 
morphology characterization relies mostly on imaging by optical or electron 
microscopy methods.

The characterization of drug loaded carriers is connected with drug-
carrier interactions, the amount and physical characteristics of the loaded drug. 
Drug-carrier interactions can be determined with FTIR or by determining 
the adsorption isotherms of the model adsorbate (drug), which can provide 
important information about the possible sorption mechanism - chemisorption 
or physisorption.

Measuring the drug loading degree of the carrier includes extraction and 
thermogravimetry (TG) as the most commonly applied methods. In extraction, 
drug is released from the carrier and the drug concentration in the medium 
to which it has been released is measured by UV/VIS spectroscopy or other 
techniques. High performance liquid chromatography (HPLC) is frequently used 
for drug concentration assay since it is also able to provide information about the 
possible degradation of the cargo molecules. While using the extraction method, 
care should be taken that all of the cargo material has been extracted from the 
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silica; quite often the release is incomplete. In TG, the weight of the sample 
is measured as a function of temperature. The mass of the loaded drug can be 
calculated because the thermal decomposition of the organic drug takes place at 
lower temperatures than the degradation of the carrier29.

Knowledge of the state of the drug in the mesoporous carrier is of the utmost 
importance. A poorly soluble drug located on the external surface of the carrier 
particle can inhibit or block the release of the drug from the pores by forming 
crystallites larger than the molecules inside the pores. This is usually characterized 
by XRD and differential scanning calorimeter (DSC). Both methods can be used 
to detect crystalline phases and size of the crystallites in the loaded materials. 
An advantage of DSC in this context is that it is more sensitive to detection of 
material of small crystallite size. In addition, pycnometry, nitrogen sorption and 
NMR can be used to obtain information about the loaded drugs29.

3. Biocompatiblity and toxicology issues
The term “biocompatible” means that the nanoparticles must display limited 

toxicity to the organism at their effective dose, they must be able to accomplish 
their function without interference from the organism’s defense mechanisms, 
and they must be able to circulate sufficiently long to perform their intended 
task – they should not be eliminated or undergo hydrolysis under biological 
conditions and the targeting or imaging groups attached to their surface, as well 
as the drug inside the pores, have to remain associated with the nanoparticles 
until it reaches its target site in order for the targeting/delivery to be efficient. A 
key requirement for intravenously administered nanotherapeutics is that they are 
able to circulate in the bloodstream for >2 hours; if they are filtered out by the 
liver or the kidneys they cannot make it to the intended site of action30. Shape, 
size and charge are all factors in determining how long a given nanoparticle 
will circulate before being absorbed by the cells and, after performing its task, 
eliminated by the liver, kidneys or spleen. The cellular uptake and distribution of 
the mesoporous silica nanoparticles can be studied by attaching fluorescent dye 
molecules (e.g. fluorescein isothiocyanate and Rhodamine B) to them, to permit 
visualization of the particles by fluorescence and confocal microscopy31.

3.1. Factors influencing the cytotoxicity of mesoporous silica nanoparticles
Several articles have reported the influence of size dependent cellular uptake 

and toxicity, but the results have not proved whether larger or smaller particles 
are more toxic. For human monocyte-derived dendritic cells, the so-called size 
effect holds which means that larger micron sized silica particles (2.5 μm) are 
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more toxic than smaller submicron (270 nm) sized ones. Moreover, for particles 
of either size the toxicity increased with increasing concentration32. Size effect 
can also be observed when human endothelial cells are used with amorphous 
silica particles. Silica particles below 20 nm were much more toxic than those of 
104 and 335 nm in size. These larger particles showed very little toxic effects33. 
The use of particles from the submicron range below 500 nm is recommended 
as they are easily taken up by the cell through endocytosis and can be seen 
localised in the lysosomes of the cell34. In another study, Mou and co-workers 
synthesized ordered monodispersed mesoporous silica nanoparticles of uniform 
sizes in the range from 30 to 280 nm (most of which had hexagonally ordered 
structures, except for the 30-nm sized particles, which had predominantly 
worm-like mesostructures), and they then investigated their uptake by HeLa 
cells. While the cell proliferation and viability were found to be unchanged at a 
dosage of 100 μg/mL for all the silica particles despite their differences in size, 
their cellular uptakes varied with sizes in the order of 50 > 30 > 110 > 170 nm35. 
These results clearly indicate that endocytosis of silica particles is virtually a 
complicated process, determined by many more factors than just the particle 
size of the mesoporous silicas. Also their in vivo biodistribution is influenced 
by the surface charge and size. To date, only a few authors have addressed 
the influence of these parameters on in vivo behavior of these potential drug 
carriers. Mesoporous nanoparticles in the size range of 50–100 nm possessing 
a relative positive charge have been shown to mainly be targeted to the liver 
after intravenous injections36 while 50–200 nm non-porous silica particles were 
shown to be cleared to urine and bile over time, in a size dependent manner37. 
Smaller particles were preferably cleared by the urine and bile, whereas larger 
particles were trapped by macrophages and accumulated in the liver and spleen 
where they remained up to 4 weeks after injection. 130–180 nm mesoporous 
silicon particles were shown to be cleared from the body within 4 weeks after 
intravenous injections38. It was contributed to disintegration of the particles 
followed by renal clearance.

Particle cytotoxicity is also influenced by the surface charge. Cationically 
modified silica nanoparticles exhibit lower cytotoxicity in cellular assays than 
non-functionalized ones39. In the case of mesoporous silica nanoparticles, no 
significant cell death was observed to have been caused by amino-functionalized 
particles, indicating that positively charged amines reduce the toxicity of 
mesoporous silica in in vitro conditions. As-synthesized particles with negative 
surface charge in physiological conditions, influenced the cell growth with a 
recovery of cell viability over time, while exposure to amino-functionalized 
particles was not shown to induce a noticeable cell death until longer incubation 
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when a high dosage of 200 μg*mL-1 was applied. Also Pasqua et al.40 have found 
that unmodified mesoporous silica was more cytotoxic than thiol- or amino-
functionalized silica.

Nanoparticles of different morphologies interacted differently with cell 
membranes that are the first physical barriers that need to be penetrated by silica 
particles. This hypothesis was tested and confirmed in several experimental 
papers. Huang et al41 showed different cellular uptakes and subsequent cellular 
responses to mesoporous silica nanoparticles with three different aspect ratios. 
The particles of the aspect ratios 1:1, 2:1, and 4:1, with dimensions ranging 
from 100 × 100 nm to 100 × 450 nm and of surface areas ranging from 791 
to 1169 m2*g-1 were all effciently ingested by A375 human melanoma cells 
via encapsulation within endosomes, while the particles with higher aspect 
ratios entered the cells faster than those with lower aspect ratios. Moreover, 
the particles with higher aspect ratios destroyed the cytoskeleton of the cells 
and induced more cytotoxicity in a dose-dependent manner. The mesoporous 
silica-treated cells also expressed less melanoma adhesion proteins comparing 
to the untreated cells. The particles with higher aspect ratios resulted in much 
less protein expression, although they did not influence the levels of mRNA 
concentrations, suggesting that some damage to protein translation or post-
translational modification was dependent on the shapes of the mesoporous silica 
nanoparticles. General conclusions about the effect of shapes of silica particles 
on cells cannot be easily drawn and require consideration of several other 
parameters including cell type and material composition.

3.2. Factors influencing the biodistribution and the hemolytic activity
As yet no detailed analyses of biodistribution of differently charged 

mesoporous silica nanoparticles have been made. Generally, negatively charged 
surfaces should be less bioreactive avoiding cellular interactions that can give 
rise to unspecific toxicity. Positively charged particles are expected to be more 
prone to interact with the reticuloendothelial system (RES) and induce an 
immune response. High absolute charge, either positive or negative, is prone 
to disable the so-called “stealth” properties of any particle42, by increasing 
the protein adsorption (opsonization) on the particles, a property known to 
be induced also by hydrophobicity. Critical evaluation of how electrostatic 
charge of mesoporous silica nanoparticles affects biodistribution is needed to 
avoid accumulation in healthy organs, disruption of biological membranes and 
undesired activation of immune response.

Protein adsorption to the mesoporous silica nanoparticles under physiological 
conditions is an important problem that must be avoided because it would 
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decrease the targetability of the particles, as well as increase the recognition of 
the particles as foreign by the body defense mechanisms, which would lead to 
their rapid removal from the blood circulation. In addition, protein adsorption 
onto the silica’s surface may also influence its toxicity. The PEGylation (PEG-
functionalization) of nanoparticles has been frequently used as a general and 
effective approach to reduce the nonspecific binding of nanoparticles to blood 
proteins and macrophages. This reduction is caused by the steric hindrance and 
repulsion effects of PEG chains against blood proteins and macrophages, which 
are closely correlated to the PEG molecular weight, surface chain density and 
conformation28.

The effect of mesoporous silica materials on hemolytic activity is important 
in order to understand how the materials will interact with blood. Lin and 
Haynes have found significant effects of silica particles size, porosity and dosage 
on the hemolytic activity. They reported that mesoporous silica nanoparticles 
with ordered structures show lower activity compared with the solid nonporous 
particles of similar size because of the smaller amount of silanol groups on the 
external surface. The addition of poly-ethylene glycol (PEG) coatings can help 
to overcome the hemolysis43. Hemolytic assays have recently been made with 
hollow mesoporous silica. Again, at low dosages (up to 1600μg*ml-1) these 
hollow mesoporous silica showed no effect on the activity of the red blood 
cells44. He et al. obtained similar results, that is they reported a significant 
influence of PEGylated particles on the nonspecific serum binding and proved 
that these particles showed significantly reduced hemolysis rate compared to non 
PEGylated particles45. Tang et al. tested the in vivo effect of differently shaped 
and PEGylated MSNs on blood, hematology and serum biochemical indicators 
in 1 day and 18 days after the intravenous administration of MSNs46. All 
hematology markers, such as RBC, HGB, HCT, MCV, MCH, MCHC, PLT and 
WBC, took values mostly within the normal ranges and did not show significant 
trends of toxicity of all tested samples, indicating the excellent biocompatibility 
in hematology.

Due to the leaky vasculature and poorly operational lymph system of 
tumors, nanoparticles can exit the blood vessels and accumulate at the tumor site 
by passive targeting via the enhanced permeability and retention (EPR) effect. 
The diffusion rate in the extracellular spaces of the tumor is determined by the 
size and the surface charge of the particles. Small particles easily diffuse out 
and in of the tumor vasculature and within the tumor institium and the active 
concentration of the drug carrier at the tumor site might be low. Free movement 
is also affected by surface charge and negatively charged or weakly positively 
charged particles in the 50–150 nm range easily pass through the tumor tissue47.
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Figure 3. Scheme presenting enhanced permeability and retention effect in tumour tissues.

3.3. Elimination of mesoporous silica nanoparticles and their degradation 
in biological environment

Once the mesoporous silica nanoparticles have reached their target, it is 
important to know the kinetics of the particles removal from the cells. It is clear 
that the extracellular dissolution kinetics is different, probably much faster, than 
that of the intracellular one due to the limited liquid volume inside the cell, but 
this topic remains the focus of future studies48. 

Although only a few authors have studied the phenomenon of exocytosis of 
nanoparticles, there have been some reports on exocytosis of mesoporous silica 
nanoparticles in different cell lines. Slowing et al.49 have studied the exocytosis 
of particles by normal (HUVEC) and cancerous (HeLa) cells and reported two 
interesting findings. The first is that, the particles were found to be ingested 
by the cells and reached a constant intracellular amount within 2 h, indicating 
the attainment of a balance between the rates of endocytosis and exocytosis of 
the particles (or equilibrium) in 2 h of incubation time. The second is that the 
exocytosis as well as transcytosis of mesoporous silica nanoparticles were found 
to be much more effcient in healthy HUVEC cells than in malignant HeLa cells.

Etienne and Walcarius50 have studied the dissolution of mesoporous 
silica in water as a function of pH, both for as-synthesized silica and amino-
functionalized one, and showed that amino-functionalized silica dissolved at a 
faster rate than pure silica particles under biologically relevant pH conditions. 
For the aminosilane functionalized particles as much as 2/3 of the amino- groups 
were already found in the supernatant 4h into the experiment, after which the 
concentration of amino species in solution reached a plateau. Thus, not all 
amino-functions were dissolved in solution, but clearly factors such as particle 
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surface charge could be expected to have dramatically influenced the process. 
He et al.51 have reported a three-stage degradation behavior of mesoporous silica 
nanoparticles in simulated body fluid. Also this study revealed rapid initial bulk 
degradation, followed by the deposition of calcium/magnesium silicate layer, 
which drastically reduced (or counteracted) the degradation rate, similarly to 
the observations of Onida et al.52. The third stage involved a maintained slow 
diffusion of dissolved silica species detected as free Si, whereas the whole 
sample was degraded after 15 days when immersed in an aqueous solution at a 
concentration of 0.5 mg*ml-1. Importantly, the particle morphology remained 
intact after 24h even though hollowing out and enlargement of the mesopores 
was clearly observed.

Suspended silica is known to be adsorbed or excreted by the body. Several 
reports have supported elimination of MSNs through renal excretion. Mamaeva 
et al. have shown quite rapid renal clearance of particles (250–350 nm) injected 
both intravenously and peritumorally with a peak at 42–72 h depending on the 
functionalization. PEI functionalized particles were more rapidly eliminated 
than folate tagged particles53. He et al. have shown that differently modified 
amorphous silica nanoparticles (OH-Si, COOH-Si and PEG-Si) with a size of 
approximately 45 nm were all partly excreted through the urine54.

Mesoporous silica nanoparticles have also been reported to be eliminated 
by hepatobiliary route although that process appeared to be slower and showed 
a peak at 4 days after intravenous injection55. Lo and coworkers have studied 
the effect of the surface charge on the two proposed elimination routes of 
mesoporous silica nanoparticles and found that particles (size 50–100 nm) with 
high positive charge showed rapid hepatobiliary excretion and reached the peak 
of excretion at 2 days post injection56. Although both particles were sequestered 
by the liver, the one with the higher charge could have been more opsonized 
by serum proteins and thus more amenable to hepatobiliary excretion into the 
gastrointestinal tract. In conclusion, this shows that the surface charge regulates 
the rate of excretion.

4. Application of mesoporous silica nanoparticles in drug delivery systems
4.1. General methods for preparation of drug delivery systems

In general there are two main approaches to incorporate a drug or diagnostic 
entity in a nanoparticle30: to stick it to the surface of a silica nanoparticle, or to 
encapsulate it in a porous nanostructure. These approaches can be illustrated 
by the two methods of carrying goods on ships in the macroscopic world: 
we either stack the cargo on the deck of a barge or we place it in the closed 
container of a tanker. As with shipping in a macroscopic world, the solution 
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chosen to carry a nanocargo depends on the characteristics of the cargo and the 
delivery requirements. A reactive or antigenic drug should be isolated from the 
environment in some sort of container vessel until it reaches its “port,” whereas 
an imaging agent attached to the external surface of a barge-like vessel can be 
more readily accessed and more rapidly released in response to physiological 
stimuli.

One concept that does not translate well to the macroscopic shipping analogy, 
is the carrying capacity. For a macroscopic sphere, many more molecules can 
be contained in the inner volume than can be adsorbed on the surface. As the 
sphere gets smaller, the space available to load a drug in the interior volume 
decreases with the sphere radius to the third power and on the surface with its 
radius squared. That is why when the diameter of the sphere approaches the 
molecular dimensions, more molecules can be placed on the surface than can be 
contained in the inner volume.

Table 1. Comparison of the number of molecules trapped inside of a sphere and adsorbed 
on its surface at different radii values. The volume occupied by a single molecule assumed 
to be 2 nm3 (1 nm X 1 nm X 2nm) and the surface - 1 nm2 (1 nm X 1 nm)

Sphere 
radius

Number of molecules 
trapped inside the 

sphere (NI)

Number of molecules 
adsorbed on the external and 
internal sphere surface (NS)

NI:NS 
ratio

1 m 2.618*1026 6.284*1018 4.166*107

1 mm 2.618*1017 6.284*1012 4.166*104

100 nm 2.618*105 6.284*104 4.166

Nevertheless, nanoparticles of a size equal to 100 nm or more, with an empty 
interior, the so-called hollow mesoporous silica spheres, are known to store more 
cargo than conventional mesoporous silicas thanks to their voids inside the shells 
and mesoporous channels at the shells providing accessibility without blocking 
(channels in conventional mesoporous silica are much longer and can be easily 
blocked by molecules occupying pore entrances). Despite lower surface area 
(436m2*g-1) relative to that of MCM-41 (1152 m2*g-1) hollow mesoporous 
spheres can deliver as much cargo as conventional mesoporous silicas (302 
mg*g-1 for hollow mesoporous silica and 358 mg*g-1 for MCM-41)57. When 
surface areas are comparable, the hollow mesoporous silica’s capacity is even 
much larger than that of MCM-41 (1133±52.4 mg*g-1 of ibuprofen adsorbed by 
hollow mesoporous silica and 337 mg*g-1 by MCM-41)58. 

Until now, simple surface adsorption has been used much more often 
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than encapsulation of a cargo in the hollow mesoporous silica spheres. A few 
procedures for loading a cargo onto the silica’s surface have been proposed. In 
the method of incipient wetness impregnation, a very concentrated drug solution 
is used to obtain a high loading degree, where the drug concentration is usually 
close to its solubility limit. Capillary action draws the solution into the pores 
together with the drug molecules. The interactions between the cargo molecules 
and the silica particle usually include hydrogen bonding and electrostatic 
interactions.

The impregnation method is preferred when only small amounts of the drug 
are available. It is easy to determine the amount of the loaded drug in advance, 
but a disadvantage of the method is the difficulty to control the uniformity of the 
drug distribution. Moreover, the residual drug can recrystallize on the external 
surface of mesoporous materials after repeatable solvent evaporation.

In the melt method, a physical mixture of drug and mesoporous carrier is 
heated above the melting point of the drug. To some extent, this method can be 
considered as a special case of the impregnation method. However, many drugs 
cannot withstand melting without degradation. In addition, the drug molecules 
loaded from melt are distributed less homogenously on the pore surfaces if the 
molten drug has high viscosity. In this case most of the drug molecules pack on 
the surface close to the pore opening and can undergo recrystallization. Thus, 
the drug materials loaded from the melt have a bit slower release rate. However, 
if the molten drug has low viscosity such as ibuprofen, the effect of the drug 
loading method on the physical state and release profile of the drug is minor29 

Controlled release systems based on mesoporous silica nanoparticles are 
more useful than simple, unmodified silicas loaded with drug molecules. They 
have been developed by applying mechanical controls over the pore openings. 
First, polymers that are either adsorbed or covalently bonded to the surface of the 
silica particles have served as a mechanized controlled release system59. Under 
their “close” condition, the polymer chains tightly wrap around the particle 
surface, each blocking multiple pore openings. Then the polymers are induced 
by certain stimuli to undergo swelling or coiling so that the pore openings are re-
exposed and cargo is released through the unblocked pores. The second method 
to achieve controllable release is to form chemical bonds directly over the pore 
openings so that they can later be cleaved upon stimulation60. The third way 
to mechanically block the pores is to attach bulky groups such as Au or CdS 
nanocrystals over the pore openings61. These bulky groups serve as gatekeepers 
for the encapsulated cargo. Removal of the bulky blocking groups via chemical 
methods initiates cargo release.

Targeting is especially relevant in the context of cancer therapies, as most of 
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the commonly used anticancer drugs have serious side-effects due to unspecific 
action on healthy cells. The selectivity is a key ability of the nanoparticles to 
be internalized by the targeted cell population. Active targeting requires the 
knowledge of which receptors are overexpressed on the outer cell membrane 
for a given cancer type. Different moieties, such as peptides, antibodies or more 
simple molecules, such as folic acid can be attached to the silica surface and used 
as targeting agents. The folate receptor has been found to be overexpressed on 
the surface of several cancer cell types, such as ovarian, endometrial, colorectal, 
breast, lung, renal cell carcinoma, brain metastases derived from epithelial 
cancer, and neuroendocrine carcinoma62,63. 

4.2. Factors influencing the adsorption and release of cargo molecules
There are many physicochemical parameters affecting adsorption and release 

of cargo from mesoporous silicas: pore size, particle size and morphology, pore 
structure, pore volume, surface area, surface functionalization, pH at which the 
adsorption is carried out, molecule’s polarity and surface polarity64. 

The maximum loading degree, i.e., the ratio of the drug mass to the total 
mass of the drug loaded carrier when the pores are totally filled, can be estimated 
on the basis of the pore volume of mesoporous carriers and the packing density 
of the payload drug. However, the ultimate density of the drug is difficult to 
estimate as it usually differs from the density of the crystalline drug. Loading 
degrees as high as 60 wt.% can be obtained for the carriers with very high 
porosity. As the inorganic mesoporous carriers are denser than the organic 
drugs, the loading degrees higher than 60 wt.% is difficult to obtain. The loading 
method also affects the loading degree obtained, the packing of the molecules 
in the pores as well as their distribution in the carrier. This naturally affects the 
release kinetics; the more disordered the structure, the faster the release is taking 
place29. 

The drug molecules physically adsorbed on the surfaces of mesoporous 
materials from organic solvents form multilayers or (typically) monolayers can 
be modeled using a Langmuir adsorption isotherm65. Monolayer adsorption onto 
the pore walls has also been observed for proteins from aqueous solutions66. 
In the case of a monolayer, the loading capacity increases with increasing the 
surface area65. Thus, the pore volume of the materials has no effect on the drug 
loading.29 For more hydrophilic drugs, the pH-matching in aqueous solvent can 
be used to reach higher drug loading levels than possible from organic media67. 
Many studies have highlighted the possibility of using these kinds of specific 
interactions between the drug and functional groups present on the pore wall 
also for controlling the drug release process. In most cases, the vast majority of 
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the groups present on the silica surface even functionalized mesoporous particles 
are still silanol groups, while the influence of the silanol groups on the overall 
surface chemistry of the pore surface should not be underestimated67.

The pore size is crucial for drug loading because the mesopores act as 
molecular sieves and in this way they can determine the size of molecules that 
can be loaded into the carrier materials. Generally, the ratio of pore diameter/
drug molecule size should be >1 so that the pores will be accessible for drug 
molecules. Furthermore, the ratio should be greater than 3 if the full use of 
surface area and high drug loading is desired. Horcajada et al.68 have prepared 
mesoporous MCM-41 with different pore sizes by using surfactant molecules 
with different lengths of alkyl chain and subsequently studied the effect of pore 
size on drug loading. After immersing mesoporous MCM-41 in a hexane solution 
with ibuprofen (molecule size 1.0 nm × 0.5 nm), more ibuprofen molecules were 
loaded into the carrier with the pore size of 3.6 nm (loading degree of 19 wt.%) 
than in that with the pore size of 2.5 nm (11 wt.%).

Pore size affects also the possibility of drug crystallization, which influences 
the drug solubility. In the classical theory of homogenous nucleation, crystal growth 
proceeds spontaneously once a critical nucleation size is reached69. If, however, 
the spatial constraints of a capillary are imposed on the clusters of molecules 
before they reach the critical size, nucleation and growth will be prevented and 
the system will exist in an intrinsically noncrystalline state. Mesoporous materials 
have pores with diameters lower than the critical nucleation size of many popular 
drugs, so they have been used to increase their solubility. Solubility improvement 
was observed for a wide range of compounds such as carbamazepine70, danazol70, 
cinnarizine70, diazepam70, indomethacin70,71, griseofulvin70, ketoconazole70, 
phenylbutazone70, nifedipine70, fenofibrate70,72, telimisartan73, glibenclimide74 and 
carvedilol75. Wang et al. have encapsulated poorly water soluble drug, telmisartan, 
into mesoporous silica nanoparticles and mesoporous silica microparticles to test 
the oral drug delivery potentials of mesoporous particles in beagle dogs76. After 
the administration of drugs by gavage, the mean plasma drug concentrations were 
determined by HPLC. After the pharmacokinetic calculations, they found that 
the relative bioavaibilities of telmisartan-loaded nano- and microparticles were 
154.4 ± 28.4% and 129.1 ± 15.6%, respectively, of commercial product Micardis. 
This research demonstrated the significant potential of using mesoporous particles 
to promote drug dissolution and drug permeability, thus to enhance the oral 
bioavailability of drugs.

The loading and release efficiencies of the particles are also affected by the 
electrostatic interactions between the cargo molecules and the silica surface77,78. 
Various studies using silica materials as adsorbents have shown that the maximum 



128

Dawid Lewandowski and Grzegorz Schroeder

adsorption of protein occurs at or near the isoelectric (pI) point of the protein. 
For example, myoglobin, cytochrome c (cyt c) and bovine serum albumin (BSA) 
have been shown to have a higher adsorption capacity onto the materials at a pH 
equal or less than the pI point of the protein66.

For adsorption to take place in the solution state, the chemical potential of the 
drug in the solution must be the same as the chemical potential of drug adsorbed 
on the surface of silica at equilibrium. The same is true for the solvent molecules 
as well. Depending on the collective properties of the silica surface, solvent, 
and drug compound, a competitive interaction with the silica surface between 
solvent and drug molecules can be expected. Charnay et al.79 and Fernandez-
Nunez et al.80 have studied the effect of solvent polarity on the capacity of 
ibuprofen inclusion in MCM-41 and SBA-15 silicas. The amount of ibuprofen 
adsorbed showed an inverse trend with the polarity of the solvent. The less 
polar solvent the greater amount of ibuprofen adsorbed on both MCM-41 and  
SBA-15.

Dissolution rate depends on the volume of dissolution media, hydrodynamic 
conditions, and amount of drug present, among other factors. The volumes of the 
dissolution media used by various investigators reporting controlled release were 
between 10 and 100mL52,81,82. Because hydrodynamic conditions were not clearly 
specified, local supersaturation may have resulted in precipitation, followed by 
slow dissolution of precipitated drug into the bulk medium. Sustained release 
might be an outcome of slow dissolution from the crystallized drug. On the other 
hand, if the pore diameter of SiO2 is similar to the dimensions of drug molecules, 
the diffusion of the molecules out of pores during dissolution can be kinetically 
hindered due to collisions between the drug and water molecules or the drug 
molecules and the pore wall. On the basis of this explanation, microporous SiO2 
with 0.4-nm mean pore diameter has been synthesized to develop controlled 
release formulations of ibuprofen83 and chlorhexidine84. In addition, if the 
lengths of the pores are sufficiently long, the formulation may provide sustained 
release because of the diffusion path length. 

4.3. Examples of drug delivery systems triggered by different stimuli
Generally, the release of poorly soluble drugs can be fitted with Higuchi or 

Korsmeyer–Peppas model:
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In the Higuchi equation (1), Q is the cumulative amount of drug released at 
time t and KH is the Higuchi constant. In the Korsmeyer-Peppas equation (2), F is 
the fraction of drug released at time t, Mt is the amount of drug released at time t, 
M is the total amount of the loaded drug in mesoporous carriers, Km is the kinetic 
constant and n is the release constant. If n equals to 1/2 in the Korsmeyer-Peppas 
equation, both of the models describe diffusion controlled release.

The Higuchi equation is used to describe the release of cargo molecules from 
an insoluble carrier. Fitting with Higuchi equation suggests that the drug release 
is limited by diffusion process. Unlike bioactive polymer-based drug carriers, 
the mesoporous materials are mostly prepared with inorganic compounds that 
are insoluble in aqueous solutions under biological condition, so the Higuchi 
equation could also be applied to the mesoporous silica materials to explain the 
drug release kinetics. The Korsmeyer–Peppas equation is a more comprehensive 
way to describe the drug release kinetics from the mesoporous carriers, which is 
indicated by the parameter n in Eq. (2)29.

Table 2. Examples of biologically active compounds that have already been released from 
unmodified or modified mesoporous silicas85,29

MCM-41
ibuprofen, vancomycin, gentamycin, acetylsalicylic acid, sodium alendronate, 
camptothecin, atenolol, cytochrome C, bovine serum albumin, paclitaxel, vitamin-B2, 
calcein, safranine O, cAMP, carvedilol, fenofibrate, indomethacin, telmisartan

FSM
taxol, flurbiprofen

SBA-15
gentamycin, amoxicillin, erythromycin, sodium alendronate, L-tryptophan, bovine 
serum albumin, nimodipine, ezetimibe, fenofibrate, glibenclamide, indomethacin, 
itraconazole, telmisartan, griseofulvin

MCM-48
erythromycin

hollow mesoporous nanoparticles
fluorescein, propidium iodide

other
atazanavir
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4.3.1. Release from the unmodified particles
The effect of incorporation of three poorly soluble drugs from BSC class II 

(ibuprofen and griseofulvin) and class IV (furosemide) into mesoporous silicon 
microparticles86 on their solubility and release was studied. After loading the 
cargo, the dissolution of these model drugs was clearly improved and the pH 
dependence of the dissolution was reduced. The drugs loaded into the unmodified 
mesoporous silicas show very fast initial drug release profiles; i.e., 50% of the 
loaded itraconazole was dissolved within 3 min and more than 80% of the drug 
was dissolved after 5 min compared to only 14% solution of pure itraconazole.

Ibuprofen is probably the most extensively studied hydrophobic drug in 
the applications involving adsorption in matrices of mesoporous silicas65,77,87. 
The loading capacity and the release rate of ibuprofen from these materials 
have been proved to be affected by the surface area, pore diameter and surface 
functionalization88-90.

The in vitro applications of unmodified mesoporous silicas to deliver 
hydrophobic anti-cancer drugs, namely camptothecin and paclitaxel, to human 
cancer cells have been studied91,92. A suspension of camptothecin loaded particles 
in phosphate buffer saline (PBS) was added to a human pancreatic cancer cell 
culture PANC-1. The uptake of the mesoporous silica was confirmed by the 
fluorescence from the fluorescein isothiocyanate (FITC) labeled particles within 
the cells. The cytotoxic efficacy of the camptothecin-loaded silica is similar to 
that of the DMSO dissolved camptothecin, and much higher than the cytotoxicity 
of the PBS suspension of camptothecin. 

Balkus et al. have reported lysozyme immobilisation within MCM-41 
matrices. This study highlighted the importance of silica pore size to encapsulate 
the enzyme. But, MCM-41 could not encapsulate a biomolecule with a size 
greater than 40 kDa93. On the other hand, SBA-15 with larger pore sizes (5–30 
nm) could encapsulate various larger proteins. Unfortunately, the amount of 
larger protein such as bovine serum albumin94 adsorbed in SBA-15 materials 
(pore sizes 6.8 nm) was small.

Sun et al. have been able to perform highly accelerated lysozymes 
adsorption by enlarging the conventional SBA-15 pore. They synthesized a 
material with ordered large mesopores with a pore size of 13 nm. Adsorption of 
enzymes reached equilibrium after 10 min as compared to hours needed to reach 
equilibrium in the conventional SBA-15. They could confirm that most of the 
lysozymes were within the pores.

4.3.2. Release from modified particles
Fujiwara and co-workers have introduced light-responsive mesoporous silica 
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systems from which the release of the cargo could be controlled through the photo-
controlled and reversible intermolecular dimerization of coumarin derivatives 
attached to the pore outlets95. The same group has developed a controlled storage 
and release system by attaching azobenzene groups to the mesopore outlets. The 
release was promoted by simultaneous irradiation with UV and visible light, 
which made the azobenzene molecules act as both impellers and gatekeepers. 
Other light-operated systems, developed by Zink and co-workers96, uses 
differences in binding affinity between β-CD and both isomers (cis- and trans-) of 
azobenzene. Irradiation with 351 nm light causes the isomerisation of azobenzene 
to the cis conformation and therefore pore uncapping. Another example of light-
sensitive systems includes Au nanoparticles anchored to the surface through 
thioundecyl-tetraethyleneglycoester-nitrobenzylethyldimethylammonium 
bromide (TUNA). Upon UV irradiation TUNA would lead to the negatively 
charged thioundecyltetraethyleneglycolcarboxylate (TUEC), leading to the 
dissociation of the Au NPs from the surface due to charge repulsion97. Lin 
and co-workers have loaded the mesopores of mercaptopropyl-functionalized 
silica with sulforhodamine 101 and the cargo molecules were entrapped by the 
presence of Ru(bpy)2(PPh3)-moieties, coordinated to mercaptopropyl functional 
groups98. Upon irradiation with visible light, Ru-S coordination bond was 
cleaved, triggering the release of capping species and loaded molecules.

The pH-sensitive supramolecular nanovalves with the N-methylbenzimidazole 
stalks have the ability to bind β-CD strongly at pH 7.499, trapping dye or 
drug molecules inside the mesopores of silica. Upon entering an endosomal 
compartment at pH<6, N-methylbenzimidazole becomes protonated and β-CD 
cap dissociates, allowing the cargo molecules to be released from the silica. 
Meng and co-workers100 have loaded mesoporous silica with either Hoechst 
33342 to cause nuclear staining in human differentiated myeloid cells (THP-1) 
or anticancer drug doxorubicin to induce cell apoptosis in squamous carcinoma 
(KB-31) cells. Cyclodextrin and polyethyleneimine complexes have been used 
by Kim and co-workers to achieve a pH-dependent cargo release. Calcein 
molecules were first loaded into pores and then cyclodextrin/polyethyleneimine 
inclusion complexes were attached onto the surface of mesoporous silica 
nanoparticles. Due to the size of these compounds the cargo is protected until 
polypseudorotaxane is split. In acidic conditions, the cyclodextrin complex can 
be broken and hence the cargo can be released. 

Magnetic field can also be used as external stimulus to trigger the release of 
molecules – it can guide the drug delivery systems to the desired location, hold them 
until the therapy is complete, and then remove them. Chen et al.101 have recently 
reported the capping of mesoporous silica with Fe3O4 magnetic nanoparticles. To 
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achieve this, silica was first functionalized with 3-aminopropyltrimethoxysilane 
and then loaded with camptothecin. The mesopore entrances were covalently 
capped through amidation of the 3-aminopropyltrimethoxysilane bound 
at the pore surface with meso-2,3-dimercaptosuccinic acid functionalized 
superparamagnetic iron oxide nanoparticles with an average diameter of 5.6 
nm. When a magnetic trigger was applied, the Fe3O4 caps were removed due to 
the cleavage of chemical bonds and this subsequently led to a fast-responsive 
drug release. Also some rattle-type particles with large hollow interior spaces, 
functional cores and mesoporous silica shells have been prepared. Shi and co-
workers102 have prepared a series of rattle-type Fe3O4/Fe2O3@mSiO2 hollow 
ellipsoids/spheres with a single or double mesoporous silica shell and loaded 
them with doxycycline (DOX). The excellent blood compatibility and the greater 
cytotoxicity of doxycycline loaded nanospheres than free doxycycline to induce 
MCF-7 cell death indicate that the Fe3O4@mSiO2 nanocapsules are excellent 
anticancer drug carriers for diagnosis and chemotherapy applications.

It is known that the local temperature in many tumours is slightly higher than 
normal body temperature. This is why a temperature-sensitive delivery system 
able to release its cargo only at temperatures higher than 37°C, but preserving 
the drugs entrapped while in blood, is required. Thermo-sensitive polymers, 
such as poly(N-isopropylacrylamide) (PNIPAM) and its derivatives have been 
used in the design of thermo-responsive release systems, reported in the recent 
years103,104. PNIPAM changes its conformation responding to temperature in 
aqueous environments. Its chains are hydrated below the lower critical solution 
temperature (LCST) of 32°C and occupy more space near the pore entrances 
and this is what prevents the departure of the cargo loaded inside the mesopore 
channels. Increasing the temperature above the LCST dehydrates the polymer 
chains, collapses PNIPAM’s conformation and opens the pores resulting in 
a release of the cargo. Increasing the LCST under physiological conditions 
would be desirable for biomedical applications and this can be achieved by 
modifying the polymer composition by copolymerization with other monomers 
(such as acrylamide105 or N-isopropylmethacrylamide106). Baeza et al. created 
a novel nanodevice based on mesoporous silica with iron oxide nanoparticles 
inside the matrix and decorated on the outer surface with a thermo-responsive 
copolymer of poly(ethylenimine)-β-poly(N-isopropylacrylamide) that was able 
to deliver small molecules or proteins in response to an alternating magnetic 
field or temperature107. Other thermo-responsive systems that have been already 
prepared involve double-stranded DNA sequences attached to the pore openings 
of mesoporous silica melting at certain temperatures108 or octadecyl chains 
interacting with a hydrophobic layer made of paraffin that melts at certain 
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temperature, specific for different paraffins109.
Another stimulus that can be used in controlled delivery systems is the redox 

potential. Different redox potential-responsive systems have been developed until 
now. They use various gatekeepers, such as CdS110, Au111 or Fe3O4

112 nanoparticles 
or organic molecules such as cross-linked poly(N-acryloxysuccinimide)113, 
collagen114 or cyclodextrin115, covalently attached to the silica through disulphide 
links. These caps can be removed by cleaving such links using disulphide-
reducing agents, such as mercaptoethanol or dithiothreitol. Redox potential is an 
important stimulus as in most tumor cells the level of intracellular glutathione, a 
natural reducer, is 100-1000-fold higher than in the extracellular space.

Biomolecules are internal stimuli that can be used to trigger cargo release. 
Enzyme-responsive systems can be represented by cyclodextrin-capped 
mesoporous silica attached on the silica surface thanks to “click chemistry” 
reactions. The addition of α-amylase catalyzed the hydrolysis and allowed the 
release of calcein trapped inside the pores116. Another example of such systems 
can be the one prepared by Martínez-Máñez and co-workers. They described 
the capping of mesoporous silica with lactose and the selective uncapping in 
the presence of enzyme β-D-galactosidase117. The same group developed multi-
enzyme-responsive capped mesoporous silica containing amide and urea links to 
block the pores. The addition of amidase and urease triggered the cargo release. 
Amidase induced an immediate, but not complete release and urease allowed a near 
total cargo release that was delayed in time118. Glucose-responsive systems can be 
used in the treatment of diabetes. Zhao et al.119 have reported a double delivery 
system for both insulin and cyclic adenosine monophosphate (that activates Ca2+ 
channels of pancreas beta cells stimulating insulin secretion) with precise control 
over the sequence of release. cAMPs gluconic acid-modified insulin proteins were 
immobilized on the outermost surface of phenylboronic acid-functionalized silica 
particles via reversible covalent bonding. Modified insulin also served as caps to 
encapsulate cAMP molecules inside the mesoporous channels. Phenylboronic 
acid forms much more stable cyclic esters with the adjacent diols of saccharides 
than with acyclic diols. Thus, the presence of saccharides induced the release of 
modified insulin and cAMP trapped inside the pores. Examples of very interesting 
biomolecules-responsive systems include antigen-responsive reported by Climent 
et al.120, where hapten-modified surface of the mesoporous silica is covered by 
antibody nanoscopic caps that can recognize a certain hapten releasing the cargo 
after displacement reaction, or aptamer-target-responsive system containing 
aptamers (single stranded, short oligonucleotide sequences that can bind specific 
targets with high affinity and specifity) releasing the cargo upon detection of 
certain guest molecules (i.e. ATP121).
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4.3.3. Modified mesoporous silica nanosystems against cancer multidrug 
resistance

Nanoparticle-mediated delivery of a single cancer drug often serves as proof 
of concept. A clinically relevant alternative approach is to combine therapeutic 
agents targeting specific survival mechanisms of cancer cells with classical 
anticancer drugs. One of the problems, with potential to be solved by co-delivery 
of several compounds, is cancer multidrug resistance (MDR) which is a major 
cause of therapy failure in cancer patients. Design of a drug delivery system 
might be tailored to overcome MDR by focusing on the ability for targeted 
delivery of different cargos to combine circumvention of MDR mechanisms 
with chemotherapy. We want to underline that the problem of MDR in general 
is far from being resolved, but the attempts made to overlap it with nanoparticle 
drug delivery are worth considering122.

Although the mechanisms of MDR are multifaceted, they can be roughly 
classified as pharmacological and cellular. Pharmacological MDR mechanism 
employs different circumstances resulting in therapeutically insufficient drug 
dosage, such as inadequate infusion, influence of tumor microenvironment, 
pharmacokinetics in the plasma and others. Cellular mechanisms, simply 
classified into pump and non-pump, such as ABC-transporters, apoptosis 
signaling pathways, and DNA repair pathways may be switched on and off during 
the development of a drug-resistant phenotype and are potentially “druggable”. 
Many of these challenges could be overcome by using drug carriers. 

For example, a combination of mesoporous silica, an anticancer drug (DOX 
or cisplatin (CIS)), a suppressor drug resistance (siRNA targeted to MRP1 
transporter or BCL2 mRNA), and a tumor targeting moiety (LHRH peptide) has 
been used and revealed enhanced anticancer activity when compared to that of 
free drug mixtures123.

A different approach to overcome drug resistance has been investigated by 
Huang et al.124, who studied DOX attached to the surface through a pH-sensitive 
linker, hydrazone bonds, to provide sustained and proportionate release of DOX 
and its effectiveness against human uterine sarcoma MES-SA/DOX-resistant 
tumor cell line was tested. Its uptake and activity were higher than those of free 
doxycycline and doxycycline combined with verapamil (the inhibitor of drug 
efflux pump protein).

Another modification of pH-responsive silica nanoparticles able to overcome 
drug resistance has been published by He et al.125 Their nanoparticles consisted of 
silica still containing the surfactant, cetyltrimethylammoniumbromide (CTAB), 
and doxycycline. The surfactant was used as a chemosensitizer for overcoming 
the multidrug resistance and enhancing the drug efficiency. The cytotoxicity of 
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these particles was tested on MCF-7 and MCF-7/ADR cell lines and composite 
mesoporous silica was shown to increase the MCF-7/ADR intracellular 
accessibility to doxycycline and presented much higher drug efficiencies in vitro 
against both cell lines compared to that of the free drug.

Dual stimuli-responsive systems are those able to respond to two stimuli, 
either in an independent or in a synergistic fashion. Martínez-Máñez et al.126 
attached suitable polyamines to the silica surface to obtain pH sensitive and 
anion-controllable gate-like ensembles capable of controlling the release of a 
ruthenium dye trapped inside the mesoporous matrix. To achieve this goal, they 
varied the pH value and content of certain anions in the release medium. 
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Surface modification of natural halloysite nanotubes. 
The hybrid materials for nanotechnology
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1. Definition of hybrid materials
Continuous development of technology generates a desire to receive more 

and newer materials. This is due to the fact that the commonly used traditional 
materials (metals, ceramics, plastics) are not able to meet certain expectations 
and technological requirements. One commonly used solution is the mixing of 
materials to produce composite systems having improved properties than the 
individual components. Furthermore, reducing the size of the inorganic fragments 
(molecular, nanoscale) allows to obtain a much more homogeneous materials 
with new properties. The beginning of industrial production of multicomponent 
systems is associated with the development of sol-gel process. Especially silicon 
based sol-gel method has allowed the production of a huge amount of inorganic-
organic systems.

There are a variety of systems defined as hybrid materials. General definition 
assumes that a hybrid material is composed of two different components linked 
at the molecular level (Figure 1). Usually one of the components is of inorganic 
and the other of organic nature. Depending on interaction between components 
of hybrid materials, they are divided into two classes. Class I refers to materials 
with weak interactions between two phases (van der Waals; hydrogen bonding; 
weak electrostatic interactions). Class II refers to materials with strong 
interactions between the components (covalent bonding), [1,2].
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Figure 1. Schematic representation of hybrid material

2. Methods of surface modification
The formation of hybrid materials requires the synthesis of chemical 

compounds having substituents able to form covalent, ionic or non-covalent 
bonding with matrix surface. A monolayer of chemical molecules significantly 
modifies properties of a surface. Especially bifunctional molecules, having two 
types of terminal groups, are preferred for such type of modification because 
they are able to form chemical bonding with matrix surface as well as they 
are linkers to create successive layers. Deposition of the active compounds on 
the surface of the matrix (metal, polymer, metallic oxide,….) may be carried 
out using a variety of techniques (adsorption, chemical grafting, modification, 
functionalization,…). Chemical grafting relates to chemical modification of a 
surface or a polymer by single reactive molecules or by a formation of active 
spaces at a surface, which can be further applied for deposition of molecules 
(self-organization) or polymerization. This method is useful whenever the aim 
is to change the properties of part of the material. Functionalization is a type 
of chemical modification and it involves incorporation of functional groups (a 
few %) to macromolecules, which results in different chemical reactivity of a 
surface or polymer. It can be accomplished using halogenation, hydrogenation, 
epoxidation, chlorosulfonation etc. Immobilization, in turn, refers to the 
attachment of a soluble compound to insoluble matrix under certain conditions. 
This process utilizes the micro-encapsulation, adsorption, physical entrapment 
within the structure of the matrix and formation of covalent bonds [3,4].
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3. Structure of halloysite
Hybrid materials can be constructed on the basis of different inorganic 

matrices, including tubular nanomaterials (SiO2, TiO2, ZrO2, CeO2,…). However 
many of them are unattractive because of their toxicity or/and high costs. On the 
other hand clay nanotubes are characterized by biocompatibility and relatively 
low cost.

Halloysite of structural formula Al2Si2O5(OH)4
.nH2O is a natural kaolinite 

mineral, having rolled aluminosilicate sheets (Figure 2). It is chemically similar 
to kaolin (1:1 dioctahedral layer), but with different morphology (kaolin is 
characterized by plate-like structure). Halloysite contains additional water 
monolayer between the adjacent layers. This monolayer refers to so called 
halloysite-10 Å (n=2). Heating halloysite dehydrates it to halloysite-7 Å (n=0). 
Naturally occurring halloysite consists of first of all SiO2 and Al2O3, but also 
could contain Fe2O3, K2O, TiO2, CaO, MgO. Therefore the color of the mineral 
can be different (yellowish, brown, greenish) depending on its origin.

LUMEN SPACE

INNER-SURFACE (1)INTERLAYER (2)

EDGE (3)

EXTERNAL SURFACE (4)

1,2,3 - Al-OH hydroxyl groups
4- Si-O siloxane groups

Figure 2. Scheme of halloysite structure

A halloysite wall contains 15-20 bilayers (aluminum and silicon oxides). 
Alumina layer is at the inner surface, while the silica layer at the outer surface 
of the tube. Outer surface is negatively charged, while inner lumen surface is 
positively charged in the pH range 2-8. This enables selective modifications 
because anionic species can be entrapped into lumen, while cationic units can be 
immobilized on the surface [5,6].
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4. Selected examples of halloysite surface modification
Halloysite surface groups have only weak interactions with guest molecules 

(hydrogen bonding; van-der-Waals forces). This can be overcome by modification 
of the mineral surface, which should result in stronger binding of guest 
molecules. Commonly used method is based on modification with organosilane 
with specific functional groups. The surface of halloysite functionalized with 
3-aminopropyltriethoxysilane [7] (Figure 3) was used for loading of different 
molecules. Yuan et al. [8] applied it for loading and release of model dye – anionic 
Orange II. The dye loading of the functionalized halloysite was 32% greater than 
that of the unmodified sample. Tan et al. [9] applied APTES-halloysite for the 
loading of ibuprofen. In case of unmodified halloysite, the bioactive molecule 
was weakly anchored by hydrogen bonding. The presence of amine groups 
in APTES, mostly in the internal lumen surface, resulted in strong anchoring 
of ibuprofen by electrostatic interactions (carboxyl groups of ibuprofen and 
protonated aminopropyl groups of grafted APTES). Zhang et al. [10] prepared 
nanocomposites by deposition of palladium (Pd) nanoparticles on the surface 
of APTES-halloysite. They compared the catalytic properties of halloysite 
nanotubes (HNTs), Pd/HNTs and Pd/APTES-HNTs in the hydrogenation of 
styrene to ethylbenzene. The distributions of Pd nanoparticles deposited on 
APTES-HNTs are much more uniform and palladium particles show a higher 
catalytic activity compared to those deposited on unmodified HNTs. Liu et 
al. [11] obtained more advanced material – APTES-HNTs@reduced graphene 
oxide composite for waste water treatment and energy storage.

Figure 3. Functionalization of halloysite with 3-Aminopropyltriethoxysilane (APTES)

It was already mentioned that the organosilanes with terminal functional 
groups can be also linkers for incorporating of other molecules. The silanization 
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procedure is commonly used for inorganic supports with surface hydroxyl 
groups. Analogous procedure is applied for functionalization of HNTs. He et al. 
[12] found HNTs modified with N-2-Pyridylsuccinamic acid (Figure 4a) suitable 
for solid-phase extraction of lead(II). The adsorption capacity of the sorbent was 
much better compared with other more expensive adsorbents. Murexide (Figure 
4b) functionalization HNTs were applied for separation and preconcentration 
of Pd(II) ions [13]. In both examples, APTES-HNTs are intermediate products 
providing free amine groups that participate in further chemical reactions.

N
HN

HO
O

O

a

HN

HN
NO

O

O

NH

NH
O

O

O

NH4

b
Figure 4. Structural formulas of (a) N-2-Pyridylsuccinamic acid; (b) Murexide

The interesting properties of HNTs are observed after their modification 
with the surfactant of hexadecyltrimethylammonium (HDTMA) salts. In case 
of hydrophobic organic contaminants (e.g. naphthalene) the adsorption process 
depends on the arrangement of the surfactant cations. Lee et al. [14] found that 
at high surface coverage, HDTMA formed clusters and despite high loadings of 
surfactant, naphthalene adsorption was unsatisfactory. Bromide ammonium salt 
was also used by Jinhua et al. [15] for adsorption of chromium(VI). Positively 
charged surface of modified HNTs should allow adsorption of HCrO4

- and 
Cr2O7

2- anions. The modified HNTs were used as adsorbent for Cr(VI) removal 
from its aqueous solution and they exhibited rapid adsorption rate for chromates, 
and approached to 90% of the maximum adsorption capacity within 5 min. The 
effects of pH and ionic strength on the adsorption capacity were also investigated, 
which showed the adsorption capacity of the adsorbent decreased significantly 
with the increase of ionic strength and pH. Chromium(VI) could be adsorbed 
using other modified HNTs. Jingimn et al. [16] modified the mineral surface 
with 3-mercaptopropyltrimethoxysilane (SH-HNTs). Massaro et al. [17] grafted 
HNTs with the same silane by a microwave irradiation. This time however, the 
material was used as a support for palladium particles and further tested as a 
catalyst in the Suzuki reaction between phenylboronic acid and some aryl halide.
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Figure 5. Structural formulas of (a) Doxorubicin (DOX); (b) Dopamine (DP)

Very promising results are also obtained after functionalization of HNTs 
with bioactive compounds. Lee et al. [18] synthesized DNA-wrapped HNTs 
and applied it as a doxorubicin, effective anticancer drug, (Figure 5a) delivery 
carrier. DNA plays two different functions in this system: it makes HNTs water-
dispersible and it is a platform for loading DOX. On the other hand dopamine 
(Figure 5b) modified HNTs can be suitable tool for enzyme immobilization [19]. 
Analogously like with DNA, dopamine forms polymer coating, making HNTs 
suitable for biomacromolecule immobilization. It was proved that DP-HNTs 
showed an excellent capacity for selected enzyme loading.

Natural halloysite clay nanotubes are described by Lvow et al. [20] as 
inorganic reinforcing materials for polymers. Loading these tubes’ 15-nm 
diameter lumens with chemical agents, including bioactive molecules (self-
healing, anticorrosion, antimicrobial agents, proteins, DNA, drugs, etc.), and 
doping them into polymers allows a controlled sustained release, providing these 
nanocomposites with new smart properties. Typically, addition of 5% halloysite 
synergistically increases polymer strength on 30–70%, enhances composite 
adhesivity and adds new functions due to triggered release of needed chemicals. 
Halloysite is biocompatible “green” material and its simple processing combined 
with low cost make it a perspective additive for polymeric biocomposites.

The functionalization of halloysite nanotube was performed also by grafting 
hyperbranched (co)polymers via surfaceinitiated self-condensing vinyl (co)
polymerization [21]. Zou et al. [22] used tea polyphenols (TPs) as a reductant. Ag 
nanoparticles (AgNPs) supported on halloysite nanotubes (HNTs) were simply 
and greenly synthesized for the photocatalytic decomposition of methylene blue 
(MB). HNTs were initially functionalized by N-β-aminoethyl-γ-aminopropyl 
trimethoxysilane (AEAPTMS) to introduce amino groups to form N-HNTs to 
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fasten the AgNPs; then AgNPs were synthesized and ‘anchored’ on the surface 
of the HNTs. The photocatalytic activity of the as-prepared AgNPs@N-HNTs 
catalyst was evaluated by decomposition of MB. The results showed that the 
prepared catalyst exhibited excellent catalytic activity and high adsorption 
capability to MB.

Zhang et al. [23] prepared well-dispersed epoxy resin/halloysite nanotubes 
composites by functionalization of the HNTs surfaces using polyamidoamine 
generation-3 (HNTs-G3.0). A series of modified halloysite nanotubes with 
different generations of dendritic polyamidoamine (PAMAM) were prepared 
via a divergent synthetic process by repeating the Michael addition of methyl 
acrylate to superficial amino groups and the amidation of the resulting esters 
with ethylenediamine. The impact strength and fracture toughness (K IC) of 
composites with polyamidoamine generation-3 grafted HNTs were about 160 
and 20 % higher than the values of functionalization halloysite nanotube system.

The grafting of natural halloysite nanotubes (HNT) with aminosilanes 
exhibiting two (DAS) and three (TAS) amino groups has been investigated by 
Barrientos-Ramírez et al. [24] and compared to the physisorption of both silanes 
on halloysite nanotubes. Halloysite nanotubes were used as solid supports for the 
heterogeneous Atom Transfer Polymerization of methyl methacrylate (MMA) 
into poly(methylmethacrylate) (PMMA) using CuBr as catalyst. Silane grafted 
on the nanoclay acts both as a ligand those bonds to CuBr and as a catalyst 
for the heterogeneous MMA polymerization. Grafting of halloysite nanotubes 
with DAS produced a polymer with polydispersities similar to those produced 
by the physically adsorbed diaminosilane catalyst, but conversion percentages 
were lower and a poorer control over the polymerization reaction was achieved. 
Grafting of halloysite nanotubes with TAS had a detrimental effect on the 
control of the polymerization reaction and a loss of catalytic activity due to the 
immobilization of the copper catalyst.

Furthermore halloysite clay nanotubes were selectively modified by 
adsorbing perfluoroalkylated anionic surfactants at the inner surface. The 
modified nanotubes formed kinetically stable dispersions due to the enhanced 
electrostatic repulsions exercised between the particles. It was proved that the 
modified nanotubes can be used as non-foaming oxygen nanocontainers in 
aqueous media [25].

Albdiry et al. [26] presented investigation studies of the structure/property 
relationship of thermosetting unsaturated polyester (UPE) filled with pristine 
halloysite (HNT) and vinyltrimethoxysilane-treated halloysite nanotubes 
(s-HNT) nanocomposites. The introduction of HNT or s-HNT up to 5 wt.% 
induced higher mechanical properties and improved fracture toughness 
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associated with a shift in toughening mechanisms from a highly brittle fracture 
for neat UPE into matrix shear yielding and zone shielding mechanisms with the 
presence of halloysite particles in the nanocomposite.

5. Conclusions
Halloysite nanotubes, with specific characteristics, may find applications 

in a number of areas. There are numerous of examples of hybrid materials 
based on HNTs and it is difficult to discuss all of them. Although it is worth 
mentioning the main areas where such materials can be extremely effective 
[27, 28]. HNTs can form anticorrosion coatings or release in controlled way 
corrosion inhibitors (e.g. benzotriazole) entrapped in their tubes. There are 
many articles describing their excellent results for thermal resistance. Polymer 
(e.g poly(proplen);polyethylene)/HNT nanocomposites are characterized by 
increased thermal stability and flame retardancy. Probably it is a result of tubular 
structure of mineral, which is a barrier for heat and mass transport, as well as the 
presence of iron in tubes. HNTs can also act as nanoreactors or nanotepmlates 
to prepare nanoparticles, nanowires, nanocoatings etc. Furthermore it is also a 
catalytic support in polymerization and biological processes.

Moreover the material has a great potential for medical applications. As it is 
capable of entrapping both hydrophilic and hydrophobic agents, it can be used 
as drug delivery system. Compared with other supports like carbon nanotubes, 
it is less expensive and has large surface area (better control of loading and 
elution profile). It is also suitable in protecting environment, acting as sorbent 
for different contaminants (dyes; heave metals).

Plenty of new structural and functional hybrid materials based on HNTs 
should not be surprising. Due to their characteristics (nano-sized lumen, large 
surface area), no toxicity, low cost, high availability, we can expect more and 
more interesting research results and new areas of applications of this extremely 
interesting material.
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Chapter 8

Acid-base equilibria in ‘oil-in-water’ microemulsions. 
The particular case of fluorescein dyes

Nikolay O. Mchedlov-Petrossyan, Natalya V. Salamanova,
and Natalya A. Vodolazkaya

V.N. Karazin Kharkov National University, Svoboda Sq. 4, 
61022 Kharkov, Ukraine

1. Introduction 
An increasing use of organized solutions in different branches of chemistry 

[1–13] calls for extending the concepts of ionic equilibria in these media. 
Lyophilic systems, that is, thermodynamically stable dispersions with well-
reproducible properties, are probably most suitable for analytical chemistry 
and molecular spectroscopy. In addition to typical lyophilic dispersions, such 
as micellar solutions of colloidal surfactants in water, these systems include 
microemulsions usually formed by a colloidal surfactant, a hydrocarbon, and an 
alcohol, which possess limited solubility in water [1, 3, 5, 8, 14]. 

Protolytic equilibria in microemulsions have been studied less 
comprehensively than those in micellar solutions of surfactants. The 
corresponding publications are few in number [13, 15–22], as compared with the 
vast literature devoted to acid-base reactions in micellar solutions of surfactants. 
(See, for instance, some reviews [13, 23–25]). 

In order to fill up this gap, we decided to gain insight into the properties of 
microemulsions as media for such processes. 

Our previous studies were devoted to determination of the parameters of 
ionic equilibria of a set of acid-base indicators in microemulsions stabilized 
by cationic, anionic, and non-ionic surfactants. In these colloidal systems, 
sulfonephthaleins, azo-dyes and some other common acid-base indicators, as 
well as solvatochromic Reichardt’s betaine dyes have been studied [20–22]. 

This work was aimed to systematic study of protolytic behavior of three 
widely used hydroxyxanthene luminophores, namely fluorescein and its 
2,4,5,7-tetrabromo- and 2,4,5,7-tetraiodo derivatives (eosin and erythrosin, 
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respectively), in microemulsions of ‘oil-in-water’ type. Earlier we have already 
studied a set of hydroxyxanthene dyes in cationic surfactant-based microemulsions 
at high ionic strength of the aqueous phase [26, 27] and in reversed AOT-base 
water-in-oil microemulsions [27–29]. Basing on the results obtained, we have 
chosen the direct microemulsions ‘benzene – pentanol-1 – surfactant – water’ 
based on cationic, anionic, and non-ionic surfactants, under identical conditions. 
Following surfactants were used: cetyltrimethylammonium bromide, CTAB, 
sodium n-dodecylsulfate, SDS, and non-ionic surfactant Tween 80, TW 80. 

Fluorescein dyes are widely used in analytical chemistry and neighboring 
fields, first of all owing to their unique fluorescent properties. The structure of 
fluorescein dianion is shown below: 

7

5 4

2

_

_

O OO

COO

These dyes are applied for optical sensing of  O2, CO2, H2S, sulfur-containing 
organic compounds [30–34], as pH-sensors, including fiber-optical systems [32, 
35–37], in biochemistry [38–45], as tracers for hydrological investigations [46]. 
These compounds are now intensively utilized in nanochemistry [47, 48] and 
as guest molecules in supramolecular chemistry [49, 50], as fluorescent dyes in 
molecular beacons [51], for imaging nitric oxide production [52, 53], etc. The 
spectral and acid-base behavior of the dyes in the presence of surfactants was 
examined [54, 57]. In some cases, the hydrophobic representatives of this family 
of dyes, bearing one or two long hydrocarbon chains [25, 42, 54, 55, 57–62], 
possess some advantages as compared with the parent compounds, e.g., in optical 
sensors [61], two-phase indicators [58, 59], for studying lyophilic colloidal 
systems [25, 42, 54, 55, 57, 60], etc. The fluorescent properties of fluorescein 
and its derivatives are recently used for creation of ratiometric fluorescent pH 
and temperature probes based on hydrophilic block copolymers [63] and for 
turn-on fluorescent detection of tartrazine in the presence of graphene oxide [64]. 

Most often, application of hydroxyxanthenes is connected primarily with 
embedding them into non-aqueous environments. So far the latter were modeled 
either by water-organic mixtures, or by micellar solutions of surfactants. In 
microemulsions, the particle diameter of the dispersed phase is usually larger as 
compared with common surfactant micelles, and the nanodroplets are considered 
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as swollen surfactant micelles [14]. Hence, microemulsions can be regarded as 
a transition step from surfactant micelles to organic solvents. On the other hand, 
microemulsions can be considered as reduced models of more complex objects, 
such as suspensions of phospholipid liposomes, polymer films, Langmuir–
Blodgett multilayers, and sol-gel systems doped by surfactants.  

Throughout the last decade, hydroxyxanthene dyes have been increasingly 
utilized in organic solvents. Thus, fluorescein was proposed for oxygen and 
carbon dioxide monitoring in dimethylformamide and dimethylsulfoxide 
solutions [30, 65]; some new studies are devoted to fluorescence lifetimes of 
fluorescein dianion [66] and to spectral properties of fluorescein monoanion 
[39] in organic media. Consequently, a further development of knowledge 
about the influence of non-aqueous media on the interconversions of the various 
prototropic forms of these substances is necessary. 

The study of protolytic equilibria and visible spectra of organic dyes is a 
touchstone for research of the influence of microenvironment on the properties 
and reactivity of these substances. Acid-base ionization of fluorescein dyes in 
solution occurs stepwise [24, 26–29, 67–70]: 

H3R
+  H2R + H+, 0aK 				   (1) 

H2R  HR– + H+, 1aK 				    (2)

HR–  R2– + H+, 2aK 				    (3)

The detailed scheme of protolytic equilibria includes several tautomers 
of molecules and monoanions (Fig. 1). The most intensive absorption and 
fluorescence in the visible portion of the spectrum possesses the dianion 7, and 
(in the case of substances with electron-acceptor substituents in the xanthene 
nuclei) also the monoanion 6b,c. The latter tautomer is atypical for the parent 
compound fluorescein, but some traces of species 6a may be detected in non-
hydrogen bond donor solvents [70]. Until now, mono- and dianions possessing 
lactonic structures are detected only in the case of nitro-substituted fluoresceins, 
e.g., for 2,4,5,7-tetranitrofluorescein [69]. 

Previously we have studied the protolytic equilibria of fluorescein and 
its derivatives in micellar solutions of surfactants [60, 71–74], in solutions of 
water-soluble dendrimers [75], in aqueous dispersions of CTAB-modified silica 
nanoparticles [76], in Langmuir–Blodgett films [77], and in aqueous solutions in 
the presence of b-cyclodextrin [78] and cationic calixarenes [79, 80].  

A comparison of the obtained results with the parameters of protolytic 
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equilibrium in water and micellar solutions of the corresponding surfactants will 
enable us to predict the effect of microemulsions on organic reagents, which will 
provide a more rational use of this type of organized solutions in analytical chemistry. 
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Figure 1. Protolytic conversions of hydroxyxanthenes; fluorescein (X = H): 1а-7а, 
2,4.5,7-tetrabromofluorescein (eosin) (X = Br): 1b-7b, and 2,4,5,7-tetraiodofluorescein 
(erythrosin) (X = I): 1c-7c

TK = a4/a3; /
TK  = a2/a3; =//

TK K KT T
//  = a4/a2; 

x
KT  = a6/a5; 12COOH, / ahak =± ; 

13OH0, / ahak = ; 25Z1, / ahak = ; 35COOH1, / ahak = ; 36OH1, / ahak = ; 57OH2, / ahak = ;  

67COOH2, / ahak = .  
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A key characteristic of an indicator in organized solutions is the so-called 
‘apparent’ ionization constant, app

aK  [13, 20–26, 71–74]: 

 ]}B/[]HBlog{[ + pHp 1−= zzapp
aK 			   (4)

Here z and (z–1) are charges of the conjugated indicator species (HBz 

Bz–1 + H+). We define the corresponding app
aK  constant as  app

z)a(K −1 . The ratio of 
the equilibrium concentrations of these species can be derived from electronic 
absorption, while the pH values of the bulk (continuous, aqueous) phase are 
determined as a rule by using the glass electrode in a cell with liquid junction. 

2. Experimental 
2.1. Materials

The samples of xanthene dyes used in the present study were purified 
by re-precipitation or/and by column chromatography. Their purity was 
checked previously [26, 28, 29, 67, 68], and was additionally controlled by 
fluorescence excitation spectra of their aqueous alkaline solutions. Phosphoric 
and hydrochloric acids and potassium chloride were of analytical grade, stock 
CH3COOH solutions were prepared from glacial acetic acid, the sample of sodium 
tetraborate was twice re-crystallized. The stock NaOH solution, prepared from 
saturated carbonate-free sodium hydroxide solution using CO2-free water, was 
kept protected from atmosphere and standardized using potassium biphthalate. 
CTAB (99 % purity) and TW 80 were from Sigma, the sample of SDS (98.1 % 
purity) was from Merck. Organic solvents were of analytical grade. Pentanol-1 
was purified by standard procedure; the absence of aldehydes was checked by 
the UV-spectra. 

2.2. Apparatus 
Absorption spectra of dye solutions were measured using SF-46 apparatus 

(Russia), with optical path length l = 1 to 5 cm. The absorbance of reference 
solutions containing all the components except dyes was close to that of water. 
Fluorescence spectra were registered by Hitachi F  4010 fluorometer in the 
Laboratory of Professor A. O. Doroshenko, Kharkov National University. The 
results of zeta-potential determinations mentioned in this paper were obtained 
by Dr. L. V. Kutuzova in the Laboratory of Professor M. Ballauff, University of 
Bayreuth, Germany, as described previously [76, 79, 80]. The pH measurements 
of the bulk (aqueous) phase were performed at 25.0 ± 0.10C on a P 37-1 
potentiometer and pH-121 pH-meter equipped with ESL-63-07 glass electrode 
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reversible to H+ ions and an Ag/AgCl reference electrode in a cell with liquid 
junction (1 M KCl). Standard buffer solutions (pH 1.68, 4.01, 6.86, and 9.18) 
were used for cell calibration. The experimental uncertainty in the measured pH 
value did not exceed 0.02 pH unit (standard deviation). 

2.2. Procedure 
Stock microemulsions based on cationic surfactant were prepared by mixing 

0.0047 mole of CTAB or CPC with 2.3 ml of pentanol-1, then 0.43 cm3 of 
benzene and, finally, 5.5 cm3 of H2O were added [21, 22]. In the case of anionic 
microemulsions, 1.417 g of SDS were mixed with 3.46 cm3 of alcohol, then 
1.87 cm3 of benzene and 22.7 cm3 of H2O were added; in the case of non-ionic 
microemulsions, the above quantities were as follows: 14.65 g (TW 80), 5.1 
cm3 (pentanol-1), 2.0 cm3 (C6H6), and 11.85 cm3 (H2O) [21]. Working solutions 
were prepared by dilution of stock solutions with water, with addition of buffer 
components and aliquots of stock dye solutions, and made up to required volume 
at 25 oC. The volume fraction, ϕ , of organic phase in working solutions was 
calculated taking into account the amount of water in the stock microemulsion. 

The pH values were varied as a rule applying buffer solutions. Acetate 
and phosphate buffer solutions were obtained by mixing required amounts of 
the stock acid solutions and the standard NaOH solution. Borax was used for 
creating higher pH values. The HCl solutions were used at pH < 3.5 and diluted 
NaOH at pH around 12. In all the cases, the ionic strength of aqueous solutions, 
I, was maintained constant (= 0.05 M) by additions of calculated amounts of 
KCl. Only at pH below 1.3, the ionic strength was higher, especially in the case 
of fluorescein. 

The app
aKp  values were determined at ϕ  = 0.013 vis-spectroscopically by the 

standard procedure [13, 20–29, 60, 71–74]. The systems under study contained 
4.9 mole of pentanol-1 and 1 mole of benzene per 1 mole of CTAB, 9.3 mol of 
pentanol-1 and 2 mole of benzene per 1 mole of TW 80, and 6.5 and 4.3 mole of 
pentanol-1 and benzene per 1 mole of SDS, respectively; this corresponds to the 
stability region of the studied microemulsions [21, 22]. 

Stock aqueous solutions of dyes were prepared with small addition of NaOH. 
The working concentrations of dyes, C, were as a rule (6 to 20)×10–6 М during 

app
aKp  determination and (3–4)×10–6 М at emission spectra measurements; in 

the case of fluorescein the H2R spectra were measured at dye concentration 2×
10–5 М. 

The instrumental pH values of aqueous buffer solutions as a rule stay 
practically unchanged after organic phase adding; alterations observed in some 
cases are, probably, due to the partial binding of the buffer components by the 
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nanodroplets. However, from our previous studies it follows that in these cases 
the determined values of a

aKp  of indicators insignificantly differ from those 
obtained in other buffer systems [81]. Hence, the indicator ratio demonstrates 
stable response to the bulk pH value. 

3. Results and discussion 
3.1. Determination of apparent ionization constants

The app
aKp  values of the three dyes are determined in each of the three 

colloidal systems. Several representative pH-dependences of absorbances are 
depicted in Figure 2. 

The stepwise ionization constants are calculated by using the dependences 
of A vs. pH at a fixed wave length and constant total dye concentration and 
optical path [Eq. (5)]: 
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−−+  	 (5)

Here A is the absorbance at the current pH value, -2RA ,  −HRA , RH2
A  and 

+RH3
A  are absorbances under conditions of complete conversion of the dye 
into the corresponding form, h ≡  10–pH. In the case of eosin and erythrosin, the 

app
aK 0p  values lie in the far acidic region and are not determined here, and hence 

it is possible to simplify Eq. (5). Moreover, for fluorescein in cationic and non-
ionic microemulsions, the app

aK 0p  value can be estimated separately from app
aK 1p  

and app
aK 2p . For calculations of the app

aK 1p  and app
aK 2p  values of a dye in a given 

system, at least 15 solutions with various pH values at I = 0.05 M and not less than 
12 wavelengths within the visible region are used. For determination of app

aK 0p  
value of fluorescein in non-ionic microemulsion, working solutions pH values 
within the range 1.30–2.40 are utilized; 4 wavelengths in the region of maxl  
of cationic species, H3R

+, are used as analytical positions. The spectra at HCl 
concentrations 2 M and 3 M coincide, which allows regarding their absorbances 
as +RH3

A  values. In cationic microemulsions, the interval of working pH was 
1.29–1.85; I = 0.05 M. And again, the spectrum of H3R

+ species was obtained at 
high hydrochloride concentrations: the spectra of fluorescein at 2.0 M and 4.0 
M of HCl coincide. 



166

Nikolay O. Mchedlov-Petrossyan, Natalya V. Salamanova and Natalya A. Vodolazkaya

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 1 

 2 

 3 

 4 

Figure 2. Plots of absorbance against pH: 1 – fluorescein, C = 2.03×10–5 M, l  = 440 
nm, 2– fluorescein, C = 2.03×10–5 M, l  = 490 nm, 3 – eosin, C = 5.94×10–6 M, l  = 
540 nm, 4 – erythrosin, C = 7.56×10–6 M, l  = 550 nm; curves 1-3: microemulsions with 
CTAB, curve 4 – microemulsion with TW 80; all the data are re-calculated to optical path 
length 1 cm.

In a general case, the  −HRA  values are unavailable for direct measurements 
and are to be calculated jointly with the app

aKp  values. The -2RA values and 
first approximation of RH2

A  values are obtained directly at suitable pH. The 
calculations were carried out using the CLINP program [82]. The app

aKp  values 
are presented in Table 1. 

3.2. The treatment of apparent ionization constants: electrostatic approach 
The differences between apparent value in micellar solution or in 

microemulsion, app
aKp , and the ‘aqueous’ value, w

aKp , of the same indicator can 
be explained in terms of electrostatic theory [13, 24, 25]. 

The app
aKp  value of the indicator couple HBz/Bz-1 depends on the electrostatic 

surface potential Ψ  of nanodroplets and on other equilibrium parameters [Eq. 
(6)]: 

RT
F

f
fKK m

m
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a 303.2
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Here w
aKp  is the thermodynamic value of aKp  in water, ig  are the transfer 

activity coefficients of the corresponding species from water to the pseudophase, 
m

if  are the concentration activity coefficients of the species bound by the 
pseudophase, Ψ  is the electrical potential of the Stern layer, F is the Faraday 
constant, R is the gas constant, and T is absolute temperature. At T = 298.15 K, 
2.303RT/F = 59.16 mV. 

Table 1. Indices of the apparent ionization constants values of hydroxyxanthene dyes in 
microemulsions; ϕ  = 0.013, I = 0.05 M, 25 oC. 

Fluorescein Eosin Erythrosin 
app
aK 0p  app

aK 1p  app
aK 2p  app

aK 1p  app
aK 2p  app

aK 1p  app
aK 2p  

 
Benzene – n-C5H11OH –CTAB 

  –0.03 ± 0.04a 4.49 ± 0.03a  5.62 ± 0.08a  1.14 ± 0.08 3.69 ± 0.06  1.60 ± 0.07 4.03 ± 0.08 
 

Benzene – n-C5H11OH –TW 80  
0.31 ± 0.07 6.46 ± 0.06 7.08 ± 0.04 3.64 ± 0.07 6.17 ± 0.04 3.47 ± 0.05 6.44 ± 0.04 

 
Benzene – n-C5H11OH – SDS 

  2.61 ± 0.04 5.53 ± 0.14  6.62 ± 0.07   3.57 ± 0.10 5.15 ± 0.10 4.41 ± 0.10 5.48 ± 0.10 
 

None (water, I = 0.05 M) 
2.22b 4.37b 6.55b 2.73b 3.50b ≈  3.8b ≈  4.8b 

a In analogous system, with CPC instead of CTAB, app
aK 0p  = 0.19 ± 0.03, app

aK 1p  = 4.34
± 0.02, app

aK 2p  = 5.51 ± 0.04 [83]. b From ref. [29]. 

The ratio of the bulk (aqueous) and dispersed phases, mw v/v , is equal to 
( 1-ϕ  – 1). Taking into account high electrolyte concentration in the Stern layer, 
it is reasonable to regard the ratio  mm ff HBB /  as being close to unity [13, 24, 25]. 
The iP  are the partition constants of the corresponding species, i, between the 
bulk phase and the pseudophase. Thermodynamic iP  value is equal to the ratio 
of activities in corresponding phases ( iP  = w

i
m
i aa / ). Taking into account the 

(possible) charge of the dye species the electrical potential of the nanodroplet/
water interface, one obtains the following expression: 

                                          iP  = RTFz
i ie /1 Ψ−−γ  		  (7)

The value of the interfacial charge of the pseudophase is substantial. So, for 
the SDS-based system, the zeta-potential was estimated as ς  = –66 ± 3 mV; 
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for the earlier studied system benzene – n-pentanol – CPC [21, 22, 83, 84], ς  
= +25 ± 5 mV. The size of the droplets in these two dispersions appeared to be 
surprisingly small, 4.4 and 4.85 nm, respectively, while for microemulsions of 
n-hexane, stabilized by n-pentanol and a non-ionic surfactant Triton X-100, the 
diameters are 9.6 and 16.6 nm for ϕ  = 0.013 and 0.129, respectively. (All data 
were determined in the presence 0.05 M NaCl.)

From Eq. (6) it is evident that the values ( app
aKpD  = app

aKp  – w
aKp ) in the 

given dye/microemulsion system depend on the completeness of binding and on 
the solvation character of bound species in the pseudophase.  In the expression 
for the apparent app

aKp  value under conditions of practically complete binding 
of the indicator couple HBz/Bz-1, the last logarithmic term in Eq. (6) disappears.

3.3. Vis spectra of ionic and molecular species: structure and tautomerism 
Having the app

aK 1  and app
aK 2  values (Table 1) made it possible to calculate the 

absorbances of HR– ions at various wavelengths, and in such way to obtain the 
spectra of these species [Eq. (8)]: 

	 −HRA  =  A + 1
1RH )()(

2

−− app
aKhAA  + app

aKhAA 2
1

R
)( 2

−
−−   ,                                      	 (8)             

where A  is absorbance at the current pH value. The interval app
aK 1p  ≤  pH ≤  app

aK 2p  
is used. The  −HRA  values, obtained jointly with the app

aK 1  at analytical wavelength, 
are refined in the same manner. The  −HRε  values are calculated using the  −HRA  
values:  −HRε  =  −HRA  l–1 C–1. 

The RH2
A  values are, in turn, calculated by using Eq. (7), in order to avoid 

any influence of traces of intensely colored ions (H3R
+, HR– and R2–) on the 

spectra of the neutral forms: 

	 RH2
A  = A  + 1

0RH )(
3

−
+− app

ahKAA  + app
aKhAA - 1

1
HR )( −− .                                

	 (9) 

The molar absorptivities of neutral species are calculated as RH2
ε  = RH2

A  
l–1 C–1.  The spectra of individual ionic and molecular species of fluorescein, 
singled out in such manner, are typified in Figures 3–5. The maxl  values of 
hydroxyxanthene ions in microemulsions are compiled in Table 2. 
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 ε⋅10–3, M–1cm–1 

 l / nm 

 A 

Figure 3. The absorption spectra of the equilibrium forms of fluorescein in the CTAB-
based microemulsion.  

 ε⋅10–3, M–1cm–1 

 l / nm 

 B 

Figure 4. The absorption spectra of the equilibrium forms of fluorescein in the TW 80 
based microemulsion.  
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 ε⋅10–3, M–1cm–1 

 l / nm 

 C 

Figure 5. The absorption spectra of the equilibrium forms of fluorescein in the SDS-based 
microemulsion.  

Table 2. The maxl /nm values of hydroxyxanthene ions in microemulsions; ϕ  = 0.013.  

Water Microemulsions
Benzene – 

n-C5H11OH – CTAB
Benzene –

n-C5H11OH – TW 80
Benzene –

n-C5H11OH – SDS

Fluorescein, H3R
+ 437 440 440 445

HR– 455, 475 480 480 480

R2– 490 500 490 490

Eosin, HR– 517–519 540 540 525

R2– 514–515 525 525 515

Erythrosin, HR– 530 545 545 530

R2– 525 532 533 525

The results for eosin and erythrosin are exemplified in Figures 6 and 7. 
According to the main extrathermodynamic assumption, taken as a basis for 

studying tautomerism [24, 26–29, 67–76, 78–80, 85] and being confirmed by 
numerous published data [40, 55, 86–90], the spectra of species of types (3) and 
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(5) (Scheme 1) for the given dye are similar, and the maxε  values may be taken 
as equal. The same is the case for the species of types (2) and (1). 

 ε⋅10–3, M–1cm–1 

 l / nm 
Figure 6. The absorption spectra of the equilibrium forms of erythrosin in the CTAB-
based microemulsion.  

 ε⋅10–3, M–1cm–1 

 l / nm 
Figure 7. The absorption spectra of the equilibrium forms of eosin in the TW 80-based 
microemulsion.  
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The ionization of the carboxylic group in the ′2  position (COOH →  COO–) 
seriously affects only the charged xanthene chromophore, leading to blue shift of 
species (7) band as compared with the tautomer (6) band [24, 26–29, 67–71, 74, 
91]. This experimental fact was confirmed by quantum-chemical calculations [92]. 

Hence, monoanions HR– of eosin and erythrosin exist in microemulsions 
(Figs. 6 and 7) as tautomers (6b) and (6c), correspondingly, whereas the HR– 
ion of fluorescein (Figs. 3–5) exists as tautomer (5a), like in other liquid media 
studied earlier. This is in agreement with sharp increase in the acidity of hydroxyl 
groups in the presence of two ortho-halogen subsituents. Really, from Figure 1 it 
follows: 

xTK  =  COOH,1OH,1 / kk . For unsubstituted fluorescein in water,  OH,1pk  
= 6.3, COOH,1pk  = 3.5, hence 

xTK  = 0.0016. In the case of eosin in water, OH,1pk  
= 2.4, COOH,1pk  ≈  3.5, and 

xTK  ≈  12. 
For fluorescein molecules H2R in microemulsions, the total decrease in 

absorptivity as compared with the spectrum in water (where ε  = 13.9×103 
at 437 nm and ε  = 3×103 to 4×103 within the range of 470–485 nm) and the 
disappearance of the band with maxl  near 440 nm (Fig. 8) indicate a distinct 
shift of tautomeric equilibrium towards the colorless lactone (4a) accompanied 
by absence of zwitter-ion (2a), just as in micellar systems [24, 26–29, 71–74], 
solutions of dendrimers [75], cyclodextrins [78], calixarenes [79, 80], and in 
organic solvents [24, 27, 67, 68, 70]. 

 

2 
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3 

Figure 8. Absorption spectra of molecular form, RH2 , of fluorescein in SDS-based (1), 
in CTAB-based (2) and in TW 80-based (3) microemulsions;ϕ  = 1.3 %, CHCl = 2–4 M.
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Taking maxε  of tautomer (3a) equal to that of the ion HR– (5a), one can 
estimate fractions (‘populations’) of tautomers, a . For instance, in cationic 
microemulsions, these values are as follows: a3a  = maxε (H2R)/ maxε (HR–) = 
0.033, a4a = 1 – a3a  = 0.967, while a2a  is supposed to be equal to zero (or, 
at least, one may assume that a2a  << a3a ). For eosin and, even more so, for 
erythrosin the transfer from water to organic environments does not result in 
such sharp drops of the fractions of quinonoid tautomers (3b) and (3c), while 
zwitter-ionic tautomers are not typical for 2,4,5,7-tetrahalogen derivatives at all, 
due to the aforementioned high acidity of hydroxyl groups: /

TK  =  OH,0COOH, / kk±  
= Zkk ,1COOH,1 /  (Fig. 1). 

Figure 9 confirms these regularities for the case of microemulsions. 

 ε⋅10–3, M–1cm–1 

 l / nm 

Figure 9. Absorption spectra of molecular forms, RH2 , of fluorescein (1), eosin (2), and 
erythrosin (3) in CTAB-based microemulsions (ϕ  = 1.3 %, CHCl = 2–4 M).

It is clear that the shifts of tautomeric equilibria result from binding of 
dye molecular species to the nanodroplets. However, such binding may be 
incomplete. And really, the molar absorptivities of the form H2R of fluorescein 
in non-ionic TW 80-based and anionic SDS-based microemulsion at ϕ  = 0.026 
are correspondingly 1.57 and 1.96 times lower than those at ϕ  = 0.013. Contrary 
to it, in the case of cationic CTAB-based microemulsions the RH2

ε  values stay 
constant at different ϕ  values. On the one hand, it is reasonable to suppose 
that only in the last case the binding is practically complete, while in the first 
two dispersed systems some of molecular species are still present in the bulk 
(aqueous) phase to certain extent. On the other hand, variations of ϕ  values are 
known to cause size changes of microdroplets in some cases [14, 20–22]. 
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3.4. Completeness of binding of different dye species to the microdroplets 
In the most cases, the app

aKp  values differ substantially from the ‘aqueous’ 
aKp s (Table 1). This gives evidence for association of the dyes with the organic 

droplets, though the completeness of the binding of the dye species to the 
pseudophase may be different. The conclusions concerning the state of the dyes 
in the colloidal systems may also be made using the comparison of the absorption 
and emission spectra in water with those at various ϕ  values. 

In cationic microemulsion, the anions R2– and HR– of all the three dyes are 
bond by positively charged microdroplets thanks to the electrostatic attraction, 
whereas the neutral species H2R are solubilized due to their low solubility in the 
bulk water. Only in the case of the fluorescein cationic form, the electrostatic 
repulsion probably hinders complete binding. The batochromic shift of the 
absorption bands of anions against the position in water is 7 to 22 nm (Table 2). 
Briefly, all the species of the three dyes studied are practically completely bound 
to cationic microemulsions, the single exception being the cationic species H3R

+ 

(1). The last-named are observed at appropriate acidity only for fluorescein (1a). 
For eosin and erythrosin, the species H3R

+ (1b, 1c) appear at much higher acidity, 
than that for fluorescein (1a), and therefore for these two dyes the equilibrium 
(1) is not studied here at all. 

In anionic microemulsions, the bands of anionic species display but modest 
shifts, whereas the batochromic shift for the fluorescein cation reaches 8 nm. In 
non-ionic dispersions, the band positions of ions coincide with those in CTAB-
based ones, with a sole exception of the fluorescein R2– species. The latter is 
most hydrophilic among the three dianions, and its band with maxl = 490 nm is 
like that in water. 

Both absorption and emission spectra of R2– dianion of fluorescein in anionic 
and non-ionic microemulsions, at various ϕ , stays unchanged as compared with 
those in water ( em

maxλ em
maxλ  = 515 nm). Hence, the dianion 7a stays essentially in the 

aqueous phase. The app
aK 2p  value of fluorescein in anionic microemulsion (6.62) 

is very close to that in water at the same I value (6.55), which allows to conclude 
that the monoanion HR– (5a) is also practically not bound to the pseudophase. 
The  app

a2pK  value of the dye in non-ionic microemulsion (7.08) is somewhat 
higher, which allows expecting the binding of a small fraction of (5a) ions to 
nanodroplets. 

The emission spectrum of R2– dianion of eosin in water changes negligibly 
in the presence of anionic nanodroplets, the same is the situation with the 
absorption spectrum (Table 2). However, absorption spectrum of monoanion 
HR– (6b) changes markedly in both anionic and non-ionic microemulsions as 
compared with that in water (Table 2). Hence, the expressed difference of  app

a2pK  
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values of eosin in these systems (5.15 and 6.17, correspondingly) and in water 
at I = 0.05 M (3.50) is caused by transfer of (6b) species into the pseudophase. 
Moreover, the dianion (7b) is partly bound. 

Figure 10 demonstrates the influence of binding by the pseudophase on the 
dianions R2– fluorescence spectra. 

 l / nm 

 I, a.u. 

 
O OO

COO

Br Br

BrBr
_

_

Figure 10. Fluorescence spectra of R2– ion of eosin in water (1) and in non-ionic 
microemulsions (benzene – n-C5H11OH –TW 80) at ϕ  = 0.013 (2) and ϕ  =0.026 (3); 
Cdye = 3.56×10–6 M. 

It must be noted that further increase in ϕ  values results in such strong 
changes both in the character of nanodroplets and in the structure of aqueous 
phase, that alterations in emission spectra may reflect not only the degree of 
binding. 

3.5. The medium effects and the ionization microconstants 
The medium effects for the app

aKp  values of fluorescein and eosin are 
gathered in Table 3. Some of them were qualitatively discussed above in terms 
of complete or incomplete binding. In some cases, however, the app

aKp s undergo 
different changes as compared with the corresponding w

aKp s even under 
conditions of practically complete binding of the dye species. 

Such differentiating influence of non-aqueous media on the acid-base 
properties of the dissolved (solubilized) compounds is typical for surfactant 
micelles and was previously discussed in full [24–29, 71, 74–76]. 
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Table 3. The medium effects on the indices of the ionization constants of fluorescein and 
eosin in microemulsions; ϕ  = 0.013, I = 0.05 M, 25 oC

Dye/ app
aKpD

The values of app
aKpD  = app

aKp  – w
aKp  in microemulsions:

in CTAB-based in TW 80-based in SDS-based

Fluorescein, app
aK 0pD  = –2.17 –1.83 +0.47

app
aK 1pD  = +0.04 +2.04 +1.08

app
aK 2pD  = –1.18 +0.28 +0.12

Eosin, app
aK 1pD  = –1.57 +0.83 +0.76

app
aK 2pD  = –0.06 +2.42 +1.40

a In accord with [Eq. (6)], the thermodynamic w
aKp  values are used in calculations: 

w
aK 0p  = 2.14, w

aK 1p  = 4.45, and w
aK 2p  = 6.80 for fluorescein and w

aK 1p  = 2.81 and w
aK 2p  

= 3.75 for eosin. 

This demands a more circumstantial consideration of the protolytic 
equilibria. From the detailed ionization scheme (Fig. 1), following general 
equations can be derived: 

( ) })(1log{p1logpp 1/
T

//
TCOOH,

/
TTOH,00

−
± ++−=++−= KKkKKkKa ;   	 (10)

  ( ) )1log(1logpp
xT

/
TTCOOH,11 KKKkKa +−+++=   

                    ( )
xT

1/
T

//
T,1 1log})(1log{p KKKk Z +−+++= −  

  ( ) )1log(1logp 1
T

/
TTOH,1 x

−+−+++= KKKk ; 

  ( ) )1log(1logpp
xT

/
TTCOOH,11 KKKkKa +−+++=   

                    ( )
xT

1/
T

//
T,1 1log})(1log{p KKKk Z +−+++= −  

  ( ) )1log(1logp 1
T

/
TTOH,1 x

−+−+++= KKKk ; 

  ( ) )1log(1logpp
xT

/
TTCOOH,11 KKKkKa +−+++=   

                    ( )
xT

1/
T

//
T,1 1log})(1log{p KKKk Z +−+++= −  

  ( ) )1log(1logp 1
T

/
TTOH,1 x

−+−+++= KKKk ; 			   (11)

=++= − )1log(pp 1
TCOOH,22 x

KkKa )1log(p
xTOH,2 Kk ++ ;   		  (12)

The equations can be simplified taking into account that the 
xTK  value 

is extremely low for fluorescein and high for eosin and erythrosin, and that 
)1( /

TT KK ++  equals to 1
3
-a . Namely, for fluorescein it is useful to express the 

apK  values as follows: 

                                       a0pK  = OH,0pk  + a3logα ; 			   (13)
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a1pK  = COOH,1pk  – a3logα ;                                                              		  (14) 

                                       a2pK  = OH,2pk ,                                                                                 				   (15) 

whereas for eosin and erythrosin: 

                                       a1pK  = OH,1pk  – cb,3logα ;                                                              		  (16)  

                                       a2pK  = COOH,2pk .                                                              			   (17) 

Now, the analysis of the medium effects in microemulsions, app
apKD , presented 

in Table 3, consists in considering the microscopic ionization constants, kp , and 
the corresponding kpD  values. 

Also, it is worthwhile to regard the data obtained in microemulsions for 
some model compounds with a more simple ionization scheme (Fig. 11).  

+
H+

H+

X

X

X

X

O OHHO

Y

X

X

X

X

OHO O

Y

X X

X X

O OO

Y

               H2R
+                                            HR                                                R–

Figure 11. Protolytic conversions of sulfonefluorescein (X = H, Y = SO3
–), 6-hydroxy-

9-phenyl fluorone (X = H, Y = H), ethyl fluorescein (X = H, Y = COOC2H5), n-decyl 
fluorescein (X = H, Y = COO-n-C10H21), ethyl eosin (X = Br, Y = COOC2H5 ), and n-decyl 
eosin (X = Br, Y = COO-n-C10H21).

For fluorescein in cationic microemulsions, TK  = 29; OH,0pk    = 1.45; 
COOH,1pk  = 3.01; OH,2pk   = 5.62. The latter value coincides with the app

aK 2p  = 
OH,2pk    = 5.65 value of sulfonefluorescein at the same bulk ionic strength in 

analogous cationic microemulsion [21]. (The sole difference consists in using 
of CPC instead of CTAB.) The app

aK 1p  =  OH,1pk values of 6-hydroxy-9-phenyl 
fluorone, ethyl fluorescein, and n-decyl fluorescein in the same system are 
lower: 5.04, 5.15, and 5.28 respectively [21]. This should be ascribed to the 
influence of the additional negative charge of the COO– or SO3

– groups in the 
case of fluorescein and sulfonefluorescein, in line with the Bjerrum–Kirkwood–
Westheimer concept [24, 68, 71]. 
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The OH,0pk   values of 6-hydroxy-9-phenyl fluorone, ethyl fluorescein, and 
n-decyl fluorescein are equal to 1.70, 1.13, and 0.94 respectively [21]. In the 
last case, the long hydrophobic hydrocarbon chain ensures complete binding of 
the dye cation to the positively charged surface, and the decrease in OH,0pk    as 
compared to the ‘aqueous’ value of the three last-named dyes and fluorescein 
(3.1) is more expressed, in accordance with Eq. (6). The OH,0pk    = 1.45 and hence 
 OH,0pk∆  = –1.65 values of unsubstituted fluorescein (Y = COOH) are in-between 
those of model compounds with Y = H and Y = COOC2H5. 

The COOH,1pkD  = –0.48 value of fluorescein markedly differs from  OH,2pk∆  
= –1.18. This phenomenon is numerously repeated in all the afore-cited papers 
of our group and should be explained in terms of the ig  values [Eq. (6)]: the 
increase in the aKp  values of carboxylic acids on going from water to non-
aqueous environments is more pronounced as compared with that of phenols 
[68]. This effect may in some cases even overcome the negative contribution 
of the  59/Ψ−  term in Eq.(6). Another reason for the positive app

aK 1pD  value of 
fluorescein in the cationic microemulsion is the rise in a4a : 0.967 against 0.670 
in water. 

For eosin in cationic microemulsions,  OH,1pk  = –1.65; this value agrees 
semi-quantitatively with those for model compounds, ethyl and n-decyl eosin, 
in CPC-based microemulsions:  OH,1pk  = –1.2 to –1.3 [21]. The COOH,2pkD  
= –0.06 value for eosin is much less negative, in accordance with the above-
mentioned peculiarity of the behavior of the carboxylic group on going from 
water to organic environment. Note, that all the kpD s are estimated in respect to 
the thermodynamic values in water. This COOH,2pkD  value is also less negative as 
compared with that of COOH,1pkD  (see above), because other things being equal 
the strength of the anionic acids decreases more noticeably as compared with 
that of the neutral ones [24, 25]. 

The increase in the bulk ionic strength results in the rise of the app
aKp s, 

owing to the shielding of the surface charge of the CTAB-based pseudophase. 
For fluorescein, the app

aK 1p  and app
aK 2p are 5.84 and 6.50 respectively at 1 M KCl 

[26]; the app
aK 0p  = –0.07 value [26] is practically the same as at I = 0.05 M, 

because the cationic form H3R
+ is evidently still located in the bulk, whereas the 

H2R form is uncharged. Only in CTAB micellar solutions at 4 M KCl, app
aK 0p  = 

0.60, app
aK 1p  = 6.41, and app

aK 2p  = 7.17 [71]. 
For eosin, the regularities are quite similar. Here, the app

aK 1p  and app
aK 2p  

values in cationic microemulsions at 1 M KCl and cationic micelles at 4 M KCl 
are 1.74 and 5.27 [26] and 1.83 and 5.76 [71] respectively. 

Earlier, Kibblewhite et al. [54] reported the app
aKp  values for lipoidal 
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derivatives of fluorescein and eosin, fixed in micelles of cationic, anionic, and 
non-ionic surfactants. The long hydrocarbon chain in the 4/-position of the 
phthalic acid residue ensures complete binding of all the dyes species by any 
kind of pseudophase. For cationic micelles both at low and high ionic strength 
the results are rather close to ours. A detailed comparison is hindered by the 
difference of the I values. 

For anionic micelles some data for completely bound lipoidal dyes 
markedly differ from ours. So, for fluorescein in SDS-based microemulsions, 

app
aK 0p  = 2.61, app

aK 1p  = 5.53, and app
aK 2p  = 6.62 (Table 1), while for the lipoidal 

fluorescein in SDS micelles at low ionic strength app
aK 0p  = 3.98, app

aK 1p  = 5.97, 
and app

aK 2p  = 8.84 [54]. The last high app
aK 2p  value reflects the binding of the 

HR– and R2– species to the negatively charged surface: the  59/Ψ−  item in Eq. 
(6) makes a substantial contribution in this case. Correspondingly, the app

aK 1p  = 
8.52 value of n-decyl fluorescein (Fig. 11) in SDS-based microemulsion at I = 
0.05 M [21] is also high.  

5. Conclusions 
The present work was devoted to protolytic equilibria of three common 

hydroxyxanthene luminophores, fluorescein, eosin, and erythrosin, in direct 
‘benzene-in-water’ microemulsions stabilized by pentanol-1 and surfactants: 
cationic (CTAB), anionic (SDS), and non-ionic (Tween 80). The vis-absorption 
spectra of dye species and ‘apparent’ ionization constants (twenty one values) 
were determined at volume fraction of the dispersed phase ϕ  = 0.013 and bulk 
ionic strength I = 0.05 M (KCl + buffer). Conclusions concerning tautomerism 
of the molecular and ionic species were deduced from the spectral data. 

The strong differentiating influence of the dispersed phase of microemulsions 
of different types on the acid-base properties of dyes was explained in terms of 
shifts of tautomeric equilibrium, specificity of microenvironmental effects, and 
selective binding of various dye species to the microdroplets. 

Concluding, the examined microemulsions affect the complicated protolytic 
equilibria of the dissolved hydroxyxanthene dyes practically in the same manner 
as those of simple indicators studied earlier [21, 25]. 
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Chapter 9

Functional polymers forming complexes with metal ions

Michał Cegłowski and Grzegorz Schroeder
Adam Mickiewicz University in Poznań, Faculty of Chemistry, 

Umultowska 89b, 61-614 Poznań, Poland

1. Introduction
Polymer chemistry is among the most important disciplines of material 

science. Innovative monomer design and a wide range of synthetic strategies 
allow production of polymers of unique properties. Also over the last two decades, 
a variety of methods allowing performance of chemical reactions on already 
polymerized macromolecules have been developed. Many industrially important 
polymers that possess catalytically active or other functional groups are obtained 
by the reaction of a polymer chain with an appropriate functionalizing agent [1].

Functional polymers show specific properties such as adhesion, repellence, 
pH-stability, anti-corrosion etc. Their quality and advanced attributes make them 
materials with almost unlimited potential of application. The term functional 
polymer has two meanings:

•	 a polymer that includes in its structure a functional organic group that is 
ready to be involved in chemical reactions,

•	 a polymer showing specific properties and thus be able to be used for a 
particular purpose for which it has been designed [2].

Coordination compound consists of an central atom or ion that is surrounded 
by anions or molecules with which it is joined by chemical bonds. The groups 
that are bonded to the central metal or ion are known as ligands. The chemical 
bonds that connect central atom or ion with ligands are coordinate or coordinate-
covalent in character. The coordination compounds include e.g. biological 
substances such as vitamin B12 or hemoglobin and synthetic compounds such as 
dyes, pigments and catalysts [3].

A polymer-metal complex is composed of a polymer and a metal atom or 
ion, which forms a coordinate bond with a polymer donor site. Such donor sites, 
which usually contain atoms such as nitrogen, sulfur or oxygen, are introduced 
by polymerization of appropriate monomer or by chemical functionalization 
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of a polymer chain with a molecule that is capable of forming coordination 
compounds. Polymer-metal complexes have found application as heterogeneous 
catalysts [4, 5], chelating resins for water treatment [6-8] or recovery of trace 
metal ions [9, 10], hydrometallurgy [11, 12] and polymeric carries of diagnostic 
agents [13].

2. Structure and synthesis of polymer-metal complexes
The functional polymers that form complexes with metal ions can be 

classified in many ways based on method of synthesis, structure or their principal 
use. The methods of synthesis include making a complex between a polymeric 
ligand and a metal ion and polymerization of a monomer that already contains 
a metal ion.

2.1. Reaction of polymeric ligand with metal ion
In water a metal ion forms hydrated ions or complex compounds with different 

molecules. To bind a metal ion from a solution, a polymer ligand must make 
more stable complex than the ions or neutral molecules. The nature of the ligand 
and the strength of bond formed with the metal ion is therefore the fundamental 
issue in every extraction system. The ligands may be classified according to 
the characteristic functional groups and/or donor atoms incorporated in their 
structure. The most commonly used ligands are presented in Table 1. It is worth 
noticing that some polymers may contain a mixed ligand system to improve their 
chelating properties or enhance selectivity towards a particular ion. 

Table 1. Commonly used polymer ligands.

Coordinating 
group Structure of polymer ligand unit

Alcohols

Carbocylic 
acids
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Coordinating 
group Structure of polymer ligand unit

Ketones, ester, 
amides

Thiols

Amines

Pyridines

Bipyridines
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Coordinating 
group Structure of polymer ligand unit

Terpyridines

Pyrazoles, 
imidazoles

Schiff bases

Phosphoric 
acids

Sulfonic acids
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The reactions between a polymeric ligand and a metal ion can be divided 
into two groups depending on the structure obtained. The first group are pendant 
metal complexes, whereas the second groups are inter/intra-molecular complexes 
[14].

Pendant metal complexes can be classified as monodentate or polydentate 
complexes depending on the kind of ligand attached to the polymer chain. If the 
ligand has one donor site it can form monodentate complexes, if it has multiple 
donor sites it can form polydentate complexes with metal ions.

In the monodentate polymer-metal complexes the ligand donor site 
occupies one coordinate site of the metal ion, whereas other coordination sites 
are usually occupied by low-molecular weight anions. If a ligand has several 
coordination sites it is possible to obtain monodentate complex by appropriate 
tuning the polymer/metal ratio. If a large excess of metal ion is used, it is highly 
probable that all donor sites form coordination compounds with only one metal 
ion, resulting in a monodentate polymer-metal complexes. An example of a 
monodentate polymer-metal complex is presented in Figure 1.

Figure 1. An example of a monodentate polymer-metal complex.

Polydentate ligands are more widespread in polymer-metal complexes. 
These complexes are usually more stable than those formed by monodentate 
ligands and have well-defined coordination structure. This is the reason why 
most of chelating resins possess in their structure a polydentate ligand. An 
exemplary polydentate polymer-metal complex is presented in Figure 2 [15].
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Figure 2. An example of a polydentate polymer-metal complex.

When a metal ion has four or six coordination binding sites, it can create 
bonds with different ligands that are attached to the main polymer chain or even 
ligands that are connected to different polymer chains. The first complex type 
is called intra-polymer chelate, whereas the second one is called inter-polymer 
chelate. A schematic presentation of these two types of polymer-metal complexes 
is given in Figure 3.

Figure 3. Schematic representation of intra- and inter-polychelates. 

From the experimental point of view it is very difficult to distinguish whether 
a particular polymer-metal complex has an inter- or intra-molecular bridging. In 
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many examples the product obtained is a mixture of inter and intra-chelates. If 
the intra-chelate complex, predominates in the overall structure, the product of 
the reaction is usually insoluble and precipitate from the reaction mixture.

2.2. Polymerization of monomer-metal complexes
This method of synthesis is used to prepare polymer-metal complexes with 

well-defined coordination structure. The materials obtained are frequently used 
as heterogeneous catalysts or redox centres. The polymers are usually prepared 
by radical or ionic polymerization.

Figure 4 presents an exemplary monomer and polymer obtained by the method 
of polymerization. The polymer was prepared using controlled polymerization by 
employing the reversible addition–fragmentation chain transfer polymerization 
(RAFT) with cumyl dithiobenzoate as a chain transfer agent. The obtained side-
chain cobaltocenium containing polymer was a metal-containing polyelectrolyte 
that showed characteristic redox behaviour of cobaltocenium [16].

Figure 4. Synthesis of side-chain cobaltocenium-containing polymer.

3. Applications of polymeric ligand systems
3.1. Ion removal

Chelating polymers are used for removal or selective adsorption of heavy 
metal ions. In many industries, such as mining, hydrometallurgical processes 
and processes of removal of pollutants it is essential to recover specifically a 
particular ion. By using appropriate chelating polymer it is possible to reduce 
overall consumption of energy and materials in this process. Chelating resins are 
used on a very large scale in water-softening to replace calcium and magnesium 
ions with monovalent ions.

Removal of Ca, Mg, Pb, Zn metals present as pollutants in Ag-NaCl 
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solution was conducted on a Lewatit TP-260 ion exchange resin. This resin is an 
amphoteric aminomethylphosphonic polymer, capable of forming high-affinity 
complexes with divalent metal ions. Successful separation was achieved in both 
counter-current and cross-current configurations. Silver was collected in over 
99% purity with practically 100% yield. Column efficiency and the liquid to solid 
flow rate ratio were found to have strong influence on the process performance. 
It was shown that counter-current simulated moving-bed process can be used for 
purification of precious metal solutions with overall high yield [17].

Purolite S930 chelating resin, a macroporous polystyrene based chelating 
resin with iminodiacetic groups, was used for adsorption of copper and nickel, 
from the pulps being side products of the leaching of low-grade sulfide ores. At 
the solution pH of around 3, the copper, nickel, and cobalt recovery for a long 
contact time exceeded 99%. Unfortunately it was established that in the presence 
of silicic acid in the pulp the rate of recovery of the metals decreased. To ensure 
high recovery, sorption was carried out at a temperature increased to around 
50°C [18].

Uranium mining and hydrometallurgical processes produce a large number 
of uranium waste water, which can be a serious threat to the environment. 
Polyamidoamine modified poly(styrene-co-divinylbenzene) absorbents carrying 
phosphorus functional groups were prepared and used as adsorbents for adsorption 
of uranium(VI) from aqueous solution. The maximum adsorption capacity of 
99.89 mg/g was observed at pH 5 and the initial uranium concentration of 100 
mg/L. The adsorbent obtained has been used repeatedly and adsorption and 
desorption percentage did not show any noticeable decline after 27 cycles [19].

The adsorption properties of chelating polymer obtained by modification 
of commercially available ammoniated polystyrene beads with P,P-
dichlorophenylphosphine oxide toward U(VI) were evaluated using the batch 
adsorption method. The maximum adsorption rate of U(VI) of 99.72% was 
noted at 318 K and pH 5. The U(VI) adsorption capacity increased with contact 
time and attained equilibrium within 4 h [20].

An ion exchange polymer was obtained by immobilization of Kemp’s 
triacid derivatives onto a TentaGel resin. The chelating module was shown to 
form a 1 : 1 complex with the uranyl ion in solution. The new polymer was 
completely recyclable with no detectable aging and showed unusual activity 
for a carboxylate ligand in solutions of high ionic strength. The resins uranyl 
extraction efficiency was maintained even in the seawater [21].

The concentration of thorium isotopes in seawater is a key parameter in 
investigation of marine biogeochemical cycles, because they are important 
tracers for collecting information on the suspended particulate matter dynamics 
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in the ocean. Their concentration in seawater is extremely low (few fg per kg), 
therefore co-precipitation methods have been widely used for preconcentration 
of its radioisotopes. DIAION CR-20 chelating resin, which has a polyamine 
group as a chelating ligand bonded onto a highly porous crosslinked polystyrene 
matrix, was used to recover thorium isotopes that co-precipitate with iron 
hydroxide. Using the proposed method, the time of preconcentration for 5 L 
seawater samples was markedly reduced from a few days to 3–4 h [22].

The adsorption of Th(IV) and U(VI) was studied on chelating resin 
synthesized through copolymerization of glycidyl methacrylate in the presence of 
divinylbenzene followed by further immobilization with 3,4,5-trihydroxybenzoic 
acid. The novel chelating resin showed a high capacity for Th(IV) and U(VI), 
maximum adsorption of Th(IV) and U(VI) was 56 and 83.6 mg/g, respectively. 
The adsorption of Th(IV) and U(VI) was found to proceed according to pseudo 
second order kinetics, indicating the influence of textural properties of resin on 
the rate of adsorption [23].

Poly(amido)amine dendron was grown on the surface of styrene 
divinylbenzene by the divergent polymerization method. This new polymer has 
been investigated in liquid–solid extraction of thorium. The maximum adsorption 
capacity of thorium ions was determined to be 36.2 mg/g at 298 K [24].

A chelating ion resin, prepared by functionalization of Merrifield resin with 
2,2′-pyridylimidazole, was used to selectively adsorb and separate nickel from 
other metal ions from their solutions. Even in highly acidic sulfate solution, this 
adsorbent’s efficiency was pretty high with loading capacities in the range 56–79 
mg Ni/g resin [25].

Separation of cobalt from mixed-waste mobile phone batteries containing 
LiCoO2 cathodic active material was investigated using selective precipitation 
and chelating resin. Chelating resin was synthesized by polymerization of 
acrylonitrile followed by amidoximation reaction. Physically cross-linked gel 
of polyacrylonitrile was obtained by a cooling technique. Cobalt was recovered 
from the active powder materials containing 47% Co oxide together with Mn, 
Cu, Li, Al, Fe, and Ni oxides [26].

Poly(1,3-thiazol-2-yl methacrylamide-co-4-vinylpyridine-co-divinylbenzene) 
was prepared and used as a sorbent for the solid-phase extraction of Cr(VI). The 
adsorption capacity and binding equilibrium constant were calculated to be 80.0 
mg/g and 0.018 L/mg, respectively. The polymer was applied as a sorbent for 
chromium from stream water and waste water samples [27].

Sorption properties of Presep® PolyChelate resin, which is chelate resin 
modified with carboxymethylated polyethylenimine were examined. This material 
showed excellent sorption potential for the solid-phase extraction of the Cd, Co, 
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Cu, Fe, Mo, Ni, Pb, V and Zn elements. The resin’s performance was superior to 
other commercially available aminocarboxylic acid-type chelating resins [28].

A solid phase preconcentration method has been developed using a new 
chelating resin prepared by immobilization of 4-(2-thiazolylazo)resorcinol 
on Chromosorb 106 polymer. The method was optimized for determination 
of rare earth elements in seawater and estuarine water samples by inductively 
coupled plasma mass spectrometry. The resin shows large sorption capacity for 
lanthanides ranging from 81.1 μmol/g for Lu and 108 μmol/g for Nd [29].

Chelating terpolymer resin was synthesized from anthranilic acid, 2-amino 
pyridine and formaldehyde. The chelating properties of the terpolymer resin 
were evaluated by the batch equilibrium method for Fe3+, Co2+, Ni2+, Cu2+, Zn2+ 
and Pb2+. It was established that the resin acted as an excellent cation-exchanger. 
Compared to the commercially available phenolic and polystyrene resins, the 
resin obtained showed an excellent ion-exchange capacity with the selected 
metal ions [30].

Polyacrylonitrile fiber with a chelating ligand was obtained by grafting 
fibers with iminodiacetic acid. The material obtained showed good potential for 
enrichment of trace amount of Nd(III) from large sample volumes. The sorption 
capacity of functionalized resin was 8.9 mg/g. The profile of Nd(III) uptake on the 
sorbent proved good accessibility of the chelating sites in the modified fibers [31].

Polyacrylonitrile-2-aminothiazole resin was synthesized by simple reaction 
of polyacrylonitrile beads with 2-aminothiazole. The functional group capacity 
and the percentage conversion of the functional group of the polymeric material 
prepared under the optimum conditions were 3.94 mmol/g and 41.10%, 
respectively. The resin shows much better adsorption capacity of 454.9 mg/g 
towards Hg(II) than towards other metal ions. This chelating polymer could be 
regenerated through the desorption of Hg(II) anions using nitric acid solution to 
be reused [32].

3.2. Catalytic properties
The role of catalysts is to increase the rate of chemical reaction without 

being consumed. Catalyst are divided into homogenous or heterogeneous ones. 
The former are used as solutions, whereas the latter are usually used in solid 
state. The advantage of heterogeneous catalysts is the ease of their separation 
from the products.

Catalytic activity of a heterogeneous catalyst, obtained by adsorption 
of Cu(II) ions onto a macroporous chelating polymer, functionalized with 
diethylenetriamine, was examined in decolorization and mineralization of 
Orange G dye in aqueous solutions with hydrogen peroxide. The catalyst obtained 
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showed good stability and was efficient for the decolorization and mineralization 
of Orange G dye under mild reaction conditions. Complete color removal for 
the dye concentration of 50 mg/L was achieved in 30 min at 24°C and in 15 min 
at 50°C. The heterogeneous catalyst tested is a cost effective alternative for the 
treatment of wastewaters containing Orange G dye [33].

A tetradentate Schiff base, obtained from triethylenetetramine and 
salicylaldehyde, has been covalently bonded to divinylbenzene cross-linked 
chloromethylated polystyrene. After the reaction with CuCl2, CoCl2 and NiCl2, 
appropriate polymer-bound transition metal complexes have been obtained. 
The catalytic activities of these polymeric complexes were tested for the liquid-
phase oxidation of olefins using hydrogen peroxide as the oxidant. Excellent 
yield and selectivity of these catalysts toward the oxidation of olefins were 
observed. The catalysts were found to exhibit higher catalytic activity than those 
of the corresponding neat complexes. Figure 5 presents the structure of catalysts 
obtained [34].

Figure 5. Structure of polymer-anchored Schiff base complex [34].

Catalyst for the Huisgen’s [3+2] azide-alkyne cycloaddition have been 
prepared by immobilization of copper(I) on commercially available polymers 
functionalized with 1,5,7-triazabicyclo[4.4.0]dec-5-ene. The new catalytic 
systems enabled development of regioselective, convergent, operationally 
simple and efficient three-component transformations that allow rapid assembly 
of 1,2,3-triazoles from simple and readily available starting materials. Figure 6 
presents the structure of the functional polymer obtained [35].
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Figure 6. The polymeric catalysts for the Huisgen’s [3+2] azide-alkyne cycloaddition 
[35].

An amphiphilic block copolymer (Figure 7) bearing a chelating N,N-
dipyrid-2-ylamide-based ligand was prepared via ROMP using a Mo-based 
Schrock initiator. Functionalization with Rh(I) yielded a polymer catalyst that 
was used for the hydroformylation of 1-octene under micellar conditions. The 
use of a micellar catalyst was found to favor the formation of n-aldehyde by 
suppressing the isomerization propensity of a catalyst. The use of the micellar 
setup allows to reuse the polymeric catalyst and reduce the metal contamination 
of the products [36].

Figure 7. Structure of polymer-rhodium hydroformylation catalyst [36].

Molecularly imprinted polymer beads have been prepared by polymerization 
of methacryloylhistidine complexes with Co2+, Ni2+ or Zn2+ (Figure 8) and applied 
as catalyst in the hydrolysis of paraoxon which is an organophosphate ester that 
is used as a pesticide. The catalytic performance of polymers having Co2+, Ni2+ 
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or Zn2+ ions was evaluated according to the enzyme kinetic model of Michaelis–
Menten and their activities were compared to each other. The use of polymers 
of methacryloylhistidine complexes with Co2+, Ni2+, or Zn2+ ions provided an 
increase in the hydrolysis rate by a factor of 356, 241, and 95, respectively, with 
respect to that in non-catalyzed media that contained only buffer [37].

Figure 8. The structure of monomeric methacryloylhistidine complexes with Co2+, Ni2+, 
or Zn2+ [37].

3.3. Biocide properties
The advantages offered by antimicrobal polymers over their low molecular 

weight analogues include a reduction of agents residual toxicity, increased 
efficiency and selectivity and prolonged lifetime. Moreover, these materials are 
non-volatile, chemically stable and do not permeate through skin [1].

 Polymer-bound Schiff bases and Cr(III) complexes have been synthesized by 
the reaction of 4-benzyloxybenzaldehyde, polymer-bound with 2-aminophenol, 
2-amino-4-chlorophenol and 2-amino-4-methylphenol. The structures of polymer-
metal complexes are presented in Figure 9. All these compounds have also 
been investigated for antibacterial activity by the well-diffusion method against 
Staphylococcus aureus (RSKK-07035), Shigella dysenteria type 10 (RSKK 
1036), Listeria monocytogenes 4b(ATCC 19115, Escherichia coli (ATCC 1230), 
Salmonella typhi H (NCTC 901.8394), Staphylococcus epidermis (ATCC 12228), 
Brucella abortus (RSKK-03026), Micrococcs luteus (ATCC 93419, Bacillus 
cereus sp., Pseudomonas putida sp. and for antifungal activity against Candida 
albicans (Y-1200-NIH). Polymer-bound Schiff bases and their Cr(III) complexes 
have proven to possess moderate or high activity against examined germs except 
S. dysenteria type 10. According to the results of biological activity, the polymers 
obtained may be used in various applications as antimicrobial agents [38].
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Figure 9. Structure of polymer-bound Schiff bases Cr(III) complexes [38].

A terpolymer involving 2-amino-6-nitrobenzothiazole, melamine, and 
formaldehyde has been synthesized in the presence of dimethyl formamide 
medium. The polymer obtained was used to prepare complexes with Cu2+, Ni2+ 
and Zn2+ ions, whose structure is presented in Figure 10. The antibacterial activity 
of the terpolymer and its Cu(II), Ni(II), and Zn(II) complexes was determined 
by the disc diffusion method with Amoxicillin as the standard antibiotic. The 
prepared compounds were tested against S. sonnei, E. coli, Klebsiella species, 
S. aureus, B. subtilis, and S. typhimurium microbes. The studies showed that the 
ligand and its metal chelates stronger inhibit the growth of E. coli, Klebsiella 
species, and B. subtilis, whereas the inhibition of the growth of S. sonnei, S. 
aureus, and S. typhimurium was at a reasonable level [39].

Phenylthiourea–formaldehyde polymer has been synthesized via 
polycondensation of phenylthiourea and formaldehyde in basic medium. The 
corresponding metal complexes were prepared with Mn(II), Co(II), Ni(II), 
Cu(II) and Zn(II) ions (Figure 11). The antibacterial activity of the polymer-
metal complexes obtained was tested against Bacillus subtiis, B. megaterium, 
S. aureus, E. coli, P. aeruginosa and S. typhi using agar well diffusion method, 
whereas their antifungal activity was examined against C. albicans, T. species, 
A. flavus, A. niger, F. species, and M. species. All synthesized polymers showed 
excellent antimicrobial activity against several bacteria and fungi. The polymer-
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Cu(II) complex showed the highest antibacterial as well as antifungal activity, 
interpreted as related to a higher stability constant of Cu(II) ions [40].

Figure 10. Proposed structure of terpolymer-metal complexes [39].

Figure 11. Structure of phenylthiourea–formaldehyde polymer complexes with metal ions 
[40].
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4. Conclusions
Complexes of polymers with metal ions have been widely investigated to 

understand the relationship between the structure of polymer-metal complex and 
its chemical properties. The progress in such investigation has been possible 
thanks to the fact that much information about the structure and properties of 
polymer-metal complexes can be obtained by analytical methods such as UV-
VIS, EPR, NMR, IR or CD spectroscopy and measuring redox potentials. For 
further development more detailed studies of polymer-metal complexes should 
be undertaken, including examination of higher-order structure of polymer 
and dynamic changers in the structure of polymer ligand, determination of 
configuration within the coordination sphere and stability of the complex formed.

Acknowledgements
This work was supported by the Polish National Science Center (NCN; decision 
no. DEC-2012/05/N/ST5/01274).

References
1.	 B.L. Rivas, E. Pereira, A. Maureira, Functional water-soluble polymers: 

polymer–metal ion removal and biocide properties, Polym. Int., 58 
(2009) 1093-1114.

2.	 K. Horie, M. Barón, R.B. Fox, J. He, M. Hess, J. Kahovec, T. Kitayama, 
P. Kubisa, E. Maréchal, W. Mormann, R.F.T. Stepto, D. Tabak, J. 
Vohlídal, E.S. Wilks, W.J. Work, Definitions of terms relating to 
reactions of polymers and to functional polymeric materials (IUPAC 
Recommendations 2003), Pure Appl. Chem., 76 (2004) 889-906.

3.	 T. Kaliyappan, P. Kannan, Co-ordination polymers, Prog. Polym. Sci., 
25 (2000) 343-370.

4.	 S.B. Kim, R.D. Pike, D.A. Sweigart, Multifunctionality of 
Organometallic Quinonoid Metal Complexes: Surface Chemistry, 
Coordination Polymers, and Catalysts, Acc. Chem. Res., 46 (2013) 
2485-2497.

5.	 H. Jiang, J. Jiang, H. Wei, C. Cai, Heterogeneous Cyanation Reaction of 
Aryl Halides Catalyzed by a Reusable Palladium Schiff Base Complex 
in Water, Catal. Lett., 143 (2013) 1195-1199.

6.	 X. Ma, Y. Li, Z. Ye, L. Yang, L. Zhou, L. Wang, Novel chelating resin 
with cyanoguanidine group: Useful recyclable materials for Hg(II) 
removal in aqueous environment, J. Hazard. Mater., 185 (2011) 1348-
1354.



201

Functional polymers forming complexes with metal ions

7.	 P.K. Neghlani, M. Rafizadeh, F.A. Taromi, Preparation of aminated-
polyacrylonitrile nanofiber membranes for the adsorption of metal ions: 
Comparison with microfibers, J. Hazard. Mater., 186 (2011) 182-189.

8.	 C. Sun, G. Zhang, R. Qu, Y. Yu, Removal of transition metal ions 
from aqueous solution by crosslinked polystyrene-supported bis-8-
oxyquinoline-terminated open-chain crown ethers, Chem. Eng. J. 
(Lausanne), 170 (2011) 250-257.

9.	 E. Moazzen, H. Ebrahimzadeh, M.M. Amini, O. Sadeghi, A high 
selective ion-imprinted polymer grafted on a novel nanoporous material 
for efficient gold extraction, J. Sep. Sci., 36 (2013) 1826-1833.

10.	 K.R. Desai, Z.V.P. Murthy, Removal of silver from aqueous solutions 
by complexation–ultrafiltration using anionic polyacrylamide, Chem. 
Eng. J. (Lausanne), 185–186 (2012) 187-192.

11.	 M.J. Hudson, M.J. Shepherd, Selective extraction and separation 
of metals especially silver (and copper) using poly(2-S-vinyl-1,3,4-
thiadiazole-5-thiol), Hydrometallurgy, 9 (1983) 223-234.

12.	 C.O. Giwa, M.J. Hudson, Extraction of metals using poly[N-
(dithiocarboxylato)-iminoethenehydrogenoiminioethene], Hydrometallurgy, 
8 (1982) 65-75.

13.	 T.K. Bronich, S. Bontha, L.S. Shlyakhtenko, L. Bromberg, T. Alan 
Hatton, A.V. Kabanov, Template-assisted synthesis of nanogels from 
Pluronic-modified poly(acrylic acid), J. Drug Targeting, 14 (2006) 357-
366.

14.	 E. Tsuchida, H. Nishide, Polymer-metal complexes and their catalytic 
activity, in:  Molecular Properties, Springer Berlin Heidelberg, 1977, 
pp. 1-87.

15.	 X. Liang, Y. Su, Y. Yang, W. Qin, Separation and recovery of lead 
from a low concentration solution of lead(II) and zinc(II) using the 
hydrolysis production of poly styrene-co-maleic anhydride, J. Hazard. 
Mater., 203–204 (2012) 183-187.

16.	 Y. Yan, J. Zhang, Y. Qiao, C. Tang, Facile Preparation of Cobaltocenium-
Containing Polyelectrolyte via Click Chemistry and RAFT 
Polymerization, Macromol. Rapid Commun., 35 (2014) 254-259.

17.	 S. Virolainen, I. Suppula, T. Sainio, Continuous ion exchange for 
hydrometallurgy: Purification of Ag(I)–NaCl from divalent metals with 
aminomethylphosphonic resin using counter-current and cross-current 
operation, Hydrometallurgy, 142 (2014) 84-93.

18.	 V.I. Kuz’min, D.V. Kuz’min, Sorption of nickel and copper from leach 
pulps of low-grade sulfide ores using Purolite S930 chelating resin, 



202

Michał Cegłowski and Grzegorz Schroeder

Hydrometallurgy, 141 (2014) 76-81.
19.	 Q. Cao, Y. Liu, C. Wang, J. Cheng, Phosphorus-modified poly(styrene-

co-divinylbenzene)–PAMAM chelating resin for the adsorption of 
uranium(VI) in aqueous, J. Hazard. Mater., 263, Part 2 (2013) 311-321.

20.	 Q. Cao, Y. Liu, X. Kong, L. Zhou, H. Guo, Synthesis of phosphorus-
modified poly(styrene-co-divinylbenzene) chelating resin and its 
adsorption properties of uranium(VI), J. Radioanal. Nucl. Chem., 298 
(2013) 1137-1147.

21.	 A.C. Sather, O.B. Berryman, J. Rebek, Selective recognition and 
extraction of the uranyl ion from aqueous solutions with a recyclable 
chelating resin, Chemical Science, 4 (2013) 3601-3605.

22.	 A. Okubo, H. Obata, M. Magara, T. Kimura, H. Ogawa, Rapid collection 
of iron hydroxide for determination of Th isotopes in seawater, Anal. 
Chim. Acta, 804 (2013) 120-125.

23.	 S. Sadeek, M. El-Sayed, M. Amine, M. Abd El-Magied, A chelating resin 
containing trihydroxybenzoic acid as the functional group: synthesis 
and adsorption behavior for Th(IV) and U(VI) ions, J. Radioanal. Nucl. 
Chem., (2013) 1-8.

24.	 [P. Ilaiyaraja, A. Deb, K. Sivasubramanian, D. Ponraju, B. Venkatraman, 
Removal of thorium from aqueous solution by adsorption using 
PAMAM dendron-functionalized styrene divinyl benzene, J. Radioanal. 
Nucl. Chem., 297 (2013) 59-69.

25.	 A.I. Okewole, E. Antunes, T. Nyokong, Z.R. Tshentu, The development 
of novel nickel selective amine extractants: 2,2′-Pyridylimidazole 
functionalised chelating resin, Miner. Eng., 54 (2013) 88-93.

26.	 S. Badawy, A.A. Nayl, R.A. El Khashab, M.A. El-Khateeb, Cobalt 
separation from waste mobile phone batteries using selective 
precipitation and chelating resin, J Mater Cycles Waste Manag, (2013) 
1-8.

27.	 [O. Hazer, D. Demir, Speciation of Chromium in Water Samples by 
Solid-Phase Extraction on a New Synthesized Adsorbent, Anal. Sci., 29 
(2013) 729-734.

28.	 S. Kagaya, Y. Saeki, D. Morishima, R. Shirota, T. Kajiwara, T. Kato, M. 
Gemmei-Ide, Potential of Presep® PolyChelate as a Chelating Resin: 
Comparative Study with Some Aminocarboxylic Acid-type Resins, 
Anal. Sci., 29 (2013) 1107-1112.

29.	 F. Zereen, V. Yilmaz, Z. Arslan, Solid phase extraction of rare earth 
elements in seawater and estuarine water with 4-(2-thiazolylazo) 
resorcinol immobilized Chromosorb 106 for determination by 



203

Functional polymers forming complexes with metal ions

inductively coupled plasma mass spectrometry, Microchem. J., 110 
(2013) 178-184.

30.	 R.S. Azarudeen, R. Subha, D. Jeyakumar, A.R. Burkanudeen, Batch 
separation studies for the removal of heavy metal ions using a chelating 
terpolymer: Synthesis, characterization and isotherm models, Sep. 
Purif. Technol., 116 (2013) 366-377.

31.	 H.B. Sadeghi, H.A. Panahi, M. Abdouss, B. Esmaiilpour, M.N. 
Nezhati, E. Moniri, Z. Azizi, Modification and characterization of 
polyacrylonitrile fiber by chelating ligand for preconcentration and 
determination of neodymium ion in biological and environmental 
samples, J. Appl. Polym. Sci., 128 (2013) 1125-1130.

32.	 C. Xiong, Q. Jia, X. Chen, G. Wang, C. Yao, Optimization of 
Polyacrylonitrile-2-aminothiazole Resin Synthesis, Characterization, 
and Its Adsorption Performance and Mechanism for Removal of Hg(II) 
from Aqueous Solutions, Ind. Eng. Chem. Res., 52 (2013) 4978-4986.

33.	 V. Dulman, S.M. Cucu-Man, R.I. Olariu, R. Buhaceanu, M. Dumitraş, 
I. Bunia, A new heterogeneous catalytic system for decolorization and 
mineralization of Orange G acid dye based on hydrogen peroxide and a 
macroporous chelating polymer, Dyes Pigm., 95 (2012) 79-88.

34.	 S. Islam, M. Mobarok, P. Mondal, A. Roy, N. Salam, D. Hossain, S. 
Mondal, Use of immobilized transition metal complexes as recyclable 
catalysts for oxidation reactions with hydrogen peroxide as oxidant, 
Transition Met. Chem. (London), 37 (2012) 97-107.

35.	 A. Coelho, P. Diz, O. Caamaño, E. Sotelo, Polymer-Supported 
1,5,7-Triazabicyclo[4.4.0]dec-5-ene as Polyvalent Ligands in the 
Copper-Catalyzed Huisgen 1,3-Dipolar Cycloaddition, Adv. Synth. 
Catal., 352 (2010) 1179-1192.

36.	 G.M. Pawar, J. Weckesser, S. Blechert, M.R. Buchmeiser, Ring opening 
metathesis polymerization-derived block copolymers bearing chelating 
ligands: synthesis, metal immobilization and use in hydroformylation 
under micellar conditions, Beilstein J. Org. Chem., 6 (2010) 28.

37.	 M. Erdem, R. Say, A. Ersöz, A. Denizli, H. Türk, Biomimicking, 
metal-chelating and surface-imprinted polymers for the degradation of 
pesticides, React. Funct. Polym., 70 (2010) 238-243.

38.	 C. Selvi, D. Nartop, Novel polymer anchored Cr(III) Schiff base 
complexes: Synthesis, characterization and antimicrobial properties, 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 
95 (2012) 165-171.

39.	 M.A.R. Ahamed, A.R. Burkanudeen, Thiazole-Based Novel Terpolymer 



204

Michał Cegłowski and Grzegorz Schroeder

Ligand and Its Transition Metal Complexes: Thermal and Biological 
Studies, Adv. Polym. Technol., 32 (2013) 21376.

40.	 T. Ahamad, S.M. Alshehri, Physiochemical characterization and 
antimicrobial evaluation of phenylthiourea–formaldehyde polymer 
(PTF) based polymeric ligand and its polymer metal complexes, 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 
108 (2013) 26-31.



205

„New trends in supramolecular chemistry”  
Edited by Volodymyr I. Rybachenko

Donetsk 2014, East Publisher House, ISBN 978-966-317-208-8

Chapter 10

Application of dilational rheology for analyze the properties 
of interfacial layers supramolecular systems

Svetlana Khil’ko and Volodymyr Rybachenko
L.M. Litvinenko Institute of Physical-Organic and Coal Chemistry, 
National Academy of Sciences of Ukraine, R. Luxemburg Street 70, 

Donetsk 83114, Ukraine

Introduction
The rheological characteristics of the surface are important for a wide range 

of systems - from pure liquids unto colloidal systems (emulsions, suspensions, 
foams). However, these research are particularly important for rheological 
properties of interfacial layers surfactant, including proteins, surfactants 
polymers, surfactant mixture, supramolecular systems [1].

Interfacial layers may be organized spontaneously at interfaces as a result of 
adsorption of the surfactant from solutions. Furthermore, the interfacial layers 
may be formed artificially by mechanical means - by coating an insoluble film on 
the surface of the liquid surfactant phase. The thickness of the interfacial layer 
does not exceed a few tens of nanometers, so they belong to the two-dimensional 
systems.

Important sources of information on the structure and properties interfacial 
layers of surfactants are their rheological characteristics. Comparison of the 
rheological properties of interfacial layers with their composition and internal 
structure determines the selection and optimization of their composition for 
various practical applications.

These layers of surfactants are characterized by certain mechanical 
properties, the most significant of which are the elasticity and viscosity. These 
properties are caused by the ability of the surfactant molecules to interact with 
each other and form a structured adsorption layers.

Modern experimental methods for studying the rheological properties of 
interfacial layers at interfaces belong to the two-dimensional (2D) rheology. 
There are two groups of methods of two-dimensional 2D rheology. This 
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rotational viscosity measurement methods modulus at imposing strain shear and 
dilatational rheology measurement when applied strain tension-compression. 
Increasingly used methods found dilated rheology. These methods are used 
in modern laboratory practice and implemented in the form of original and 
commercial devices [2].

Experimental
The bases of the dilatational rheology measurement of the interfacial layer 

are dynamic interfacial tension oscillations in the surfactant solution drops.
Principle of the method of a hanging drop consists in the precise determination 

of the droplet shape and the description of its equation of capillarity Gauss-
Laplace (Fig. 1). Principle of the method is described in [3, 4].

a          b
Figure 1. Drop (a) and its coordinate (b - points); curves calculated for different values 
of surface tension.

Measurement scheme of the viscoelastic properties of the interfacial layer 
by the oscillating drop method is shown in Fig. 2 and 3. The method is based on 
measuring of the capillary pressure during the oscillations of the drop.

Figure 2. Scheme of the measuring cell:
1 – aqueous surfactant solution, 
2 – the non-polar liquid / air, 
3 – drop, 
4 – piezo, 
5 – pressure sensor
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After reaching adsorption equilibrium area A drop undergoes periodic 
sinusoidal deformation (oscillation) of small amplitude ΔA / A = ± 7-8%, with 
frequencies in the range f = 0,005 - 0,2 Hz. With this action on the droplet surface 
is continuously recorded and the surface tension is calculated complex modulus 
of viscoelasticity (| E |, mN / m) and phase angle φ  (angle of lag) (Fig. 4).

Figure 3. The general scheme of the measurement of the viscoelastic properties of the 
interfacial layer by the method of oscillating drops: 1 – measuring cell, 2 – a video 
camera, 3 – light source, 4 – metering device 5 – computer.

Methods shapes of the drop or bubble are demonstrated the dependence 
of the surface tension from the droplet size or bubble. This dependence can 
lead to errors in determining the viscoelasticity modulus and the phase angle. 
In Tensiometer PAT-2P uses a new design procedure described in [4], which 
significantly reduces the dependence of the surface tension of the drop or bubble 
from volume. Assessing the impact of this error on the values of the rheological 
parameters was done in [5]. The error in determining module viscoelasticity 
using PAT-2P less than 0.4 mN/m.

Dilatational viscous modulus (Ei, mN/m) characterizes the phase lag between 
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the dependences of the surface tension changes from time to time, γ(t), and the 
droplet surface area change from time to time, A(t). The dilatational elasticity 
modulus (Er, mN/m) is proportional to the amplitude dependence of γ(t) (Fig. 4) 
[6, 7]. Dilatational modulus reflects the accumulation of energy and the modulus 
of viscosity reflects energy loss in the surface layer. These values are associated 
with the processes of adsorption↔desorption surfactant in the surface layer when 
applied deformation “expansion↔compression”. A tensile droplet increases the 
surface area of the interface, wherein a portion of the surfactant molecules from 
the surface layer reaches the surface (adsorption). When compressing drops part 
of the surfactant molecules are leaving the surface layer (desorption) – Fig. 5.

Figure 4. Determination of rheological properties of the surface layers of surfactant with 
help method of dilatational rheology.

Modules of dilatational elasticity and viscosity can characterize the degree 
of order in the surface layer, the ability to interactions between the surfactant 
molecules, and the degree of filling of the surface layer due to adsorbtion and 
desorption of surfactants.
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Figure 5. Scheme processes «adsorption↔desorption» of the surfactants at the interface 
during deformation «expansion ↔ compression.» Image was taken from [8].

Module viscoelasticity (mN/m) characterizes the viscoelastic properties 
of the surface layers of surfactants and takes into account all the relaxation 
processes affecting the surface tension γ. At low amplitude harmonic oscillations 
ΔA surface with an angular frequency ω = fπ2 , )2exp( ftiAA πD=D  the expression 
for the dilatational module viscoelasticity has the form [9]:

                                               Alnd
d

A/A
E

0

g=
D

gD= 				  
						      (1)

Modulus E is expressed as complex number, and includes a real and 
imaginary component:

                                                    ir iEE +=Ε ,			   (2)

where Er is the elastic modulus, Ei - viscous modulus.
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Real and imaginary parts of the dilatational module determined by the 
expressions [10]:

                 φcosEEr =  ,              φsinEEi = 			   (3)

Expressions for the viscoelastic modulus and phase angle are of the form:

                 
22
ri EEE += ,           ( )ri EEarctg /=φ 			  (4)

In the study of the viscoelastic properties at the interface during deformation 
“expansion↔ compression” of the surface can be obtained value of dilatational 
2D viscosity, ηd, from the relations:

dtAdd /ln
γη ∆= ,    дi fE ηπ2= ,      

ω
η i

d
E= ,    ω = 2πf - circular frequency      	 (5)

The dilatational viscosity determined phase angle between the change in the 
surface area and by the change of surface tension [2]:

	
f
tgEr

d
φη =   			   (6)

The dilatational viscosity may depend on the oscillation frequency of the 
drop. This indicates the non-Newtonian behavior of the system and reflects the 
relaxation properties of interfacial layers.

Results of experiments with the harmonic oscillations of the surface of the 
drop are analyzed using a Fourier transform [11]:

                                                    ][
][)( 0 AF

FAiE D
D= gω ,  				  

						      (7)
where A0 - initial surface area of the droplet, ω - angular frequency of oscillation.

Application of dilatational rheology
1. Surfactants - non-electrolyte systems

As examples of such systems are considered rheological properties of 
aqueous solutions of surface layers of sodium dodecylsulfate (SDS) with lower 
alcohols (ethanol, n-propanol). Fig. 6 shows the dependence of the change in the 
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modulus of viscoelasticity from the oscillation frequency drops for solutions of 
SDS and its mixtures with alcohols.

Increasing the concentration of alcohol in the system leads to a noticeable 
decrease in values of the modulus of viscoelasticity, which may be due to the 
competitive adsorption between molecules the SDS and RON. This helps 
to reduce the mechanical properties of the surface layers due to substitution 
of molecules of SDS by molecules of lower alcohols. The magnitudes of 
viscoelasticity modulus SDS solutions at high alcohol concentrations are 
close to the magnitudes viscoelasticity modulus of hydro-alcoholic solutions 
(Е = 2 ‑ 4 мН/м). SDS concentration in the solution and the type of alcohol did 
not have a noticeable effect on the behavior of the modulus of viscoelasticity 
from frequency.

0 
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f, Гц 

Е, мН/м 
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3 
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3* 

Figure 6. Change modulus 
viscoelasticity from the 
oscillation frequency drops of 
aqueous solutions and water-
alcohol solutions of sodium 
dodecylsulfate: СSDS= 0.5 mmol/l 
(1), СROH = 4.0%: ethanol (2), 
n-propanol (3); 
СSDS = 1.0 mmol/l (1*) СROH = 
4.0%: ethanol (2 *), n-propanol 
(3 *)

The nature of the interfacial layer SDS in the hydroalcoholic solutions may 
be associated with the formation of complexes between the SDS and alcohol. 
The possibility of formation of such complexes were shown to Quantum 
calculations complexes SDS•(ROH)m, which was performed by the PM3 method 
in the software package MOPAC [12]. Fig. 7 shows the structure of the complex 
SDS•(SN3OH)5 with optimized geometry [13].
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Figure 7. Optimized 
structure of the complex 
(С12Н25SO4Na)·(СН3ОН)5.

2. Natural polyelectrolytes
Investigation of the properties of natural polyelectrolytes (humic acid, 

chitosan, polysaccharides, proteins, nucleic acids, etc.) and polyelectrolyte 
complexes determined by the needs of both fundamental and applied science. 
These chemicals are widely used in various fields of chemical engineering, 
biotechnology, medicine, environmental protection, etc.

In this work were considered the rheological properties of interfacial layers 
salts of humic acids, proteins, and chitosan.

Experimental dependence of the modulus of viscoelasticity (Е) of sodium 
humate of the surface pressure (П) at a frequency of 0.1 Hz oscillations are 
shown in Fig. 8. In this figure also are shows the calculated dependence of the 
critical elasticity modulus E0, for monolayer (curve 1) and bilayer adsorption 
(curve 2). It is seen that the experimental data best described by the model 
bilayer adsorption. These dependencies for the nature polyelectrolytes (of the 
proteins), β-casein and β-lactoglobulin were obtained in [14-16] and are shown 
in Fig. 8. Experimental values of the modulus of viscoelasticity Ε  for sodium 
humate are comparable to the values for proteins with a molecular weight close 
to the mass of sodium humate. Furthermore, the dependence Ε  on Π for sodium 
humate occupies an intermediate position between the globular β-lactoglobulin 
and the linear β-casein. This is probably due to the peculiarities of the molecular 
structure of sodium humate, which includes both the fused aromatic rings and 
the fragments with a linear structure.
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Figure 8. Change module 
viscoelasticity (E) on the 
surface pressure (П) for sodium 
humate according to this paper 
(1) and for β-casein (2) and 
β-lactoglobulin (3) according to 
[15] for the oscillation frequency 
drops 0.1 Hz. 
Curves 1 and 2 – critical (perfect) 
elasticity (high-frequency) of the 
sodium humate solutions: 
1 – For a monolayer adsorption 
2 – For a bilayer adsorption.

According to Table 1, the values of the rheological parameters for sodium 
humate have intermediate values compared with globular proteins and a linear 
β-casein, which may also be associated with possible intra-and intermolecular 
interactions of sodium humate in the surface layer.

Table 1. The rheological characteristics of surface layers of natural polyelectrolytes

Parameters Albumin
[17]

β-Casein
[16, 18]

Chitosan
[19] Sodium humate

Ε , mN/m 70 9.5 20.5-25.5 33

Еr, mN/m 68 9 4-5 32

Еi, mN/m 10 3 20-25 5

φ 0 0 0.33 4-6 11

Monomolecular layers of sodium humate can be attributed to the elastic 
surface films. High modulus of viscoelasticity of surface films of polyelectrolyte 
characterizes a high degree of order and organization, as well as ability to 
intermolecular interactions. Monomolecular layers of chitosan are characterized 
by high values of the phase angle and low values modulus of viscoelasticity. In 
such surface layers show no signs of structural order.
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Chapter 11

Oligomerization thermodynamics of fatty alcohols and 
carboxylic acids at the air/water interface. 

Quantum chemical approach

E. S. Fomina, E. A. Belyaeva and Yu. B. Vysotsky 
Donetsk National Technical University, Artema Str. 58, 

83000 Donetsk, Ukraine

The modern instrumental methods for investigations of Langmuir 
monolayers are capable of detailed investigation of their condensed phase 
structure. Generally, the structural peculiarities of amphiphilic monolayers 
depend on the conformational flexibility, length and structure of the alkyl chain, 
type and location of the functional group with respect the alkyl chain, as well [1]. 
The analysis of numerous experimental data [2-7] have shown that amphiphiles 
with small head group (such as alcohols and carboxylic acids) tend to form 
condensed phases with hexagonal unit cell, whereas amphiphiles with more bulky 
functional groups show phase diagrams with orthorhombic and oblique unit cells.  
The first studies using quantum chemical methods to characterize condensed 
phases of Langmuir monolayers on the basis of clusterization processes started 
with aliphatic alcohols [8-10]. This type of compounds along with carboxylic 
acids has been frequently used as standard model for experimental studies of 
monolayer properties.

The existing experimental data show that condensed Langmuir monolayers 
of aliphatic alcohols with alkyl chains of 10-12 carbon atoms are formed at 
4-25°C [11-15]. Present phase diagrams of saturated carboxylic acid monolayers 
reveal that at the higher pressure and normal temperature liquid-condensed and 
solid phases exist. Both phases possess the hexagonal crystal lattice [16-20].  
The geometric parameters of alcohol and acid hexagonal unit cell are close to 
the relation b = aˑ√3 and vary within the range of a = 4.75-5.0 Å, b = 7.5-8.5 Å, 
t = 0-9° [17, 21-28].  The molecules arrange parallel to each other and are in 
linear conformation when all hydrogen atoms of methylene groups are in trans-
configuration [29]. It should be noted that behavior of the surfactant monolayers 
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were also investigated in the framework of MD simulations, although not so 
extensively [21, 30-32].  The study of ref. [30] shows that alcohols with alkyl 
chain lengths of 29-31 carbon atoms at temperatures below zero tend to form 
hexagonal aggregates with the next geometrical parameters: a  =  5.1-5.3  Å, 
b  =  7.7-7.8  Å. It is apparent that the temperature conditions accepted for 
simulations are far from standard.

In this connection it seems interesting to define how adequately it is 
possible to describe the structural parameters of hexagonal monolayers of 
nonionic amphiphiles in the framework of the quantum chemical model, which 
was successfully applied for the study of the thermodynamic clusterization 
parameters [8-10, 33-42].  The aim of the present work is to investigate the 
thermodynamic parameters of oligomers that form hexagonal lattice structures 
of aliphatic alcohols and carboxylic acids with unbranched alkyl chain at the 
air/water interface using the quantum chemical semiempiric PM3 method. The 
calculations were done for molecules with the general formula CnH2n+1ОН (n = 
6–16) and CnH2n+1СООН (n = 7–16) under standard conditions.

1. Model and Method
The calculation of the thermodynamic (enthalpy, entropy and Gibbs’ energy) 

and structural parameters of clusterization for the hexagonal lattice structure 
of alcohol monolayers is carried out using  quantum chemical semiempirical 
method PM3 according to the model described in detail elsewhere [35] in 
compliance with the next procedure:

1.	 Conformational analysis, which includes the construction of the potential 
energy surface of the monomer depending on the values of torsion angles 
of the functional groups in the hydrophilic part of amphiphile with respect 
to the hydrophobic alkyl chain; and calculation of the thermodynamic 
parameters of the formation for the found conformers;

2.	 Determination of the tilt angle of the alkyl chains of the amphiphiles 
in the monolayer with respect to the interface, according to the scheme 
described in detail elsewhere [42, 44]; and search of the geometric 
parameters of the unit cell of the 2D lattice;

3.	 Calculation in supermolecular approximation of the thermodynamic 
parameters of clusterization of small aggregates (dimers, tetramers, 
hexamers) constructed on the basis of the found conformers which 
orient with a tilt angle to the interface found previously;

4.	 Construction of the additive scheme on the basis of the results of 
direct calculations. This scheme defines the values of enthalpy, entropy 
and Gibbs’ energy of clusterization as the total contribution of the 
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intermolecular CH∙∙∙HC interactions and interactions of the hydrophilic 
parts of the amphiphiles realized in the cluster and calculation of the 
thermodynamic clusterization parameters per one monomer molecule 
of the 2D film.

This paper describes first three stages of the procedure and provides regarded 
thermodynamic parameters only for oligomers that underlie the additive scheme 
for calculation of the thermodynamic clusterization parameters per one monomer 
molecule of the untilted hexagonal monolayers.

2. Results and Discussion 
2.1 Aliphatic alcohols

Monomers. The ref. [9] contains the conformational analysis for aliphatic 
alcohol monomers.  Two stable conformations were found as a result.  They are 
the mirror reflections with the dihedral angles of the OH-group ∠α=С2–С1–О–
Н=60º and 300º (–60º), respectively (cf. Fig. 1). An additional optimization 
confirmed the isoenergetic formation of these two structures. Thus, the alcohol 
monomer structure with the dihedral angle ∠α=60º was used in all further 
calculations.  The optimized structure of the alcohol monomer is shown in Fig. 2 
on the example of a molecule with 10 carbon atoms in the alkyl chain.

 
R 
 

C1 

 

C2 

 

O 

 

H 

 
Figure 1. Torsion angle of the functional group of alcohol (R – hydrophobic chain)

For the described monomer structures the thermodynamic parameters 
(enthalpy, absolute entropy and Gibbs’ energy) of the monomer formation 
were calculated previously in ref. [45].  So, here we list only the correlation 
dependencies of the thermodynamic formation parameters on the alcohol alkyl 
chain length (n):

0
298HD ,mon = – (22.68 ± 0.00)·n – (30.84 ± 0.01) [S = 0.02 kJ/mol; N = 15],     (1)
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S0
298,mon

  = (32.22 ± 0.04)·n + (181.65 ± 0.42) [S = 0.61 J/(mol·K); N = 15],    (2)

0
298GD ,mon = (8.32 ± 0.01)·n – (46.08 ± 0.13) [S = 0.19 kJ/mol; N = 15].         (3)

Here and further S is the standard deviation, N is a sample size. The corresponding 
correlation coefficients exceed 0.9999. Note, that calculated parameters of 
absolute entropy of formation for the alcohol monomers are smaller than 
the experimental values because PM3 method does not take into account the 
increment of the free rotation of the methylene groups in the alkyl chain to the 
entropy. Therefore, we considered these increments in the calculation of the 
absolute entropy of formation using corresponding corrections. This correction 
is found on the basis of experimental data for the absolute entropy of formation 
and is (6.12±0.22) J/(mol·K) per one methylene group [45].

Pentamer Nonamer 

Trimer 1 Trimer 2 Tetramer 1 Tetramer 2 Dimer Monome
r 

Octamer 

Figure 2. Optimized structures of the small aggregates of fatty alcohols for the hexagonal 
monolayer phase
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Structural parameters. Previously in refs. [8-10, 45] we considered the 
alcohol monolayers with an oblique unit cell. In the present work the monomer 
molecules describer above are organized in such a way that the formed 
monolayer has a hexagonal lattice structure.  The numbers of molecules in both 
directions of the spread monolayer are defined as p and q (see Fig. 3).  Small 
one-edged arrows in Figure 3 define the direction from carbon atom to hydrogen 
atom of the methylene fragment.  They show the herringbone arrangement of the 
molecules in the monolayer in agreement with the existing experimental data 
[2]. For the determination of the molecular tilt angle with respect to the normal 
to the interface we use the procedure, which became standard in the studies of 
the regarded issue and is described in detail elsewhere [42].  It should only be 
mentioned that in the dimers (which are the sides of the monolayer unit cell in 
both p and q directions, a parallel shift of one molecule with respect to another 
one is applied.  In the obtained dependencies of the dimerization Gibbs energy 
on the δ and φ angles the minima were found.  These minima correspond to 
optimum δ and φ values, which define the value of the general tilt angle t of the 
alkyl chain of the amphiphile with respect to the normal to the interface. Thereby 
the values of angles are found: δ=3° and φ=3°, t=4°, agreeing well with the 
existing experiment data [17, 22-25].

a 

b 

p q 

θ 

Figure 3. Structure of the unit cell of the hexagonal 2D cluster of alcohols: view along 
the molecular chain axis.
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In order to determine the geometric parameters of the unit cell the nonamer 
is constructed. On the basis of its optimized structure the unit cell with the 
geometric parameters a = 4.3 Å; b = 7.4 Å, θ=87° is singled out. The obtained 
values are in reasonable correspondence with GIXD results: a = 5.0 Å; b = 7.5 Å, 
θ=90°. Therefore, we consider only such aggregates, which form the monolayer 
of the structure regarded above, in further calculations of the thermodynamic 
parameters (enthalpy, entropy and Gibbs’ energy) of the alcohol clusterization.

Oligomers. Figure 3 illustrates the fragment of the aliphatic alcohol 
monolayer (bottom view), in which two types of intermolecular CH···HC 
interactions formed between hydrocarbon chains are marked.  These types of 
interactions are designated as Ka and Kf (see Figure 4a) in analogy with those in 
refs. [9, 10].  It should be noted, that the Kf interactions structurally differ from the 
interactions found previously.  In formation of one CH···HC interaction of ‘a’-
type between two alkyl chains only one hydrogen atom participates from every 
second methylene fragment of each interacting chain whereas for the CH···HC 
interaction of ‘f’-type every second methylene fragment of one molecule form 
an interaction with analogous methylene fragments of two other molecules at the 
same time.  The interactions of ‘f’-type resembles to some extend the structure 
of the interactions of ‘c’-type.  The only difference is that the interactions of 
‘f’-type involve only two molecules out of three, whereas the interactions of ‘c’-
type involve all tree molecules (see Figure 5).  However, it will be further proved 
that the interactions of both ‘a’ and ‘f’-types are virtually isoenergetic.

Six possible types of interactions between the hydroxylic groups of the 
alcohol molecules can be singled out. They are represented in Figure 3b. The 
increments from these interactions differ from each other because of the different 
mutual orientation of alcohol hydrophilic parts with respect to one another. In 
order to describe the 2D monolayer phase one should define the increment of 
each CH···HC interaction and the interaction between the functional groups 
in the clusterzation enthalpy and entropy. To accomplish this requirement the 
structures of small aggregates (dimers, trimers, tetramers, pentamers, octamers 
and nonamers) are marked in the cluster (see Figure 4).  These aggregates 
involve all the considered interactions in their structure.  Figure 2 illustrates 
the optimized structures of alcohol small aggregates, which are used for the 
correlation analysis of the increments of the intermolecular interactions to the 
values of the thermodynamic clusterization parameters depending on the number 
of these interactions realized in the cluster.

Consider now the structure of regarded aggregates in detail.  It is possible 
to single out six types of dimers by the number of interaction types between the 
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hydroxylic groups of alcohols for the hexagonal 2D cluster given in Figure 4.  
However, it is possible to get the optimized structure without any edge effects 
[42] only for a dimer with n1 interaction of hydrophilic parts (see Figure 4b). The 
structure of this dimer is illustrated in Figure 2 on the example of the aggregate 
with the alkyl chain length of 10 carbon atoms.  Note, that the CH···HC 
interactions between the alkyl chains of alcohols are not realized in the fragment 
possessing n2 interaction (see Figure 4a). Therefore, the regarded dimer is out 
of consideration while the optimization procedure. The considered fragment of 
the monolayer has also two types of trimers and tetramers.  There are the next 
interactions between the monomers in these trimers: n1, n3 and n5 for trimer 1 and 
n2, n4 and n6 for trimer 2.  However, only trimer 2 has the hydrogen interaction 
n4.  It should be noted that there are only CH···HC interactions of ‘a’-type in 
the described structures of dimers and trimers whereas in tetramers the alcohol 
molecules orientate in such way that tetramer 1 has CH···HC interactions of ‘a’-
type, and tetramer 2 has CH···HC interactions of ‘f’-type as well.  But during the 
optimization of the tetramer 2 another ‘b’-type of CH···HC interactions appears 
between the middle monomers, whereas these interactions are not realized in 
larger clusters and 2D monolayer phases. That is why it would be unreasonable 
to calculate the thermodynamic parameters of clusterization for such aggregates 
and include them in the further construction of the additive scheme.  Larger 
clusters, such as, octamers and nonamers were built to obtain the energetic 
increments of the interactions n2, because in dimers, trimers and tetramers they 
are not realize or distorted by edge effects.  The chosen clusters are presented in 
Figure 2 on the example of structures with 10 carbon atoms in the alkyl chains.  
Octamers and nonamers have one or two interactions n2 correspondingly.  In 
addition these clusters possess the considered two types of intermolecular 
CH···HC interactions.  Note, that for nonamers only several structures are built 
with alkyl chains of 11-14 carbon atoms.  It is given rise by the fact that the 
clusters with shorter alkyl chains has edge effects, and for clusters with longer 
chains it is impossible to calculate the thermodynamical properties of formation 
because of atom number restriction. 
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(a) 

p q 

Ка Кf 

(b) 

p q 

n4 n5 

n1 
n3 

n6 

n2 

(a) 

p q 

Ка Кf 

(b) 

p q 

n4 n5 

n1 
n3 

n6 

n2 

Figure 4. Types of pair intermolecular a) CH···HC interactions and b) interactions 
between the hydroxylic groups
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Figure 5. Intermolecular CH···HC interactions of different types

For all the small aggregates described above the thermodynamic parameters 
of their formation and clusterization are calculated.  Enthalpy, entropy and Gibbs’ 
energy of clusterization are calculated as previously [8-10, 33-42] according to 
the formulas:

Cl
m,TH∆ = 0

TH∆ − m ∙ 0
mon,TH ; Cl

m,TS∆ = 0
TS − m ∙ 0

mon,TS ; Cl
m,TG∆ = Cl

m,TH∆ − Т∙ Cl
m,TS∆  

,

where 0
THD  and 0

TS  are enthalpy and entropy of the aggregates at a certain temperature 
T, 0

, monTH  and 0
, monTS  are enthalpy and entropy of the corresponding monomers at the 

same temperature T, and m is the number of monomers in the cluster.  

The corresponding values of enthalpy, entropy and Gibbs energy of clusterization 
are listed in Table  2. Here, we do not give the values of the thermodynamic 
clusterization parameters for tetramers 2 and nonamers (except the structures 
possessing 11-14 carbon atoms in the alkyl chains). These clusters have edge 
effects, so they are excluded from the further construction of the additive scheme 
for hexagonal monolayers of alcohols.
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Table 2. Thermodynamic parameters of fatty alcohol aggregates

molecule
 Cl

mH ,298∆ ,
kJ/mol

 Cl
mS ,298∆ Cl
mS ,298∆ ,

J/(mol∙K)

 Cl
mG ,298∆ ,

kJ/mol

 Cl
mH ,298∆ ,

kJ/mol

 Cl
mS ,298∆ Cl
mS ,298∆ ,

J/(mol∙K)

 Cl
mG ,298∆ ,

kJ/mol

Dimer Trimer 1

C6H13OH -29.93 -154.53 16.12 -84.79 -369.80 25.41

C7H15OH -37.96 -165.11 11.24 -110.62 -420.52 14.69

C8H17OH -40.44 -173.61 11.30 -114.33 -427.83 13.17

C9H19OH -48.34 -173.42 3.34 -140.08 -476.41 1.89

C10H21OH -50.86 -191.52 6.22 -143.85 -478.24 -1.33

C11H23OH -58.73 -205.34 2.46 -169.58 -528.49 -12.09

C12H25OH -61.25 -217.91 3.68 -173.35 -546.22 -10.57

C13H27OH -69.12 -237.98 1.79 -199.09 -576.48 -27.30

C14H29OH -71.66 -251.97 3.42 -202.87 -589.71 -27.13

C15H31OH -79.53 -266.50 -0.12 -228.63 -635.49 -39.25

C16H33OH -82.07 -264.68 -3.20 -232.40 -643.92 -40.51

Trimer 2 Tetramer 1

C6H13OH -86.88 -376.52 25.33 -129.86 -602.56 49.70

C7H15OH -96.15 -395.00 21.56 -154.04 -659.61 42.52

C8H17OH -116.42 -436.12 13.54 -173.93 -695.47 33.32

C9H19OH -125.61 -451.46 8.92 -198.32 -752.55 25.94

C10H21OH -146.00 -490.11 0.05 -218.24 -785.10 15.72

C11H23OH -155.13 -506.60 -4.16 -242.66 -838.31 7.16

C12H25OH -175.56 -562.19 -8.02 -262.62 -899.69 5.49

C13H27OH -184.68 -559.75 -17.87 -287.07 -936.00 -8.14

C14H29OH -205.13 -607.65 -24.05 -307.07 -982.68 -14.23

C15H31OH -214.23 -619.08 -29.74 -331.45 -1031.30 -24.12

C16H33OH -234.68 -664.81 -36.56 -351.44 -1069.99 -32.58
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molecule
 Cl

mH ,298∆ ,
kJ/mol

 Cl
mS ,298∆ Cl
mS ,298∆ ,

J/(mol∙K)

 Cl
mG ,298∆ ,

kJ/mol

 Cl
mH ,298∆ ,

kJ/mol

 Cl
mS ,298∆ Cl
mS ,298∆ ,

J/(mol∙K)

 Cl
mG ,298∆ ,

kJ/mol

Pentamer Octamer

C6H13OH -171.31 -757.85 54.53 -320.28 -1441.59 109.31

C7H15OH -206.44 -830.10 40.93 -379.29 -1570.30 88.66

C8H17OH -230.50 -875.97 30.54 -429.04 -1667.58 67.90

C9H19OH -265.47 -943.27 15.62 -488.24 -1796.68 47.17

C10H21OH -289.71 -987.74 4.63 -538.08 -1898.65 27.71

C11H23OH -324.59 -1057.39 -9.49 -597.34 -2076.03 21.32

C12H25OH -348.90 -1123.70 -14.04 -647.31 -2212.05 11.88

C13H27OH -383.79 -1167.71 -35.82 -706.62 -2362.18 -2.69

C14H29OH -408.13 -1218.81 -44.93 -756.68 -2410.92 -38.23

C15H31OH -442.98 -1286.90 -59.48 -815.99 -2532.51 -61.30

C16H33OH -467.27 -1332.86 -70.08 -866.06 -2628.24 -82.84

Nonamer

C11H23OH -695.15 -2377.45 13.33

C12H25OH -754.36 -2519.44 -3.56

C13H27OH -822.64 -2629.85 -38.94

C14H29OH -882.02 -2758.36 -60.03

The correlation dependencies on the number of intermolecular CH···HC 
interactions and interactions between the functional groups are built on the basis 
of calculated thermodynamic clusterization parameters (see Table 1):

 Cl
mH ,298∆ = – (9.15 ± 0.07)∙(Ка + Кf) – (18.42 ± 1.22)∙n1 + (11.11 ± 1.53)∙n4   

[R = 0.9998; S = 7.00 kJ/mol; N = 70],			        	    (4)
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 Cl
mS ,298∆ Cl
mS ,298∆ = – (19.79 ± 0.19)∙(Ка + Кf + n4) – (117.24 ± 3.59)∙n1 – (80.44 ± 5.19)∙n5 –

 – (95.08 ± 4.85)∙n6   [R = 0.9999; S = 15.47 J/(mol∙K); N = 70],	    (5)

where Ka and Kf are the number of CH···HC interactions of both ‘a’ and ‘f’ type realized 
in the regarded cluster.  

They can be obtained (see Figure 4) as follows:







 -=

2
1nK a ,  









=
2
n

K a  for the dimers with the interactions n1 and n3, n5  (6)

and 






 +=

2
1nK f  for the dimers with n4 and n6, respectively		     (7)

where n is the number of methylene groups in the alkyl chain of the alcohols; the braces 
denote the integer part of the number; ni are the descriptors of interactions of the 
monomer functional groups in the structures of the regarded clusters.  

In the case that interactions between the functional groups of the hydrophilic 
part exist in the aggregate structure then the value of the corresponding descriptor 
ni is equal to the number of such interactions.  If the considered interaction is 
absent, this descriptor is zero.

Using equation  Cl
mG ,298∆ = Cl

mH ,298∆ –Т∙ Cl
mS ,298∆ Cl
mS ,298∆ the correlation dependency for 

clusterization Gibbs’ energy is obtained:

 Cl
mG ,298∆  = – (3.26 ± 0.13)∙(Ка + Кf) + (16.52 ± 2.29)∙n1 + 

+ (17.01 ± 1.59)∙n4 + (23.97 ± 1.55)∙n5 + (28.34 ± 1.44)∙n6. 		    (8)

It is plain to see from the correlation dependencies (4), (5) and (8), that the 
energetic increments of the intermolecular CH···HC interactions of both types 
are identical.  This allows one not to distinguish these interactions in further 
calculations according to the additive scheme for larger clusters up to 2D films 
and assuming them as one ‘a’ type.  It should be mentioned that the values of the 
standard deviations of clusterization enthalpy and entropy for small aggregates 
of alcohols formed hexagonal monolayer are commensurable with ones formed 
a monolayer with oblique unit cell [9].

The dependencies of the clusterization parameters per one monomer 
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molecule on the alkyl chain length of alcohol at 298 K are shown in Figures 
6-8.  Here, the lines correspond to the dependencies calculated according to 
the correlation equations (6)-(8), whereas the points define the results of the 
direct calculations using the PM3 method.  Note that the parameters for all small 
aggregates calculated according to the correlation expressions (4), (5), (8) are 
divided by the number of the monomers in the regarded cluster (by m=2 for 
dimers, by m=3 for trimers etc.). The presented graphs show that the results 
obtained according to the correlation equations agree well with the results of the 
direct calculation.

Analysis of given dependencies of the clusterization Gibbs’ energy allows 
assumptions about the possible way of the formation of the hexagonal lattice 
structure.  Figure 8 indicates that the smallest values of clusterization Gibbs’ 
energy belong to the structures of trimers 1 and 2 among all the aggregates of 
alcohols. The formation of trimer 1 is slightly more favorable.  This suggests that 
the alcohol hexagonal structures are formed from these two trimer structures. In 
what follows the aggregation of mentioned trimers will go on via formation of 
hexamers and larger clusters up to 2D condensed phases. 
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Figure 6. Dependence of the variation of the oligomerization enthalpy of aliphatic 
alcohols on the alkyl chain length: 1 – dimer; 2 – trimer 2; 3 – trimer 1; 4 – tetramer 1; 
5 – octamer



231

Oligomerization thermodynamics of fatty alcohols and carboxylic acids at the air/water...

ΔS
C

l 29
8,

m
/m

, J
/(m

ol

ˑK
)

 

n 

1 

2 
3 

4 

5 

Figure 7. Dependence of the variation of the oligomerization entropy for aliphatic 
alcohols on the alkyl chain length (definitions 1-6 have the same meaning as in Figure 6)

ΔG
C

l 29
8,

m
/m

, k
J/

m
ol

 

n 

1 

2 
3 
4 
5 

Figure 8. Dependence of the variation of the oligomerization Gibbs’ energy for aliphatic 
alcohols on the alkyl chain length (definitions 1-6 have the same meaning as in Fig. 6)



232

E. S. Fomina, E. A. Belyaeva and Yu. B. Vysotsky 

The foregoing assumption about the possible way of formation of alcohol 
hexagonal films conforms to the results of the simulation of the experimental 
Π – A isotherms for alcohol homologues series with 12-14 and 16 carbon atoms 
in the alkyl chain [8-10].  The thermodynamic model exploited in these studies 
is capable of the theoretical description of adsorption monolayer behavior at the 
air/water interface, including the thermodynamic clusterization parameters and 
aggregation number m for small clusters, which are the basic structures during 
the clusterization process.  These studies reveal that LE-LC phase transition in 
alcohol monolayers takes place between aggregates with m=2.3 for dodecanol 
(at 15°С), m=2.75 for tridecanol (at 25°С), m=3.0 for tetradecanol (at 25°С) 
[8-10, 15]. Consequently, it is reasonable to conclude that the hexagonal phase 
of alcohol monolayers is formed on the basis of the trimer formation and their 
subsequent aggregation.

2.2. Carboxylic acids
Monomers.
Structural parameters. After caring out the conformational analysis 

(varying the values of the torsion angles ∠ β=С2–С1–О1–Н and ∠ γ=С3–С2–С1–
О2 (see Fig. 9) from 0° to 360° with the step 15°) for the monomers of carboxylic 
acid it was demonstrated that there is one energetic minima for the angle 
∠ β=С2–С1–О1–Н equal to 180°, while for the angle ∠ γ=С3–С2–С1–О2 there 
two minima: one from –75° to –112°, and another from –35° to –40°. It should 
be mentioned that the value of the first minima is the same with corresponding 
parameter obtained earlier for molecules of the fatty carboxylic acids in the 
cluster with oblique unit cell [34]. 

 

H 
С1 С2 

С3 O1 

O2 

R 

Figure 9. Structural fragment of the carboxylic acid molecular in the monolayer (R is 
hydrocarbon radical)
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To obtain a tilt angle between the molecules and the normal to the interface 
one should use the procedure described in details in [42]. Analysis shows that 
this angle varies in range from –15° to 25°. So there are two minima on the 
dependence of the Gibbs’ energy of formation on this angle: 15°–16° and 1°– 2° to 
the normal to the air/water interface. These data corresponds to the experimental 
parameters for the tilted and untilted monolayer [47-49]. In this work structural 
and thermodynamic parameters of the clusterization were calculated for dimers, 
trimers and tetramers of untilted structure. 

Thermodynamic parameters. Quantum chemical calculations of the 
thermodynamic parameters of formation and clusterization were carried out 
within semiempiric program complex Mopac 2012 (РМ3 method).

Earlier in [34] enthalpy and Gibbs’ energy of formation of the carboxylic 
acid monomers and their absolute enthalpy were calculated (such monomers 
were indicated as Monomers 1 in [34] and in this paper). In [34] calculations 
of the thermodynamic parameters were carried out in the frameworks of 
the program complex Mopac  2000 [43], as calculations in this work were 
made with the help of Mopac  2012, the necessity to compare corresponding 
parameters appeared. Also all results of the calculations were compared with the 
corresponding experimental parameters. Also the same parameters were carried 
out for the monomers with value of the torsion angle ∠ γ=С3–С2–С1–О2 equal 
to –35°; these monomers were indicated as Monomers 2. All results are listed 
in Table 3.

From the Table  3 one can see that parameters of the Monomers  1 and 
Monomers  2 coincide. So, in the further calculations only parameters of 
the  Monomers  1 were used. Besides that results obtained in the frameworks 
of the Mopac  2012 good reproduce not only parameters calculated earlier in 
Mopac 2000, but also what is more important present experimental data. Standard 
derivation for the enthalpy of formation for the Monomers 1 and Monomers 2 
calculated in Mopac 2012 from the parameters calculated within Mopac 2000 
are 0.10 and 0.11 kJ/mol correspondingly and from the experimental parameters 
4.74 kJ/mol. Standard derivation for the enthalpy calculated in Mopac 2000 
from the experimental data are 5.9 kJ/mol for carboxylic acids [34], 23.0 kJ/mol 
for alcohols [50, 51], 15.6 and 10.8 kJ/mol for amines [36], 5.7 and 3.9 kJ/mol 
for thioalcohols [37].

As earlier, the Mopac 2012 does not include increment of the free rotation 
of the methylene fragments into the values of the absolute entropy calculations. 
That is why as previously (e.g. refs. [10, 35-37]), values of this correction for the 
free rotation was obtained with the least-squares method. For the Monomers 1 it 
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is 7.84 J/(mol·К) per methylene group, for Monomers 2 – 7.71 J/(mol·К), while 
analogous correction obtained earlier within Mopac 2000 for carboxylic acids 
was 6.1 J/(mol·К) [34]. Similar corrections for the alcohols, thioalcohols and 
amines were 6.6, 7.03 and 7.08 J/(mol·К) correspondingly [10, 35-37]. So, the 
values of the all corrections are quite close to each other. There are values of the 
absolute entropy and Gibbs’ energy of monomers formation with the accounting 
of this correction in the Table 3. These results are in the good agreement with 
corresponding experimental data. Standard derivation of the absolute entropy 
from the experimental values are 5.48 and 5.51 J/(mol·К).

Table 3. Thermodynamic parameters of monomers of carboxylic acids

Molecule
Mopac 2000 Mopac 2012 Experiment 

[50, 51]Monomer 1 Monomer 1 Monomer 2

ΔHº298,mon, kJ/mol

C7H15COOH -535.52 -558.66 -558.64 -556.00

C8H17COOH -558.20 -581.38 -581.35 -577.30

C9H19COOH -580.86 -604.10 -604.14 -594.30

C10H21COOH -603.54 -626.83 -626.83 -614.60

C11H23COOH -626.22 -649.56 -649.60 -640.00

C12H25COOH -648.90 -672.30 -672.31 -660.20

C13H27COOH -671.58 -695.03 -695.07 -683.00

C14H29COOH -694.26 -717.77 -717.77 -699.00

C15H31COOH -716.94 -740.49 -740.49 -723.00

C16H33COOH -763.25 -763.25 -743.00

Sº298, mon, J/(mol·К)

C7H15COOH 535.30 528.29 527.81 520.00

C8H17COOH 573.36 566.43 565.60 559.00

C9H19COOH 612.20 604.52 604.40 599.00

C10H21COOH 651.25 641.63 641.61 638.00

C11H23COOH 688.88 679.88 680.59 677.40
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Molecule
Mopac 2000 Mopac 2012 Experiment 

[50, 51]Monomer 1 Monomer 1 Monomer 2

C12H25COOH 727.75 717.21 716.62 717.00

C13H27COOH 765.40 754.79 756.88 754.00

C14H29COOH 802.55 792.33 791.41 796.00

C15H31COOH 841.22 829.43 829.21 833.00

C16H33COOH 865.52 865.37 874.00

ΔGº298,mon, kJ/mol

C7H15COOH -331.58 -331.85 -331.69 -325.00

C8H17COOH -324.96 -325.33 -325.06 -317.00

C9H19COOH -318.58 -318.80 -318.81 -305.00

C10H21COOH -312.27 -311.99 -311.98 -296.63

C11H23COOH -305.54 -305.51 -305.75 -293.10

C12H25COOH -299.17 -298.77 -298.60 -284.50

C13H27COOH -292.44 -292.09 -292.75 -278.00

C14H29COOH -285.57 -285.41 -285.14 -266.00

C15H31COOH -279.14 -278.58 -278.52 -260.00

C16H33COOH -271.49 -271.45 -252.00

On the basis of these calculated data dependencies of the enthalpy of 
monomers formation and absolute entropy on the number of carbon atoms in the 
chain (n) were obtained:

ΔHº298,mon = – (22.68 ± 0.00)∙n – (339.51 ± 0.01), kJ/mol,

[R = 1, S = 0.0016 J/(mol∙K), N = 20];				      (9)

Sº298, mon = (29.78 ± 0.10)∙n + (266.13 ± 1.17), J/(mol∙K),

[R = 0.9999, S = 1.27 J/(mol∙K), N = 20].				     (10)
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Slopes of the correlation dependencies (9) and (10) characterize the increment 
of the one methylene group to the corresponding parameter coincide with the 
corresponding parameters which were calculated earlier within Mopac  2000 
or very close to them. So values of the slopes of correlation dependencies of 
enthalpy and entropy calculated earlier in Mopac 2000 for the carboxylic acids, 
are –(22.68 ± 0.00) kJ/mol and (38.23 ± 0.05) J/(mol∙K) [34] correspondingly; 
for the cis-unsaturated carboxylic acids they are –(22.68±0.00) kJ/mol and 
(30.55±0.17) J/(mol∙K) [37], for trans-unsaturated –(22.68±0.00) kJ/mol and 
(30.53±0.05) J/(mol∙K) [41]. Increments of the carboxylic groups characterized 
by the free term of the dependencies (9) and (10) are equal to –(399.47 ± 0.01) 
kJ/mol and (268.19 ± 0.57) J/(mol∙K) (within Mopac 2000) for the enthalpy and 
entropy correspondingly [34]. So these parameters are also in good agreement 
with the corresponding parameters calculated in the frameworks of Mopac 2012.

Oligomers. There is the fragment of the carboxylic acids monolayer is shown 
in the Fig. 10 (bottom view). There are three types of the pair intermolecular 
CHˑˑˑHC interactions between neighbor hydrocarbon chains. These types of 
interactions were indicated as “a”-, “b”- and “c”-type and there numbers – as  Ka, 
Kb and Kc (see Fig. 10) correspondingly. These types of interactions are discussed 
in details in [9, 10, 52]. There are also six types of the pair intermolecular 
interactions between carboxylic groups (see Fig.   11). Symbolically direction 
from the carbon atom to the ketonic oxygen atom in the carboxylic group is 
indicated by arrows. Increments from these interactions in the thermodynamic 
parameters differ because of the different mutual orientation of the interacting 
groups. To describe infinite cluster of the carboxylic acids (monolayer) one 
need to obtain increments in the enthalpy and entropy of clusterization from 
the each pair intermolecular CHˑˑˑHC interaction and each pair interaction 
between carboxylic groups. For this purpose the structures of dimers, trimers 
and tetramers were investigated. They are the parts of the investigated cluster 
and comprise all these types of the interactions. 

From the Figs. 10 and 12 one can see that interactions of the “а”-type form as 
a result of the interaction between each second methylene group, interactions of 
the “b”-type as a result of the interaction between each methylene group, so with 
the same chain length there are twice more interactions of the  “b”-type than “а”-
type. There are one pair intermolecular interaction of the “a”-type, two – of the “b”-
type and three – of the ”c”-type in the Fig. 10 which are indicated by the arrows. 
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Dimers 1 Dimers 2 

Figure 12. Optimized structures of the dimers of fatty carboxylic acids of untilted 
monolayer

For the dimers structures presented in Fig. 11 thermodynamic parameters 
of formation and clusterization were calculated. Pair intermolecular CHˑˑˑHC 

Figure10. Types of intermolecular CH•••HC 
interactions

Figure11. Types of pair intermolecular 
interactions between carboxylic groups
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interactions are indicated by the arrows. Thermodynamic parameters of formation 
( 0

,298 mHD ,
0

,298 mSD ) and clusterization ( Cl
mH ,298∆ ,

 Cl
mS ,298∆ Cl
mS ,298∆ ,

 Cl
mG ,298∆ ) calculated within 

Mopac 2012 were compared with the corresponding parameters calculated 
earlier within (see Table 4).

Table 4. Thermodynamic parameters of dimers 1 of carboxylic acids

Molecule

0
,298 mHD , 

kJ/mol

0
,298 mSD , 

J/(mol∙K)

 Cl
mH ,298∆ , 

kJ/mol

 Cl
mS ,298∆ Cl
mS ,298∆ , 

J/(mol∙K)

 Cl
mG ,298∆ ,

 kJ/mol

Mopac 2000
C7H15COOH -1149.19 792.45 -32.89 -183.43 21.78
C8H17COOH -1202.01 851.46 -40.38 -188.56 15.81
C9H19COOH -1249.92 901.92 -42.94 -200.36 16.76
C10H21COOH -1303.00 952.03 -50.68 -215.86 13.65
C11H23COOH -1350.91 1002.77 -53.46 -224.26 13.37
C12H25COOH -1404.04 1052.24 -61.04 -242.08 11.10
C13H27COOH -1451.90 1103.82 -63.53 -249.93 10.95
C14H29COOH -1505.09 1153.16 -71.43 -267.15 8.18
C15H31COOH -1552.98 1206.51 -73.99 -273.99 7.66

Mopac 2012
C7H15COOH -1150.22 765.79 -32.90 -181.03 21.04
C8H17COOH -1203.14 820.47 -40.38 -186.95 15.33
C9H19COOH -1251.25 866.38 -43.05 -201.54 17.01
C10H21COOH -1304.34 916.29 -50.68 -210.17 11.95
C11H23COOH -1352.41 967.24 -53.29 -220.04 12.28
C12H25COOH -1405.62 1012.66 -61.02 -233.6 8.59
C13H27COOH -1453.67 1062.94 -63.61 -242.8 8.74
C14H29COOH -1506.93 1107.31 -71.39 -257.83 5.45
C15H31COOH -1554.98 1157.53 -74.00 -266.13 5.31
C16H33COOH -1608.25 1202.01 -81.75 -282.01 2.29

As one can see values of the corresponding characteristics are in the good 
agreement. The standard derivation for the enthalpy and entropy of dimerization 
calculated in the frameworks of the program complex Mopac  2012 from the 
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previously calculated parameters (Mopac 2000) are correspondingly the next: 
0.08 kJ/mol, 3.0 J/mol·К. For the row of the Dimers 1 (n = 7 – 16) correlation 
dependencies of the calculated parameters of clusterization on the number of 
the pair intermolecular CHˑˑˑHC interactions (only “a”-type of interactions is 
realized in Dimers 1 (see Fig. 12) and one type of the pair interactions between 
carboxylic acids n1 (see Fig. 11)):

 Cl
mH ,298∆ = – (10.02 ± 0.03)∙Ка – (2.11 ± 1.67) kJ/mol,

[R = 0.997, S = 1.39 J/(mol∙K), N = 10];				    (11)

 Cl
mS ,298∆ Cl
mS ,298∆ = – (21.27 ± 1.28)∙Ка – (111.18 ± 7.32), J/(mol∙K),

[R = 0.99, S = 6.09 J/(mol∙K), N = 10],				    (12)

hereinafter Ка is the number of the “а”-type of the pair intermolecular CHˑˑˑHC 
interactions. 

Increments in the enthalpy and entropy of dimerization from the one CHˑˑˑHC 
intermolecular interaction of “а”-type are characterized by the slopes from the 
expressions (11) and (12) and increment from the pair intermolecular interactions 
between carboxylic groups by the free terms. Values of slopes calculated for the 
carboxylic acids within Mopac 2000 were –(10.29 ± 0.33) kJ/mol and –(24.76 ± 
1.59) J/(mol∙K) for the enthalpy and entropy correspondingly. Values of the free 
term of the expressions (11) and (12) obtained in the frameworks of the program 
Mopac 2000 were –(0.57 ± 1.71) kJ/mol and –(96.91 ± 8.28) J/(mol∙K) for the 
enthalpy and entropy correspondingly.

Besides dimers structures of the five trimers (see Fig. 13) and two tetramers 
(see Fig. 14) of the carboxylic acids were considered. For all regarded clusters 
thermodynamic parameters of their formation and clusterization were calculated 
(see Table 5). 

Series of our previous works about thermodynamic parameters of the 
calculations of the substituted alkanes at air/water interface demonstrated that 
the values of the parameters calculated within quantum chemical semiempiric 
РМ3 method (Mopac 2000) reproduce corresponding experimental parameters 
with the good level of accuracy [9, 10, 34-37, 39, 41, 52].

As thermodynamic parameters of monomer and dimer formation and 
clusterization (in terms of the Dimers 1) are very close to the parameters calculated 
earlier in Mopac 2000 [34], it allows us to make conclusion that thermodynamic 
parameters of monomers and clusters of the substituted alkanes (in particular 
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carboxylic acids) calculated within Mopac  2012 will describe experimental 
parameters with the same accuracy. So such comparison did not take place for the 
other types of the clusters considered in this paper (see Figs. 12 – 14).

On the base of the calculated thermodynamic parameters (see Table 3 and 
table 5) correlation dependencies of the enthalpy and entropy of clusterization 
on the number of the pair CHˑˑˑHC and interactions between functional groups 
of the different types were obtained

 Cl
mH ,298∆ = – (9.34 ± 0.08)∙Ка – (6.10 ± 0.05)∙Кb – (7.19 ± 0.053)∙Кc 

– (5.19 ± 0.99)∙n1 + (1.09 ± 0.49)∙(n2 + n4 + n8) – (1.58 ± 0.69)∙n3 –

– (6.09 ± 0.81)∙n5 – (3.50 ± 0.80)∙n6 – (3.30 ± 0.61)∙n7, kJ/mol

[R = 0.9999; S = 2.89 kJ/mol; N = 120];		        		   (13)

 

Trimer 4 Trimer 5 

Trimer 3 Trimer 2 Trimer 1 

Figure 13. Optimized structures of the trimers of fatty carboxylic acids 
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Tetramer 2 Tetramer 1 

Figure 14. Optimized structures of the tetramers of fatty carboxylic acids of tilted 
monolayer

Values of the slopes in the expressions (13) and (14) coincide with the 
calculated earlier analogical parameters for the carboxylic acids and other classes 
of the substituted alkanes calculated in the frameworks of the Mopac  2000. 
These values are equal to –(9.20 – 10.40) kJ/mol and –(18.28 – 24.49) J/(mol∙K) 
for the enthalpy and entropy correspondingly [9, 10, 35-37, 41, 51, 52].

Increment from the one intermolecular interaction in Gibbs’ energy of 
clusterization is equal to –3.86 kJ/mol for ‘a’-type interactions, –0.51 kJ/mol 
for ‘b’-type, and –3.06 kJ/mol for ‘c’-type. So ‘a’-type of the pair СНˑˑˑНС 
interations is the most preferable. This fact is in the correspondence with our 
previous results [9, 10, 34-37, 41, 51, 52].
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Using expression (15) graphic dependencies of Gibbs’ energy of 
clusterization per one monomer on the number of the carbon atom in the chain 
(n) were plotted (see Fig.  15). As in the previous section for all considered 
clusters (from dimers to tetramers) parameters calculated using the expression 
(15) were referred to the number of the monomers in the cluster (thermodynamic 
parameters of dimerization were divided by two, of trimerization by three, of 
tetramerization by four). 

 

n 

ΔG
C

l 29
8,

m
/m

, k
J/

m
ol

 

4 

3 

8 

2 

1 

5 
6 
7 

Figure 15. Dependences of the clusterization Gibbs’ energy per monomer on the number 
of carbon atoms: 1 – trimers 3; 2 – dimers 2; 3 – trimers 4; 4 – dimers 1; 5 – trimers 5; 
6 – tetramers 1, 2; 7 – trimers 1; 8 – trimers 2.

All obtained results are necessary to calculate thermodynamic parameters 
of the monolayer formation of hexagonal structure with untilted molecules of 
carboxylic acid and make an assumption about possible way of aggregation 
process.

Conclusion
The thermodynamic parameters of oligomerization clusterization are 

calculated for molecules with the general formula CnH2n+1ОН (n=6-16) and 
CnH2n+1СООН (n=7-16). Calculated parameters of the monomer formation for 
regarded surfactants reproduce corresponding experimental parameters with 
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the high level of accuracy. Deviations of the calculated enthalpy of formation 
and absolute entropy from the experimental data are 4.25 kJ/mol and 1.64 J/
(molˑK) for alcohols and 4.74 kJ/mol and 5.51 J/(molˑK) for carboxylic acids 
correspondingly.

The analysis of the calculated dependencies of the thermodynamic 
clusterization parameters per one monomer for small alcohol aggregates suggest 
the possible way of the formation of the hexagonal monolayer phase via formation 
of alcohol trimers and their further aggregation up to the infinite monolayer 
structure. This assumption corresponds well with the small aggregation numbers 
m=2.3-3.0 for the LE phase obtained by thermodynamic analysis of experimental 
Π – A isotherms of homologues C12-C14 alcohols [8-10].

Spontaneous oligomerization of carboxylic acids is the most advantageous for 
structures of Trimers 1 and 2. Formation of these oligomers takes place for acids 
with alkyl chain length of 12-13 carbon atoms. Experimental data also indicates 
that at 298 K highly-ordered monolayers can be formed for the tetradecanoic 
(myristic) acid and the next members of the homologous series [53]. Scheme 
of the possible clusterization process was proposed: spontaneous clustarization 
probably starts from the formation of the trimers of two types which further form 
hexamers, larger clusters up to monolayers with the hexagonal unit cell.
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The works of Mąkosza and Starks formed the base of the theory of phase-
transfer catalysis (PTC). This powerful technique allows performing the 
reaction between substances located in two immiscible phases. In 1986 Mathias 
and Vaidya presented a new PTC methodology, namely inverse phase-transfer 
catalysis (IPTC) [1]. In contrast to the classic PTC in case of IPTC system, 
the hydrophobic reactant reacts with the catalyst in organic phase to form a 
water soluble intermediate. Commonly, this intermediate is highly reactive and 
rapidly reacts with the hydrophilic substrate to produce the desired product. The 
catalysis is regenerated in the aqueous-phase reaction.

The problem of environmental protection is very significant, because many 
reactions still involve the use of toxic organic solvents, which are partly discharged 
into the atmosphere with a host of negative environmental effects. Replacement 
of these   solvents   with   environmental benign reaction   media   such as water 
brings about potential advantages, such as the opportunity for environmentally 
benign processing, lower costs, and easy separation of the catalysts from the 
reaction medium. And IPTC method allows decreasing quantity of toxic organic 
solvents thanks to using water as a main solvent.   

Today, significant number of compounds was found to be capable of acting 
as the IPT catalyst. Among them are transition metal complexes, quaternary 
ammonium salts, surfactants, cyclodextrins, calyx[n]arenes and heterocyclic 
amines. Further, the different IPTC catalysts and their applications will be 
considered. 
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1. Surfactants
Boyer and coworkers explored a general method dealing with the IPTC [2-

5]. It is based upon the fact that any lipophilic substrate could be transferred 
into the aqueous phase by means of hydrosoluble surfactants. The fact, that 
micelles formed in the aqueous phase, above the CMC, are able to solubilize 
a fraction of the hydrophobic substrate in equilibrium with the organic phase, 
allow to investigated the following IPTC reactions using surfactants as the IPTC 
catalysts: the epoxidation of α,β-unsaturated ketones by H2O2 in heptane – 0.5 M 
NaOH(aq) system [2-4] and the reduction of ketones by sodium borohydride [5]. 
Dodecenyltrimethylammonium bromide was used as a catalyst. 

According to the mechanism of IPTC, reaction takes place at the surface 
of the micelles in the water phase. The reaction product, normally lipophilic, is 
transferred into the organic phase (Fig. 1). However, in presents of surfactant 
micelles two catalytic processes are involved: an inverse phase transfer – the 
surfactant allows the transfer of the lipophilic substrate into the water phase and 
the micellar catalysis – the charged transition state formed at the micelle surface 
can be stabilized by the surfactant ionic head groups only in the situation where 
the charges are opposite. 

water phase

organic phase

S

S P

P

+R

Figure 1. IPTC principle involving a surfactant as catalyst

The results indicated that the reaction was catalyzed by water-soluble 
micellar aggregates of the surfactant and the catalytic effects depended strongly 
on the hydrophobicity of the substrate. Interesting results were observed in the 
study of the effect of surfactant concentration on the epoxidation of chalcone by 
H2O2.
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It appeared that under slow agitation (100 rpm), the reaction occurred mainly 
via IPTC, while under vigorous agitation (1200 rpm) it took place mainly at the 
interface due to the formation of an emulsion.

This type of IPTC is of interest especially in the reduction of highly 
hydrophobic ketones by sodium borohydride and in the epoxidation of α,β-
unsaturated ketones by hydrogen peroxide.

2. Tetramethylammonium Salts
Due to low lipophilicity of low molecular weight quaternary salts, such as 

tetramethyl or tetraethylammonium salts are normally poor PTC catalysts for 
transferring reactant anions into the organic phase.

However, these salts could act as the IPTC catalyst, e.g., tetramethylammonium 
bromide have been employed as IPTC catalysts to carry out highly selective 
carbohydrate reactions in the aqueous phase. Trimethylammonium groups 
attached to ion-exchange resins also act as IPT catalysts in the oxidation of benzyl 
alcohol by NaOCl to yield benzaldehyde, the fluorination of chlorobenzaldehydes 
[6], the acetalization of sorbitol with benzaldehyde to produce dibenzalsorbitol 
[7]. Commonly, there are other methods for obtaining these substances, but all 
of they have disadvantages. The most popular disadvantage is formation of by-
product resulting from hydrolysis one of reactant.
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In case of synthesis of 2,4-dichlorophenoxyacetic acid in presents 
tetramethylammonium bromide, authors have analyzed several effects[8]. The  
dependents of conversations from speed of agitation have a maximum point. 
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The effect of phase volume ratio was studied for 1:1, 1:2 and 2:1 ratios of 
organic phase to aqueous phase volumes under otherwise similar experimental 
conditions. When the phase ratio of organic to aqueous phase is 1:2, the best 
conversion values are obtained. Suggested, that the organic phase as a dispersed 
phase leads to higher interfacial values that in turn enhance the mass transfer 
rates.

Thus, for certain systems where the reaction in the organic phase was not 
possible, the quaternary salts could react as IPTC catalysts.  

3. Transition Metal Complexes
Cuprous chloride, water-soluble rhodium- and palladium-based catalysts are 

used as an IPTC catalyst.  Ability of cuprous chloride to form water-soluble 
complexes with the lowest olefins has been used for catalyze by IPTC method in 
the two-phase hydrolysis and the Prins reactions [9, 10]. 
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Analogously, water-soluble rhodium-based catalysts were used as IPTC 
catalysts for the hydroformylation of olefins to produce aldehydes for the fine 
chemicals market [11]. Various catalysts on the basis of palladium complexes 
with organic ligands have been used for dehalogenation reactions of allyl and 
benzyl halides, and as for alkylation of allylic substrates and nucleophiles such 
as ethyl acetoacetate [12]. As a result of alkylation have been received regio- 
and stereospecific products in quantitative yields. Ito et al. used a self-national 
assembled nanocage, based on chelate palladium complex, as an IPTC catalyst 
for Walker oxidation of styrene [13].
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4. Calix[n]arenes
Another class of supramolecules which was successfully used as IPTC 

catalysts are calix[n]arenes (Fig. 2). In contrast to mentioned above cyclodextrins, 
water-soluble calix[n]arenes (n - 4, 6, 8) were proposed as IPTC catalysts only 
a few years ago [14].

OHOH
OH

OH
OH

OH OH
n

Figure 2. Calix[n]arenes.

Shimizu and coworkers found that nucleophilic displacement of arylalkyl 
and alkyl halides with NaCN, KI, KSCN in water can be catalyzed by substituted 
calix[n]arenes with trimethylammoniomethyl groups (Fig. 3). The catalytic 
activity of such compounds exceeded that of various cyclodextrin, whereas 
monomeric unit of the calix[n]arene (4-methoxybenzyltrimethylammonium 
chloride) did not catalyzed reaction. It was also noted that the efficiency of the 
calix[n]arenes strongly depends on the geometry of the substrates, because of 
that it was proposed that they behave similarly to cyclodextrins.

OCH3

N

n

Cl

OCH3

N Cl

a b

n = 4;6;8;

Figure 3. Water-soluble calix[n]arenes (a) and their monomeric unit (b).

Calix[n]arenes were used as IPTC catalysts in the aldol-type condensation 
and Michael addition reactions [15], and in alkylation of active methylene 
compounds by alkyl halides in aqueous NaOH solutions [16]. 
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The aldol-type condensation of indene or acetophenone with benzaldehyde 
in aqueous NaOH under IPTC condition were compared with those conducted 
in aqueous micelles in the presence of cetyltrimethylammonium bromide as the 
surfactant. It was shown that in both cases selectivity’s and yields were similar. 
On the other hand the IPTC procedure avoided the formation of emulsions, 
thus facilitating product separation and catalyst recovery. The alkylation under 
IPTC of phenylacetone with octyl bromide allows intensifying alkylation 
versus hydrolysis and selectivities of reaction (C versus O alkylation) in 
comparison to the classical PTC reaction (with tetrabutylammonium bromide 
or hexadecyltributylammonium bromide as catalysis). Furthermore, the aqueous 
layer containing catalyst solution can be easily separated from the organic phase, 
where products contain, and no organic solvent was required.

Further, water-soluble calyx[n]arenes were integrated into catalytic 
systems, where organometallic catalysis are combined with calyx[n]arenes in 
a single molecule. Phosphacalix[4]arenes (Fig. 4) were synthesized and used as 
polydentate ligands in the rhodium-catalyzed hydroformylation of 1-octene and 
l-decene [17]. 

Recently, stability of the complexes formed in result of the inclusion of 
aromatic guests in the hydrophobic pocket of the water-soluble calixarenes 
I-IV was studied. For that reason 1H-NMR titration experiments in aqueous 
buffered solutions were conducted. Additionally, molecular modeling studies in 
combination with ab initio NMR shift calculations were performed [18].
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Figure 4. Water-soluble phosphacalix[4]arenes.
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Association constants of various aromatic compounds with I were found 
to be close to those observed with β-cyclodextrin. But, it should be noted that 
iodobenzene, showed a higher affinity to β-cyclodextrin in contrast to the 
calixarenes. The association constants with the amino methyl-substituted 
calixarene II under acidic conditions were also higher than those measured with 
I at pH 7.4. Calix[n]arenes I-IV were used for catalyzing the Suzuki coupling of 
phenylboronic acid and iodobenzene in water under IPTC, yielding diphenyl as a 
product. In order to avoid the effect of inhibiting by product and to compare initial 
reaction rates the effect of I-IV was studied at low levels of conversions (10-15%). 
Better results were achieved with using amino-substituted calix[4]arenes II-IV.



258

Viktor Anishchenko, Volodymyr Rybachenko, Grzegorz Schroeder, Konstantine Chotiy and Andrey Redko

5. Cyclodextrins
Cyclodextrins are cyclic oligosaccharide/polyalcohols of α-D-glucose with 

six to eight monomeric units terms are commercially available under the names 
of α-, β-, and γ-cyclodextrin, respectively. These compounds are characterized 
by cylindrical-like structures in aqueous solution (Fig. 5). The inner cavity is 
essentially hydrophobic and can host organic guests via the various intermolecular 
forces between host and guest molecules [19], whereas hydrophilic-OH groups 
span from the upper and the lower rim, ensuring water solubility to the molecule. 

Before the concept of IPTC was created, unmodified α- and β-cyclodextrins 
were used as carriers of organic molecules into water. For example, Trifonov and 
Nikiforov showed that β-cyclodextrin accelerate the reaction of the nucleophilic 
displacement of neat octyl bromide with aqueous cyanide, iodide, and thiocyanate 
anions [20]. Also, it was shown that α-cyclodextrin can catalyzed reaction too, 
but β-cyclodextrin are preferable. 
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Figure 5. α-cyclodextrin structure.

After establishing of the IPTC concept, cyclodextrins found applications 
as IPTC catalysis in several important organic reactions catalyzed by transition 
metals. For instance, isomerization of 4-allylanisole catalyzed by IrCl3 [21], 
oxidation CuCl2 of olefins to ketones in water under aerobic condition and in 
presence of PdCl2 and CuCl2 (Wacker process) [22], the HCo(CN)5- catalyzed 
hydrogenation of conjugated dienes to monoolefins [23]. 

Further, the influence of chemically modification hydroxyls group of 
cyclodextrins on catalytic activity was studied. In 1994 by Mortreux and 
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coworkers were found that the Wacker process of oxidation of 1-decene to 
2-decanone with excellent yield (98%) in water, using O2/PdSO4/CuSO4/H9PV6-
Mo6O40 as the redox system. The lipophilic substrate was transferred into the 
aqueous phase by an amphiphilic β-cyclodextrin, in which about 60% of the 
free-OH groups were methylated [24]. Testing of other cyclodextrins (native 
α-, β-, γ-, fully acetylated β-cyclodextrin or 2-hydroxypropyl-β-cyclodextrins 
with different degrees of substitution) shows limited success. The optimal 
ratio of lipophilic and hydrophilic properties had a great importance, but 
obtained results shows a significant role of molecular recognition based on 
reversible interactions between the cyclodextrins’ host cavity and 1-decene. The 
methylated β-cyclodextrin was used as IPTC catalysts for the rhodium-catalyzed 
hydroformylation of water-insoluble olefins with high yield in an aqueous two-
phase system free of organic solvent [25]. In contrast to terminal olefins, less-
reactive internal olefins were found to be almost inert [26].

A general scheme obtained from these research studies: the amphiphilic 
cyclodextrin wraps the hydrophobic substrate (guest-molecule), acting as a host-
molecule and transferring it into the aqueous phase, where the reaction occurs. 
The stability constant of the new host-guest complex is lower, and the product is 
then released into the organic phase (Fig. 6).
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OH

OH
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aqueous phase

substrate

substrate

product

product
catalyst

Figure 6. Catalytic cycle of cyclodextrin.
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This scheme was confirmed by other catalytic organometallic reactions. 
Interesting results were obtained in the cleavage of allylic substrates in the 
presence of Pd(OAc)2/P(C6H4SO3Na)3 [27, 28], the hydrocarboxylation of 
olefins catalyzed by PdCl2/ P(C6H4S03Na)3 to give carboxylic acids [29], and the 
biphasic hydrogenation of water-insoluble aldehydes to alcohols catalyzed by 
RuCl3/ P(C6H4SO3Na)3 [30].

The effect of partly methylated β-cyclodextrins on the other component of 
the catalytic system was studied in the case of the hydroformylation of alkenes. 
Monflier and coworkers reviewed their previous model, considering formation 
of complexes between the cyclodextrin and some components of the catalytic 
system (e.g., P(C6H4-SO3Na)3) [31]. Independently, Kalck and coworkers 
proposed that the catalytically active rhodium complex include at least two 
cyclodextrin molecules [32]. From these results was concluded that chemically 
cyclodextrins influence the biphasic reaction not only as IPTC catalyst but also 
by modifying the equilibria between the components of the catalytic system [33].

More complicated catalytic systems based on β-cyclodextrin with 
combination of different functions in the same molecule were also conceived. 
Such complexes of modified β-cyclodextrin (Fig. 7) with rhodium were used 
as IPTC catalysts for the hydrogenation and the hydroformylation of alkenes in 
water-organic two-phase systems [34].
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Figure 7. Multicomponent ligands for organometallic catalysis.
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Such supramolecular catalysts showed high catalytic activity in 
the hydroformylation reactions and substrate selectivity in competition 
hydrogenation experiments. In contrast to the simple methylated β-cyclodextrin 
mentioned above, internal and cyclic olefins were oxidation into aldehydes. 
These improvements were explained with the formation of an inclusion complex 
at the phase boundary, with the cylodextrin host fixing the substrate in the 
proximity of the catalytically active metal center (Fig. 8) [35].
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Figure 8. Proposed scheme of olefins oxidation by rhodium complexes of chelating 
phosphines tethered to β-cyclodextins.

The effect of guest-molecule structure and type of cyclodextrin on 
binding constant was investigated using NMR and UV/VIS spectroscopy [36]. 
Chlorinated phenols were used as guest-molecules.  α- and β-cyclodextrin form 
inclusion complexes with several chlorophenols with modest to low equilibrium 
constants. Results of studies are consistent with a simple 1 : 1 stoichiometry and 
the stability of the complexes is dependent on the structure of the chlorophenol 
and the cyclodextrin used. In general, the most stable complexes are formed 
between  β-cyclodextrin and the 4-substituted chlorophenols. This suggests that 
the stability of the complexes is strongly influenced by the sizes and shapes of 
the guest and the cavity of the host. The polarity of the host chlorophenol plays 
an important role on the stability of the complex but is far less important than 
geometric fitting.
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Recently, the Markovnikov enantioselective hydration of double bounds 
by an oxymercuration-demercuration reaction with cyclodextrins as catalysts 
was investigated [37]. Moderate ee (up to 32%) and yields (14–60%) were 
obtained for allylic amines and protected allylic alcohols as starting materials. 
It was found that an aromatic ring must be present in the substrate to achieve 
enantioselectivity. The best results are always obtained with α- or β-cyclodextrin. 
Modified cyclodextrins (2,6-di-O-methyl and random methyl cyclodextrins) 
neither improve yield nor enantioselectivity. N-allyl- N-benzylmethylamine 
is an interesting example as the benzyl group may be removed by catalytic 
hydrogenation.

Kunishima and co-workers reported about a novel system for substrate-
specific activation of carboxylic acids leading to the formation of carboxamides 
[38]. A combination of a water-soluble dehydrocondensing agent, 
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM), and (hydroxypropyl)cyclodextrin (HP-β-CD), in a water/ether biphasic 
solvent system was found to be most effective. A lipophilic carboxylic acid 
with a strong affinity for the cavity of HP-β-CD can be selectively transferred 
to the aqueous phase and predominantly reacts with DMT-MM, dissolving 
in the aqueous phase. The substrate specificity was similar to that observed 
with a complex artificial enzyme based on CD. In result was found that 
substrate specificity similar to that obtained with a complex artificial enzyme 
can be achieved by using DMT-MM and a CD. This is the first example of a 
dehydrocondensation involving a step of carboxylic acid activation under IPTC 
conditions. It can be expected that this concept to be applicable to various solvent 
systems composed of fluorous solvents or ionic liquids, and such applications 
are now under investigation.

A novel and efficient procedure has been developed by Li et al.  for the 
preparation of Urapidil,  from 6-[(3-chloropropyl)amino]-1,3-dimethyluracil  and 
1-(2-methoxyphenyl)  piperazine  hydrochloride under IPTC conditions [39].  To 
optimize the reaction conditions, the alkylation reaction was carried out with a 
range of IPTC catalysts, agitation speeds, reaction times, reaction temperatures, 
mole ratios and catalyst loadings. The experimental results demonstrate 
that the alkylation of 1-(2-methoxy- phenyl) piperazine hydrochloride with 
6-[(3-chloropropyl)amino]-1,3-dimethyl-2,4(1H,3H)-pyrimidinedione is very 
rapid in the presence of cyclodextrins in aqueous media. β-cyclodextrin is the 
best catalyst owing to its excellent catalytic activity and eco-friendly nature. 
Urapidil was obtained as a white crystalline powder in 82.6% isolated yield 
with 99.6% purity after 2-3 h reaction in alkaline aqueous media at 95°C with 
an agitation rate of 1500 rpm. Compared to the N-alkylation under the same 
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conditions without catalyst, the proposed method is suitable for the industrial 
scale synthesis of Urapidil.

6. Pyridine derivatives
Pyridine derivatives are of interest as IPTC catalysts, because of their low 

cost and availabilities in comparison with cyclodextrins and calix[n]arenes. 
Pyridines relate to an important class of IPTC catalyst, which can react with 
hydrophobic substrate in organic phase with formation of intermediate. These 
compounds have an ionic structure that’s why it passes into aqua phase and here 
take place main reaction between ionic intermediate and hydrophilic substrate. In 
result of that reaction form products and regenerate catalyst. This class of IPTC 
catalysts includes 4-(dimethylamino)pyridine (DMAP), 4-pyrrolidinopyridine, 
pyridine-1-oxide (PNO), 4-methoxypyridine-1-oxide, 4-methylpyridine-1-
oxide, etc. 

Mathias and Vaidya were first who studied the acylation reaction of alanine 
with decanoyl- or 4-chlorobenzoyl chloride catalyzed by DMAP in H2O – 
CH2Cl2 system  (Fig.  9)  [1].  DMAP was also used as IPTC catalyst to improve 
the tosylation of alcohols and amines with tosyl chloride [40].

The IPTC reaction of acid chloride with carboxylate ions [41] and with 
phenols [42] catalyzed by PNO in H2O – CH2Cl2 system to produce accordingly 
acid anhydride and aromatic ester were reported. In the latter case was observed 
that the IPTC reaction was more efficient than the normal PTC reaction catalyzed 
by quaternary ammonium salts. Further, DMAP- and PNO-catalyzed IPTC 
reactions will be considered more detail. 

DMAP as a catalysts in IPTC system
Two independent investigations of the DMAP-catalyzed IPTC reaction of 

benzoyl chloride with glycine were made. The main different was in the pH of 
water phase.       

Wang and coworkers investigated this reaction in H2O – CH2Cl2 system and 
pH of water phase was between 7 and 11 [43].  It was observed that the rates of 
both the uncatalyzed and DMAP-catalyzed reactions were fast and the yields of 
hippuric acid were very high (up to 100%). Also was founded that the reaction 
rate depended on the shape of the reaction vessel and on agitation rate below 
1200 rpm.
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Figure 9. Scheme of reaction between 4-chlorobenzoyl chloride and alanine catalyzed by 
DMAP in H2O – CH2Cl2 system.

The mechanism of the DMAP-catalyzed reaction can be described as 
follows:

H2NCH2CO-
2aq + H2O  H2NCH2CO2Haq + -OHaq

1

H2NCH2CO2Haq  H2NCH2CO2Horg
2

H2NCH2CO2Horg + PhCOClorg  PhCONHCH2CO2Horg + HClorg 3

H2NCH2CO-
2if + PhCOClif  PhCONHCH2CO2Hinf + Cl-

inf 4

DMAPaq  DMAPorg
5

DMAPorg + PhCOClorg  DMAPCOPh+Cl-
org

6

DMAPCOPh+Cl-
org  DMAPCOPh+Cl-

aq
7

DMAPCOPh+Cl-
org + H2NCH2CO2Horg  PhCOONHCH2CO2Horg + DMAPH+Cl-

org
8

DMAPCOPh+Cl-
aq + H2NCH2CO2Haq  PhCOONHCH2CO2Haq + DMAPH+Cl-

org
9

DMAPCOPh+Cl-
aq + H2NCH2CO2

-
aq  PhCOONHCH2CO2Haq + DMAPaq + Cl-

org
10
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The DMAPCOPh+Cl- is the active ionic intermediate, formed by the reaction of 
benzoyl chloride and DMAP in the organic phase. The reactions 1-4 described 
the uncatalyzed reaction between benzoyl chloride and glycine in H2O – CH2Cl2 
system. The hippuric acid can be generated via Eq. 3 in the organic phase (org) 
and Eq. 4 in the interfacial region (if). In case of DMAP-catalyzed reaction the 
hippuric acid mainly generated via reactions 9-10 in water phase (aq).

The reaction has taken place in the kinetic region. It was confirmed by 
parallel experiments in which DMAP was presented initially in organic and 
in the aqueous phase, respectively. In all cases the reaction rates were similar, 
which implied that the mass transfer of DMAP between the two phases was 
extremely rapid. Both the uncatalyzed and DMAP-catalyzed reactions followed 
pseudo-first-order kinetics in the initial presence of excess amount of the sodium 
salt of glycine. 

The effective pseudo-first-order rate constants increased with the initial 
concentrations of sodium salt of glycine and DMAP in the aqueous phase in 
cases of uncatalyzed and DMAP-catalyzed reaction, respectively. These facts 
confirm that in the uncatalyzed reaction, the reaction rate determines by reactions 
3 and 4 and in the DMAP-catalyzed reaction it control by reactions 6, 8 and 10.

The nucleophilicity of RNH2 is considerably higher than that of the 
RCOO- ion, because the pKa values relative to water are pKa(RNH+

3) = 10-11, 
pKa(RCOOH) = 4-5, and pKa(H2O) = -1.74. Therefore, the reaction of PhCOCl 
with H2NCH2CO-

2 to yield PhCOOCOCH2NH2 is negligible, as observed [44]. 
The hydrolysis of PhCOCl was also negligible, because no benzoic acid was 
detected.

Also, analogous experiments with sodium salts of other α-amino acids were 
realized and similar results were obtained. These reactions proceeded rapidly to 
produce PhCONRCHR’COOH with high yields (85 - 100%). In the follow row 
the reactivity’s of amino acids increased 2-methylalanine < DL-alanine « glycine 
« N-methylglycine ≈ L-prolinene [45]. There are three facts, which determined 
reactivity’s of these amino acids: nucleopholicities, organophilicities (solubility’s 
in CH2Cl2) and the steric hindrance, e.g., the low reactivity of 2-methylalanine 
was due to both the low solubility in CH2Cl2 and the steric hindrance of the 
methyl group. 

In contrast Asai and coworkers studied that reaction in H2O – CH2Cl2 
system in the absence of alkali [46]. They obtained high yields (up to 94%) of 
hippuric acid. It was observed that the overall reaction rates were proportional 
to the interfacial concentration of ionic intermediate in the aqueous phase. In 
the absence of DMAP, the reaction was about three to four orders slower than 
that of the DMAP-catalyzed reaction. The yield of hippuric acid decreased with 
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increasing amounts of NaOH added, due to the hydrolysis of benzoyl chloride. 
In that case the mechanism of the DMAP-catalyzed reaction can be described by 
reactions 2, 3 and 5-9.

An attractive application of the IPTC technique was demonstrated in 
the protection of the amino group of DL-serine with carbobenzoxy chloride 
(benzyl chloroformate) in H2O – C2H4Cl2 system catalyzed by DMAP [41, 
47]. This method is useful for preparing the precursor for synthesizing the 
peptide containing the serine moiety, since the protection of amino acids by the 
carbobenzoxy group is generally made in the alkaline solution, which is not 
applicable to DL-serine due to its decomposition in the alkaline solution to 
produce byproducts such as glycine.

PNO as a catalysts in IPTC system
Acid anhydrides are very important precursors for the synthesis of esters, 

amides, and peptides and they being less reactive than acyl chlorides. An 
attractive application of the IPTC technique was demonstrated in produce of 
acid anhydride from acid chlorides and carboxylate ions by Fife and coworkers 
[41, 48]. They have proposed the next scheme of catalytic process (Fig. 10):

N

N

O

Cl

ClO

OO

aqueous phase

organic phase

+

++

O

ON

O
O

O

O

Figure 10. Inverse phase transfer catalysis: the PNO-catalyzed reaction of benzoyl 
chloride and benzoate ion.

Jwo and coworkers [49-59] have investigated the kinetics and mechanism 
of the reactions of benzoyl chlorides and carboxylate ions using PNO as the 
IPTC catalyst in H2O – CH2Cl2 system. Based on the kinetic results, a detailed 
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mechanism was proposed for the PNO-catalyzed substitution reaction of benzoyl 
chloride and benzoate ion in this system [49]. The main elementary acts are 
shown as follows:

PNOorg  PNOaq
11

PhCOClorg + PNOorg  PhCOONP+Cl-
org

12

PhCOONP+Cl-
org  PhCOONP+Cl-

aq
13

PhCOONP+Cl-
aq + PhCOO-

aq  (PhCO)2Oaq + PNOaq + Cl-
aq

14

PhCOONP+Cl-
aq + H2O  PhCOOHaq + PNOH+Cl-

aq
15

PhCOCl + H2O  PhCOOH + HCl 16

Reaction 16 can take place in both the organic and aqueous phases and in the 
interfacial region. 

It was generally observed that the reaction rate was independent of the 
agitation speed beyond 1100 rpm in H2O – CH2Cl2 system, but with agitation 
speed below 1100 rpm the reaction rate decreased with decreasing of agitation 
speed. The PNO-catalyzed IPTC reactions of benzoyl chloride and benzoate ion 
produced a prime product (benzoic anhydride) and by product of a hydrolysis 
(benzoic acid). Under suitable reaction conditions, the reaction followed pseudo-
first-order kinetics as shown in Eq. 17:
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In Eq. 18, kh and kc were the uncatalyzed (or hydrolysis) rate constant and 
catalyzed rate constant, respectively. Since, in general kh » kc, then reaction 
of PhCOCl with PNO in the organic phase are the rate-determining act in 
the reaction of production as prime product the benzoic anhydride catalyzed 
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by PNO. For obtaining the value of kh were measured kef for reactions with 
various initial concentration of catalyst. From this data were obtained equation 
of linear regression, which represented dependence of kef from [PNO]aq,0. Free 
factor in obtained equation were numerically equal kh. The value of kh obtained 
from the dependence of kef from [PNO]aq,0 was generally consistent with that 
obtained in the uncatalyzed reaction. Therefore, reaction 16 was the main act in 
the uncatalyzed (hydrolysis) path, which led to the production of benzoic acid. 

Effects of the substrates structure
Generally, in the IPTC system the rate-determining elementary act is 

the reaction of hydrophobic substrate and catalyst in which produce ionic 
intermediate. In case of the PNO-catalyzed reaction of benzoyl chloride with 
benzoate ion in H2O – CH2Cl2 medium, the reaction of benzoyl chloride and PNO 
in the CH2Cl2 phase was the rate-determining act. Therefore, it was worthwhile 
investigating the effects of the substrates structure on this system. The substrates 
structure was varied by means of substituent’s, which included H3C-, (CH3)3C-, 
CH3O-, F-, Cl-, Br-, and I- groups. Similar to the PhCOCl/PhCOONa system, 
these reactions followed pseudo-first-order kinetics with the effective pseudo-
first-order rate constant, which submit to Eq. 18. The values of the catalyzed rate 
constant (kc) for different XnC6H5-nCOCl and YkC6H5-kCOONa are summarized 
in Table 1. 

Table 1. Effects of substituent’s on catalyzed rate constant (kc) for PNO-catalyzed reaction 
of benzoyl chloride (XnC6H5-nCOCl) and benzoate ion (YkC6H5-kCOONa) in H2O – CH2Cl2 
system

X Y kc,
M-1∙s-1 T, ºC X Y kc,

M-1∙s-1 T, ºC

H H 3.60 22 4-Cl 4-Cl 5.37 22

2-CH3 2-CH3 1.49 10 4-Cl H 5.43 22

3-CH3 3-CH3 2.53 20 2-Br 2-Br 7.10 15

4-CH3 4-CH3 1.53 20 2-Br H 7.37 15

3-CH3O 3-CH3O 3.40 20 3-Br 3-Br 6.10 15

3-CH3O H 1.83 20 3-Br H 6.21 15

4-CH3O 4-CH3O 0.71 20 4-Br 4-Br 5.80 15

4-CH3O H 0.64 20 4-Br H 5.61 15
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X Y kc,
M-1∙s-1 T, ºC X Y kc,

M-1∙s-1 T, ºC

4-C(CH3)3 H 1.87 20 2-I 2-I 17.5 20

2-F 2-F 9.10 20 2-I H 10.9 20

2-F H 10.4 20 4-I H 6.83 20

3-F 3-F 6.10 20 2.3-Cl2 2.3-Cl2 15.6 22

3-F H 6.80 20 2.3-Cl2 H 11.6 22

4-F 4-F 3.40 20 2.4-Cl2 2.4-Cl2 11.1 22

4-F H 3.93 20 2.4-Cl2 H 12.4 20

2-Cl 2-Cl 8.10 22 3.4-Cl2 3.4-Cl2 15.4 22

2-Cl H 10.1 22 3.4-Cl2 H 7.98 20

3-Cl 3-Cl 6.43 22 3.5-Cl2 3.5-Cl2 57.3 22

3-Cl H 6.37 22 3.5-Cl2 H 10.5 22

For more detail analysis, the Hammet correlations were constructed. 
Good correlations were obtained for the meta- and para- substituent’s in the 
coordinate of log(kc/kcH) in the X-direction and σ in the Y-direction, where σ was 
the substituent constant and kcH was the catalyzed rate constant of the benzoyl 
chloride (Fig. 10) [59]. The reaction constant (ρ) as slope were obtained from 
with correlation. The value of ρ was +1,3. Therefore this reaction is a nucleophilic 
substitution reaction and it can be accelerated by the electron-withdrawing 
substituent and retarded by the electron-donating substituent. This completely 
agrees with data which were observed in these reactions. It is well known that 
the application of the Hammett equation to the ortho-substituent is usually poor, 
because of the steric effect. However, the inductive and resonance effects, the 
electron-withdrawing ortho-substituent (F-, Cl-, Br-, or I-) also facilitates the 
reaction considerably by complexing with the positively charged nitrogen atom 
of the pyridinium moiety. In contrast, the electron-donating ortho-substituent 
(H3C- or CH3O-) also retards the reaction via the steric effect.

Also in the course of investigations of the substrates structure effects, the 
effects of carboxylate ions were examined. Various mono- and dicarboxylate 
were taken for exploration. The effects of carboxylate [RCOONa] ions on the 
PNO-catalyzed IPTC reactions of PhCOCl and sodium carboxylates in H2O – 
CH2Cl2 system were investigated for selected carboxylate ions (Table 2) [52]. 
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These results were rationalized by the good correlations of the distribution of 
PNO in the CH2Cl2 phase and the carboxylate ions in the aqueous phase [52, 56].

Table 2. Effects of carboxylate ions on PNO-catalyzed reaction of benzoyl chloride with 
sodium carboxylates in H2O – CH2Cl2 system

Carboxylate ion kc, M
-1∙s-1 Carboxylate ion kc, M

-1∙s-1

HCOO- 3.50 n-C4H9COO- 3.83

CH3COO- 3.55 n-C5H11COO- 3.75

C2H5COO- 3.52 n-C6H13COO- 3.83

(CH3)2CHCOO- 3.77 n-C7H15COO- 3.35

[PhCOCl]org,0 = 0,0100M, [RCOONa]aq,0 = 0,500 M, at 180C.

Also, the effects of dicarboxylate [R(COONa)2] ions on the composition 
of products of the PNO-catalyzed IPTC reactions of PhCOCl and sodium 
dicarboxylates in H2O – CH2Cl2 system were analyzed on several dicarboxylate 
ions. There are oxalate, malonate, maleate, fumarate, succinate, adipate, 
nonanedioate, phthalate, isophthalate, and terephthalate among them [53]. The 
compositions of the obtained products depended on the molecular structure of 
the dicarboxylate ion. The reaction rates depended significantly on the type of 
dicarboxylates   analogously   to   the   effects   of   monocarboxylates   (Table 3).

Table 3. Effects of dicarboxylate ions on PNO-catalyzed reaction of benzoyl chloride with 
sodium dicarboxylates in H2O – CH2Cl2 system

Dicarboxylate ion kc, M
-1∙s-1 Dicarboxylate ion kc, M

-1∙s-1

malonate 4.10 nonanedioate 4.08

succinate 4.02 phthalate 3.80

maleate 3.83 isophthalate 2.73

fumarate 3.03 terephthalate 2.72

adipate 4.27

[PhCOCl]org,0 = 0,0100M, [R(COONa)2]aq,0 = 0,500 M, at 180C.
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These results were also rationalized by the good correlations of the 
distribution of PNO in CH2Cl2 and the dicarboxylate ions, with the exception 
of the nonanedioate ion, due to interference by the emulsion phenomenon [52]. 
Generally, products included mono- and bis-(benzoyloxycarbonyl) compounds, 
benzoic anhydride, and benzoic acid. Accordingly to distribution of products the 
four types of dicarboxylate ions were classified (Table 4).

Elementary acts for the generation of mono- and bis-(benzoyloxycarbonyl) 
were proposed as follows:
Aqueous phase reaction:

PhCOONP+
aq + (RCOO-)2aq  PhCOOCORCOO-

aq + PNOaq
19

PhCOONP+
aq + PhCOOCORCOO-

aq   R(COOCOPh)2aq + PNOaq
20

Organic phase reaction:

PhCOONP+
org + (RCOOH)2org  PhCOOCORCOOHorg + PNOorg

21

PhCOONP+
org + PhCOOCORCOOHorg   R(COOCOPh)2org + PNOorg

22

Interfacial reaction:

PhCOONP+
if + (RCOO-)2if  PhCOOCORCOO-

if + PNOif
23

PhCOONP+
if + PhCOOCORCOO-

if  R(COOCOPh)2if + PNOif
24

Table 4. Types of dicarboxylate ions

Type Main products Minor product Dicarboxylate

I PhCOOH, (70-80%) (PhCO)2O
oxalate, malonate, 

maleate, and succinate

II PhCOOCORCOOH (PhCO)2O, PhCOOH phthalate

III R(COOCOPh)2,
(70-88%)

(PhCO)2O, PhCOOH, 
PhCOOCORCOOH

fumarate, isophthalate, 
terephatate, and 
nonanedioate

IV PhCOOH R(COOCOPh)2
(PhCO)2O, 

PhCOOCORCOOH adipate
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Type I dicarboxylates ion tend to exist in the aqueous phase due to their low 
organophilicities. The steric difficulties because of the nearby second carboxylate 
group, reduce to inhibition of the reactions 19 and 20 or 23 and 24. That is the 
reason that the reaction was dominated by the hydrolysis path (reactions 15 and 
16) to produce PhCOOH.  

Type II dicarboxylates ion includes the conjugate acids such as phthalate. The 
PhCOOCORCOOH is the main product for this type of dicarboxylates, because 
of they had higher organophlicities than those of the Type I dicarboxylates. The 
observed main product could be generated by reactions 19, 21, and 23. However, 
reactions 20, 22, and 24 were inhibited by the steric effect of the second 
carboxylato group at the ortho-position, that explain why no C6H4(COOCOPh)2 
was detected. 

In type III dicarboxylates ion the steric hindrance of the second carboxylato 
group is absence. That is why, the main products were the bis(benzoyloxycarbonyl) 
compounds [R(COOCOPh)2] for this type of dicarboxylates. The main product 
generated in the various reactions, against of dicarboxylate, e.g. for isophthalate 
and terephthalate systems, reactions 19-24 were involved in the generation 
of C6H4(COOCOPh)2, for the fumarate system, trans-C2H4(COOCOPh)2 was 
generated mainly via reactions 19 and 20, 23 and 24, for the nonanedioate 
system, (CH2)7(COOCOPh)2 was produced mainly by reactions 23 and 24 due 
to its surfactant property. 

For type IV dicarboxylates ion, such as succinate, a wide distribution 
of products was observed, because of their properties seemed to occur at an 
intermediate position.

Solvent effects
PNO is polar substance and so, thermodynamically, the distribution of PNO 

in the organic phase is favored by the polarity of the organic solvent. Kinetically, 
the reaction is also more favorable to take place in polar organic solvent, since 
the transition state formed by PhCOCl and PNO (Eq. 12) is more ionic than 
both PhCOCl and PNO. The order of relative reaction rates with respect to 
the polarity of organic solvents was cyclohexanone > CH2Cl2 » CHCl3 > CCl4, 
which was consistent with the order of polarities. In case of non-polar solvent 
such as benzene the benzoic acid was obtained, instead of anhydride. Similar 
results were generally observed for other benzoyl chlorides and carboxylate ions 
[54, 55, 57-59]. 
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Table 5. Effect of organic phase composition on PNO-catalyzed reaction of benzoyl 
chloride with sodium benzoate in H2O – organic solvent system

Organic solvent kef∙104, s-1 Organic solvent kef∙104, s-1

Cyclohexanone 17.7 CH2Cl2 (0.5 M PhCN) 10.1

CHCl3 3.25 CH2Cl2 (0.5 M PhNO2) 9.50

CCl4 2.70 CH2Cl2 (1.5 M PhNO2) 10.1

CH2Cl2 8.08 CH2Cl2 (0.5 M CCl4) 7.08

CH2Cl2 (0,5 M PhCH2CN) 10.2 CH2Cl2 (1.5 M CCl4) 4.75

CH2Cl2 (1,5 M PhCH2CN) 12.0

[PhCOCl]org,0 = 0,0100M, [PhCOONa]aq,0 = 0,500 M, and [PNO]aq,0 = 2,00∙10-4 M, 
at 180C.

Apparently from the Table 5, addition of an inert organic substance, which 
have larger polarity than solvent reduce to increasing of the reaction rate and 
vice versa, addition of an inert organic substance, which have smaller polarity 
than solvent reduce to decreasing of the reaction rate. That was obtained in the 
H2O – CH2Cl2 system with, keeping the volume of organic phase constant.

Phosphorylation
The IPTC methodology was successfully used for performing 

phosphorylation of different mono- and bisphenols [60-64] 
The phosphorylation of para- substituted monophenols by diphenyl 

chlorophosphate under IPTC was studied [60].  Potassium carbonate was 
used as acid acceptor, thereby the optimal value of pH was provided and as a 
consequence the side reaction of hydrolysis was minimized. Pyridine-1-oxide 
derivatives (4-chloropyridine-1-oxide (ClPNO), 4-methylpyridine-1-oxide 
(MePNO), 4-methoxy-pyridine-1-oxide (MeOPNO), 4-morpholinopyridine-
1-oxide (MorphPNO), 4-dimethylaminopyridine-1-oxide (DMAPNO)) were 
chosen as catalysts, because they demonstrated high efficiency in the case of 
reaction between acyl halides with benzoate anions [50-53]. 

The advanced scheme of phosphorylation of phenols under IPTC shown in 
Figure 11. 
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Figure 11. Scheme of the phosphorylation of phenols catalyzed by pyridinium-1-oxides in 
two-phase system water/dichloromethane.

Kinetic studies were carried out for reaction of diphenyl chlorophosphate 
with sodium p-nitrophenolate. The result of experiments showed that reaction 
rate and product yield increase in the series of catalysts: ClPNO < MePNO < 
MOPNO < MorphPNO < DMAPNO (Table 6).

		

 

     
  

                            
 
	  	 (25)

Table 6. Results of IPTC reaction of diphenyl chlorophosphate with sodium 
4-nitrophenolate

Catalyst pKBH+ lgkobs Yield, %

ClPNO 0.33 -2.45 35
MePNO 1.29 -1.62 50

MeOPNO 2.05 -1.00 60
MorphPNO 3.25 -0.164 81
DMAPNO 3.88 0.290 86
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IPTC polycondensation of various phosphonic(phosphoric) dichloride’s 
(PD) with bisphenols (B) was described by Iliescu at. el. [61-64] (Table 7). Methyl 
dichlorophosphate (MOP), phenyl dichlorophoshate (POP), p-chlorphenyl 
dichlorophosphate (p-ClPOP), phenyl dichlorophoshonate (PPD) were used 
as phosphorus monomers. 4,4’-methylenediphenol (BHF), bisphenol A (BPA), 
4,4’-(propane-2,2-diyl) bis(2,6-dibromophenol) (BrBPA), 4,4’-(cyclohexane-
1,1-diyl)diphenol (BPZ), 4,4’-(diazene-1,2-diyl)diphenol (DHB) were used as 
phenol monomers. 

Table 7. Results of IPTC polycondensation of various phosphonic(phosphoric) dichlorides 
with bisphenols

PD B Catalyst Base T, °C Yield, % ηinh, dl·g-1

PPD BPA DMAP NaOH 15 86.5 0.40a

PPD BPA DMAP NaOH -12 93.1 0.63a

PPD BPA DMAP NaOH -12 92.9 0.64a

PPD BPA DMAP NaOH -12 92.9 0.64a

PPD BPA DMAP NaOH -12 93.0 0.64a

PPD BrBPA DMAP NaOH 15 65.5 0.32a

PPD DHB DMAP NaOH 15 80.8 0.45a

PPD HPM DMAP NaOH 15 60.0 0.25a

PPD BPZ PNO NaOH 0 60.0 0.36b

PPD BPZ PNO Ba(OH)2 0 75.2 0.52b

p-ClPOP HPM DMAP NaOH 15 68.5 0.28a

POP BPA DMAP NaOH 15 78.5 0.35a

POP BrBPA DMAP NaOH 15 63.5 0.30a

POP DHB DMAP NaOH 15 80.2 0.42a

MOP BPA DMAP NaOH 15 92.0 0.65a

a The inherent viscosities ηinh were determined for solutions of 0.5 g/100 ml, in 
tetrachloroethane, at 30°C
b The inherent viscosities ηinh were determined for solutions of 0.25 g/100 ml, in 
dichloroethane, at 25°C
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The results of experiments with different pyridine derivatives showed that 
yield and polymer inherent viscosity increase in the series of catalysts: pyridine 
(Py) < pyridine-1-oxide (PNO) < 4-dimethylaminopyridine (DMAP). 

In addition, influence of reaction conditions on yield and polymer inherent 
viscosity was investigated [62]. The MINITAB statistical software was used for 
obtaining the mathematical model of the synthesis process. Using this model the 
main effect of the control factors and their interactions were evaluated. Optimal 
values of the control factors for obtaining polymer with long chain and high 
yield were found:

•	 monomer molar ratio PD:B = 1:1;
•	 base concentration = 1.1M;
•	 reaction temperature = -12°C;
Furthermore, the advantage of using barium hydroxide compared to sodium 

alkali was shown [63]. Using of bases with limited solubility prevents the 
polymer degradation and phosphorus monomer hydrolysis. However, such bases 
can provide sufficient concentration of hydroxyl ions to neutralize released acid 
during polycondensation. Thus, IPTC method can be exploited for the synthesis 
different polyphosphates and polyphosphonates with high inherent viscosity and 
good yield. In contrast to PTC there is no need for vigorous stirring (500-1000 
rpm instead of 10000 rpm) but as opposed to PTC process, where a small amount 
of catalyst is enough to produce a polymer, IPTC polycondesation can take place 
only at much higher catalyst concentration. 
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Introduction
Carbon nanotubes (CNTs), new molecular form of carbon, were discovered 

by Iijima [1] and soon focused great attention of scientist from many fields 
because of their unique properties. CNTs reveal high thermal and electrical 
conductivity [2], as well as excellent mechanical properties [3, 4] they are also 
chemically inert and resistant to acids and bases. Rapidly they found application 
in catalysis [5], as materials for gas-sensors production [6] and for the fabrication 
of composites [7].

Carbon nanotubes belong to the great family of graphitic filaments, which 
may have diameters from 0.4 to 500 nm and length from hundreds of nanometers 
to about micro- or even centimeters [8]. These filaments are classified into three 
main structural categories, depending on the angle of the graphene layers with 
respect to the filament axis [9]: stacked (where graphene layers are perpendicular 
to the fiber axis), herringbone or cup-stacked (where layers are placed at an 
angle to the axis) and nanotubular (where cylindric walls are parallel to the 
axis of the tube).The category “carbon nanotubes” is currently used mainly for 
tubular structures, which are of a cylinder shape, but in broader meaning it is 
applied also to other graphitic nanofibers.

There are two main types of “classical”, i. e. cylindric carbon nanotubes: 
SWCNTs,  single-walled carbon nanotubes and MWCNTs, multi-walled carbon 
nanotubes. The building of nanotubes depends on the preparation method and 
selection of synthesis parameters. The main preparation methods are basing on 
the chemical vapor deposition (CVD) process or on the arc discharge technique, 
supported by various metallic catalysts. Modifications of vapor deposition 
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methods are: thermal chemical vapor deposition, catalytic chemical vapor 
deposition (CCVD) and plasma enhanced chemical vapor deposition (PEVCD) 
[10]. As can be seen later in the text, iron, cobalt and nickel are most frequently 
used as metallic catalysts in carbon nanotubes fabrication.

Four major SWNT synthetic methods used for commercial purposes are:
1.	 Ni/Y-catalyzed arc discharge;
2.	 Fe/Mo catalyzed CVD;
3.	 Fe-catalyzed CVD;
4.	 Co/Mo-catalyzed CVD. 
The obtained single-walled carbon nanotube powders are further classified as 

raw (as-produced soot directly from the reactor), purified (refined single-walled 
nanotubes with low degree of chemical functionalization) and carboxylated 
(refined with higher degree of introduced carboxyl group on the sidewalls and 
at the tube ends) [11].

Many characterization methods are used for description and explanation of 
CNTs properties. Among them the most important are:

•	 X-ray photoelectron spectroscopy (XPS) – for surface characterization 
[12];

•	 Fourier-transformed infrared spectroscopy (FTIR) – for functional 
groups identification [13, 14];

•	 Brunauer, Emmett, Teller (BET) analysis – i.e. to measure BET surface 
area of pristine and functionalized CNTs – enables determination if 
the ends of nanotubes opened and/or if defects are generated on the 
sidewalls [10];

•	 temperature-programmed desorption with gas chromatography; TPD (in 
He) with GC – registers ion current vs. temperature, enables evaluation 
of oxygen containing groups, which evolve CO2 and CO [10, 15, 16] – 
quantitative analysis of functional groups;

•	 thermogravimetric analysis (TGA) – to determine weight loss with 
temperature; time and temperature of thermal oxidation could be 
estimated from the curves of TGA [10];

•	 scanning electron microscope, SEM [10] – for imaging of fine structures 
of materials obtained and their morphological analysis;

•	 transmission electron microscope, TEM – for characterization of 
interior structure of CNTs, for example measuring nanotube diameter 
and bundle diameter and calculating the number of nanotubes in the 
bundle [10];

•	 TEM with EDX (Energy-Dispersive X-ray spectroscopy) – enables 
judging of elemental composition of the sample and detection of 
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metallic catalyst residues; 
•	 ultraviolet/visible spectroscopy and near-infrared spectroscopy; UV-

Vis NIR;
•	 Raman spectroscopy [17]; 
•	 AFM – Atomic Force Microscopy –information about the length of 

nanotubes and the approximate diameter of the nanotubes bundles; 
indirect method of morphological analysis [10];

•	 fluorescence – inspecting of extensive conjugated electronic structures 
in CNTs [18];

•	 EPR – detection of carbon radicals presence [18];
•	 XRD – crystallinity of nanotubes and degree of their graphitization 

[18].
Pristine nanotubes (as-prepared) are inert and highly hydrophobic [11], they 

reveal also low solubility in water and organic solvents. The main reason for this 
behavior is van der Waals attraction between tubes, which are joined in bundles 
[19] or ropes, containing hundreds of close-packed, tightly bound and often 
entangled nanotubes.  Van der Waals attraction energy is 500eV/µm of tube-tube 
contact [20]. All carbon atoms in carbon nanotubes have sp2 hybridization and 
posses delocalized π-electrons, which enable π-π stacking interactions. 

For biological, biotechnological and medical applications, low water-
solubility of carbon nanotubes is a crucial limitation [21]. In order to obtain 
solubilization of carbon nanotubes in water or improve their interactions with 
other molecules (for example molecules of organic solvents), modification 
of their surface is necessary. This modification may consist in the chemical 
functionalization of the open ends or exterior walls (convex face) or interior walls 
(concave face) of the nanotubes as well as wrapping the nanotubes in hydrophilic 
material. The most widespread approaches involve: wrapping of CNTs in 
biocompatible organic substance, i. e. starch [22], or poly(vinylpyrrolidone) 
[23] PVP, attachment of glucosamine [24], crown ether [25], poly(ethylene 
oxide) with terminal –NH2 groups [26] to the nanotube sidewalls, possessing 
carboxylic groups, functionalization with amino acids [27]. The –COOH groups 
are commonly generated through the strong acid treatment.

Chemical modifications
Solubilization of carbon nanotubes in organic solvents was reported in literature 

since 1998 [21, 28, 29]. First attempts of obtaining soluble carbon nanotubes were 
made by Haddon et al., when aqueous suspension of purified SWNTs (100 to 300 
nm in length) were submitted to the action of HCl, which resulted in attaching of 
carboxyl groups (-COOH, IR frequency νC=O = 1719 cm-1), rather than carboxylate 
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groups ( -COO-, νC=O = 1620 cm-1) to the tubes ends and walls.
To ensure the solubilization of SWNTs in organic solvents, carboxylated 

nanotubes (SWNT-COOH) were reacted with thionyl chloride SOCl2 to yield 
carbon nanotubes with acyl chloride function (SWNT-COCl) and subsequently 
acyl chloride groups obtained were modified with octadecylamine (ODA, 
CH3(CH2)17NH2 via amide formation.                                                                                                                                      

Protocol of solubilization of shortened single-walled carbon nanotubes  
reported by Haddon [19] is described. The SWNTs, obtained by modified 
electric arc technique [30], were purified and shortened by the method developed 
by Smalley and co-workers [31].

100 mg of shortened SWNTs were stirred in 20 ml SOCl2 with 1 ml of 
dimethylformamide (DMF) at 70⁰C for 24 hours, centrifuged and a solid remained 
after decantation of supernatant was washed with anhydrous tetrahydrofurane 
(THF). After second centrifugation and decantation, the remaining solid was 
dried at room temperature under vacuum. Resulting SWNTs were mixed with 
octadecylamine (ODA, melting point 55-57⁰C, 2 g) and heated at 90-100⁰C for 
96 hours, cooled to the room temperature and the excess of amine was washed 
out with ethanol (by sonication with EtOH for 5-10 minutes at 40 kHz for four 
times). The obtained solid was dissolved in dichloromethane, filtered and the 
black-coloured filtrate was evaporated to dryness on a rotary evaporator. The 
resulting black solid was dried at room temperature under vacuum. 

The material obtained in such a way, in sharp contrast to as-prepared 
shortened SWNTs, shows substantial solubility in chloroform, dichloromethane, 
benzene, toluene, chlorobenzene, 1,2-dichlorobenzene and CS2. The solution 
was stable upon prolonged standing and no precipitation was observed. These 
modified carbon nanotubes are however insoluble in water, ethanol and acetone. 

There are many methods and protocols of chemical functionalization 
of carbon nanotubes reported in literature, however the first step of chemical 
modification is commonly the surface oxidation to obtain active functional 
groups. 

Chemical oxidation
Chemical oxidation of carbon nanotubes proceeds similarly as graphite or 

graphene oxidation, i.e. it generates different oxygen-containing groups like –
OH, -O-, C=O or –COOH on the surface [32]. First of all these groups are formed 
in defect sites on the nanotube end, however, when strong enough oxidizers are 
applied, the modified defects are formed on the sidewalls of nanotubes as well. 
The amount and type of functional groups created depends on the treatment 
method. Upon the action of nitric acid mainly phenol, lactol and carboxyl groups 
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are formed [33, 34], whereas using the oxygen plasma carbonyl and lactone 
groups formation is observed [19]. 

Extensive oxidation methods and other vigorous treatments often result 
in opening the ends of tubes [35] or deeper destruction of nanotubes, like 
shortening [41] and breaking them into pieces, defect formation on the surface 
of CNTs [36, 37] accumulation of carbonaceous impurities [38] or formation of 
carbon nanoflakes [39]. Strong acids, acting on nanotubes during a long period 
of time finally oxidize carbon to CO2, however many protocols are applied, 
which exploit mineral acids to purify CNTs and make them more soluble in 
polar solvents. Carboxylic groups created on the surface of nanotubes by 
oxidation enable further chemical modification through the reactions with many 
compounds possessing other functionalities as well as polymer grafting to CNTs 
[40].

The most common agent used to oxidize of carbon nanotubes is nitric acid. 
There are two main approaches to perform the oxidation with use of HNO3:  

1.	 Boiling of carbon nanotubes in diluted nitric acid (2-3 M) for prolonged 
time (16-48 h);

2.	 Treatment of CNTs in ultrasonic bath for 3-5 hours with a mixture of 
concentrated sulfuric and nitric acids (ordinarily 3:2 v/v)

Rinzler et al. [41] reported dilute nitric acid (2.6 M) washing treatment 
to remove metal catalyst and amorphous carbon from single-walled carbon 
nanotubes. This method was subsequently adopted by many other researcher 
using different time and temperatures [38, 42].  Liu et al. [43] used concentrated 
nitric acid for modification of insoluble part of CNTs with surficial carboxylic 
acid groups. Water-soluble carbon nanotubes were obtained by Rao and co-
workers [44] by refluxing multi-walled CNTs with H2SO4-HNO3 mixture, 3:2 
ratio by volume. Naseh et al. [13] reported oxidation of CNTs using nitric acid 
(refluxing in HNO3 for 4 hours) and by dry treatment using dielectric-barrier 
discharge plasma under air atmosphere. Treatment with piranha solution (a 
mixture of 96% H2SO4 and 30% H2O2) or with a mixture HNO3/H2SO4 were used 
to the shortening of nanotubes [45]. The same solutions or concentrated mineral 
acids (HNO3, H2SO4) as well as H2O2 were applied to remove the nanotubes of 
smaller diameter from the whole material [46]. Less frequently used oxidizers 
were ozone [47] and KMnO4 [48], water as a weak oxidizer is also reported 
[49]. There are report about electrochemical oxidation or thermal annealing 
[50] as methods of carbon nanotubes purifying and resulting in the surface 
oxidation. Ramanathan et al. [51] stated that a treatment of carbon nanotubes 
with deuterated acid mixture (3:1 ratio of D2SO4:DNO3) results in apparent 
enhancement in solubility when compared with H-acid mixture (3:1 mixture of 
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common concentrated sulfuric and nitric acids). The solubility improvement is 
attributed to the strong affinity of deuterium to the nanotube surface. 

In the procedure given by Boskovic and co-workers [52], the raw carbon 
nanotubes, obtained by CCVD method using ethylene as carbon source and 
bimetallic Fe-Ni catalyst on Al2O3, were purified by means of boiling the carbon 
material for 6 hours with reflux in 3M NaOH solution and subsequently 3M 
HNO3 solution with intermediate washing with water. This treatment efficiently 
removed catalyst particles embedded in the nanotubes top, but was non-efficient 
towards the metal particles, encapsulated inside the thicker nanotube bodies. 
The method of liquid oxidation applied therein has gone up population of tiniest 
nanotubes, that prove destructive character of this technique.

Refluxing of carbon nanotubes in 55% HNO3 is regarded as most harsh 
purification method, since it generates the most rough carbon surface and 
decreases the outer diameter of the tubes [53], thermal stability and crystallinity 
of the material, but increases its catalytic activity and the total amount of surface 
oxygen groups [53].

From many experiments with carbon nanotubes oxidation the general 
conclusions can be drawn about the relation of CNTs solubility to their length, 
diameter and oxidation conditions. The common observation is that oxidation 
of SWNTs with nitric acid improves their dispersability in water, methanol 
and dimethylformamide (DMF). The commercially available single-walled 
nanotubes have average diameters 0.8 nm (company CoMoCat) [54], 1.0 nm 
(company HiPco) [55] or 1.3 nm (company PLV) [56] and only minor number 
of the tubes are individual, most of them appear to be in bundles.  Oxidizers like 
HNO3 penetrate between tubes in bundles, react with defects on the sidewalls 
and break bundles into smaller packs or into individual tubes. 

Oxidizing agents primarily attack the ends of nanotubes and the defects on 
their sidewalls [31, 57, 59]. The capped ends of nanotubes are more strained and 
therefore more susceptible to opening. Oxidation at the ends of CNTs causes 
opening of the tubes and further leads to the removal of carbon atoms, whereas 
oxidation at the defects in sidewalls may lead to cutting nanotubes into pieces 
i.e. to shorten their length. The more severe oxidation leads to the larger number 
of functional groups introduced and the further shortening of tubes. The smaller 
diameter of nanotubes, the more readily and easily they are oxidized  [55, 61, 
59, 60].

There are two main procedures of chemical oxidation of carbon nanotubes: 
the method involving a sonication or a reflux of nanotubes with oxidizing 
agent. Tchoul and co-workers [59] recommend following procedures of SWNTs 
oxidation (based on AFM and Raman spectroscopy measurements):
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1.	 For the tiniest nanotubes (CoMoCat SWNTs, 0.8 nm diameter) 
– sonication in 8M HNO3 for 1.5 h and avoiding of reflux which is 
harmful for this material.

2.	 For nanotubes of average diameter about 1 nm (HiPco SWNTs)  – reflux 
in 2.6 M HNO3 for no longer than 4 h, which ensures higher degree of 
functionalization and at the same time minimizes tube shortening and 
lossof carbon material.

3.	 For nanotubes of average diameter about 1.3 nm (PLV SWNTs)  – 
sonication in 8 M for 1-4 hours, because a longer period of sonication 
time produces in this case longer and more soluble  single-walled 
nanotubes without material loss.  

Generally, the sonication method is less destructive to nanotubes and results 
in catalyst metal residues removal almost without a loss of carbon. The reflux 
method results in better functionalization of sidewalls and increased number of 
polar groups on the nanotubes surface, so in consequence better solubility, but 
also in deeper destruction of tube’s structure. The optimal reflux time seems 
to be 4 hours, when the functionalization is good enough. The prolongation 
of reflux time to 12 hours yields the tube breaking and carbon loss. The nitric 
acid oxidation produces mainly carboxylic functional groups on the nanotubes 
surface [62, 63]. Functionalization of nanotubes with use of nitric acid is more 
destructive than with use of oxygen plasma [13].

Commonly, the oxidized nanotubes with carboxylic and carbonyl groups 
are further modified through covalent attachment of specific molecules, which 
enable better dispersion or dissolution in water. There are however many other 
methods to attach polar molecules to the external walls of carbon nanotubes. The 
strategy described by Georgakilas et al. [27] engaged 1,3-dipolar addition  of 
N-protected amino acid to the carbon surface. Amino acid molecules, which were 
attached to the walls,  were subsequently deprotected at the chain-end through 
removal of the N-tert-butoxycarbonyl (BOC) protecting group by acid (HCl) 
treatment. The free amino groups of amino acid were at that time converted to 
ammonium chloride salt and therefore the ionic groups formed made the NTs 
remarkably soluble in water. 

Surfactant-coating
Main challenge in operating with nanotubes is to obtain a uniform 

homogenous dispersion of CNTs, which would be stable for a long time. This 
can be achieved with aid of surface active agents, i.e. surfactants and specific 
block copolymers. The stabilization of suspension can be affected by the 
surfactant used, adsorption mechanism and surface charge. The main reason of 
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low solubility/dispersability of carbon nanotubes is their tendency to join into 
bundles, so the challenging task is to “debundle” the aggregates and isolate 
the single nanotubes from a bundle. A mechanism of debundling of nanotubes 
using ultrasonication and surfactant absorption was proposed by Strano et al. 
[64] and involves: a) high local shear, basically at the bundle ends, through the 
ultrasonication; b) forming spaces and gaps at the bundle ends, generated by the 
adsorption of surfactant; c) separating of nanotubes from the bundle. During 
this process, called also “unzipping”,  surfactant molecules get into the spaces 
between the tubes in a bundle and prevent them from re-aggregating.  

Surfactant reveal two important features, which find their application in 
stabilization of colloidal dispersion: they adsorb at interface and tend to self-
accumulate  into supramolecular structures. The adsorption of surfactant on the 
surface of water, organic solvent or inorganic material depends on chemical 
character of all components, i.e. surfactant, solvent and inorganic particles. 
The adsorption driving force may be the electrostatic attraction between the 
oppositely charged surface and surfactant head group (for ionic surfactants) 
or hydrophobic attraction between the  surface and non-polar surfactant tail 
groups (for non-ionic surfactants). The knowledge about the carbon nanotubes 
surface charge is crucial for understanding the interaction mechanism between 
CNT and surfactant and for the proper choice of surfactant type to stabilize 
CNT dispersion. Generally for water solutions of nanotubes ionic surfactant are 
preferred, whereas for dispersions in organic solvents nonionic surfactants are 
recommended [65]. 

The commonly used ionic surfactants to improve carbon nanotubes 
dispersability in water are sodium dodecyl sulfate (SDS) [66-71] and 
dodecyl-benzene sodium sulfonate (NaDDBS) [72-75], Dowfax surfactant 
(anionic alkyldiphenyl-oxide disulfonate) [73], Aerosol OS (sodium 
diisopropylnaphthalene sulfonate) [73], Tween-60 and Tween-80 (polyethylene 
oxide) sorbitan monostearate and monooleate, respectively) [76]. Carbon 
nanotubes have been reported to be soluble in micellar solutions of some other 
detergents, for example aqueous 1 wt % lithium dodecyl sulfate (LDS) solution 
[77]. To disperse carbon nanotubes in organic solvent, nonionic surfactant are 
needed. Generally, hydrophobic CNTs are expected to be better soluble in organic 
solvents than in water and physiological aqueous fluids. In fact, however, only 
limited number of organic solvents show sufficient dispersability properties for 
carbon nanotubes. Among them dimethylformamide (DMF), dimethyl acetamide 
(DMAc) and dimethylpyrrolidone (NMP) play important role [78].  It appeared 
also that immersing single-walled carbon nanotubes in DMF causes a damage 
of CNT structure [79].
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Figure 1. Proposed schematic mechanism by which surfactants help to disperse SWNT. 
(a) SWNT encapsulated in a surfactant micelle (both cross section and side-view); (b) 
hemimicellar adsorption of surfactant molecules on a SWNT; (c) random adsorption of 
surfactant molecules on a SWNT (according to [80]).

Surfactant-coated carbon nanotubes find also various applications, i. 
e. industrial, for the fabrication of CNT-polymer composites (CNTs with 
cetyltrimethylammonium bromide, CTAB [81] and Oπ-10 (polyethylene 
oxide(10) nonylphenyl ether) [82], as well as biological (SWNT wetted with 
Triton X-100 [83]).

Many attempts were made to find general regularities ruling the solubility of 
carbon nanotubes. Ham et al. [85] studied the solubility of CNTs at various organic 
solvents, such as acetone, chloroform, toluene, benzene, dimethylformamide 
(DMF) and others, in terms of Hansen solubility parameters:

δt
2 = δd

2 +δp
2 +δh

2 

where δd stand for the energy from dispersion force between molecules, δp for the energy 
from dipolar intermolecular forces, and δh for the energy from hydrogen bonds.

The authors concluded that the tubes are suspended well in solvents with 
dispersive component in boundaries of certain values (between 17 and 18 
MPa1/2), but they precipitate in solvents with high polar and hydrogen-bonding 
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components (δp and δh). They found however no specific dependency between 
the dispersion state and the total solubility parameter δt. Preferred surfactants for 
carbon nanotubes coating are these that have relatively high HLB (Hydrophyle-
Lypophyle Balance). 

Surfactant-coating is regarded as simplest straightforward method of 
improving CNTs solubility in many solvent, but a disadvantage is that the 
surface-active species used are often able to denaturize biological molecules. 
The other limitation of surfactant-approach is the accessible concentration [85].

Polymer wrapping
Another method of improving solubility of carbon nanotubes is their 

functionalization with polymers, often containing hydrophilic groups. This 
solubility can be achieved by reversible non-covalent attachment of linear 
polymers to the sidewalls of CNTs. The dispersion of CNTs associated with 
polymers may be enhanced in water [24, 86] and in organic solvents [87]. 
Joining nanotubes with polymer is used also to enable better separation of CNTs 
from metal and carbonaceous impurities [88, 89].

Two mechanisms of polymer action towards nanotubes are proposed: (a) 
thermodynamically driven “wrapping” with following damage of a hydrophobic 
interface between the tubes and water [24] as well as (b) kinetically driven long-
ranged entropic repulsion among polymer-coated nanotubes [88].

Water-soluble polymers play a role in preparing stable aqueous dispersions 
of carbon materials through wrapping. The most successfully used polymers to 
result water solubility of nanotubes are polyvinylpyrrolidone (PVP) [90] and 
polystyrene sulfonate (PSS). This physical association may be reversed by 
changing the solvent system.

SO3

[       ]
n

- +Na
poly(styrene sulfonate), PSS

N O

[       ]n
poly(vinylpyrrolidone), PVP

The AFM images and field-flow fractionalization (FFF) technique show that 
the PVP-polymer and carbon nanotubes are tightly connected and form a single 
entity, which can be operated and manipulated as a whole and also easier purified, 
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fractionalized and functionalized. The PVP-SWNTs exhibit monolayer covering 
of the nanotubes with the polymer. The surface of nanotubes is uniformly covered 
by the polymer. The mechanism of polymer “wrapping” is discussed since the 
tight interaction of polymer molecules with carbon nanotubes sidewalls would 
disturb the strong van der Waals forces between the nanotubes in bundles and 
separate them to individual tubes. Among the biopolymers used for wrapping 
nanotubes bovine serum albumin (BSA) and dextran are notably important. 

Figure 2. The general strategy for encapsulating SWNT within shells of amphiphilic block 
copolymer PS-b-PAA (according to [87] and [65]]

Recently, Gerstel and co-workers [91] investigated several polymers 
towards their wrapping ability and enhance the solubility of carbon nanotubes. 
They checked fourteen different conjugated polymers, which were derivatives 
of 9,9-dioctylfluorene, containing various lateral groups like biphenyle, stilbene, 
azomethine or azobenzene units. Specifically, four polymers of azomethine 
type have been found to be very effective in highly selective solubilization of 
SWCNTs. The results were supported by molecular dynamics simulations. 

An alternative approach to wrapping nanotubes in hydrophilic polymer is 
to prepare CNT-polymer composites, where water-soluble (or organic solvent-
soluble) polymers are used. The assumption is that if a polymer is soluble in 
particular solvent, its CNT composites could also be soluble. Indeed, such a 
simple polymer as poly(vinyl alcohol, PVA)  in a composite with amorphous 
carbon nanotubes (a-CNTs) exhibits a much enhanced solubility in water [92]. 
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For stepwise synthesis of composites different supplementary polymers can 
be used, for example PEG [poly(ethylene glycol)] was applied to obtain PEG-
ylated MWNTs for the further fabrication of PVA/MWNT nanocomposite [93].

O
O

H
H [              ]n

PEG

In general, poly(ethylene glycol) (PEG) is very commonly used in carbon 
nanotube functionalization, for water-soluble CNT-polyethylene grafted 
copolymers [94] synthesis, for MWNTs dedicated to drug delivery [95], as a 
stabilizer for pyrene-functionalized multi-walled carbon nanotubes [96] and 
for many other applications, including straightforward wrapping. The CNT 
modified with PEG and PEG-composites induced only low acute toxicity, [95]95 
so this polymer can be regarded as biocompatible to mammals. 

Other frequently used polymers, capable of dispersing CNTs, are 
polyethylene oxide, (PEO) [97] and poly(acrylic acid), (PAA) [98]. 

O OH

[       ]
n

poly(acrylic acid), PAA

[                    ]O
O

n
poly(ethylene oxide), PEO

The functionalized carbon nanotubes of better solubility can be obtained 
with use of classical polymers, popular in nanotechnology, like polyaniline, 
polyurethane, siloxanes, poly(N-isopropylacrylamide) PNiPAm, weak 
polyelectrolites, like poly(methacrylic acid) PMAA, poly(allylamine) PAAm, 
branched polyetyleneimine (BPEI) and many others [99]. 

Conclusions 
Different approaches are suggested to decrease the carbon nanotube 

agglomeration and increase their solubility, namely ultrasonication and high-
shear mixing as well as methods, which alter the surface chemistry of nanotubes 
either covalently (through functionalization) or non-covalently (through 
adsorption). Worth of mentioning are: plasma method of oxidation with O2 or 
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Ar/O2/C2H6, ozonolysis by UV/ozone treatment, mineral acids action, surface 
modification with aromatic compounds, polymers, biomolecules, natural 
products, surfactants, DNA etc. The solubilization of carbon nanotubes offers 
exciting opportunities for their widespread applications and development of 
high property materials. 
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Thin CVD diamond films – synthesis, properties, applications
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Gabriela Narutowicza 11/12, 80-233 Gdańsk, Poland

Diamonds are valuable not only as the most expensive jewellery material, 
but most of all as material, which optic, dielectric, mechanical and thermal 
properties aren’t replaceable by other materials. The potential use of diamonds, 
which indicates from its properties are presented in Table 1 [1]. 

Tabele 1. Physico-chemical diamond properties [1].

high hardness (ok. 90 GPa) 

high bulk modulus (1.2 x 1012 N m-2 )

low compressibility (8.3 x 10-13 m2 N-1 )

high heat conductivity (2 x 103 W m-1 K-1 )

low thermal expansion (1 x 10-6 K)

wide range of high optical transmittance [0.2 - 6 µm [2, 1]) 

the highest speed of sound propagation (17.5 km s-1)

good insulator (surface resistivity ~1016 Ω cm @ 20o) [1]

semiconductor with a wide energy gap ~5.4 eV  -after doping [3]

resistance to chemicals and corrosion

biocompatibility

low coefficient of friction

Natural, monocrystalline diamond is an allotropic carbon C form with the 
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highest packing coefficient. Natural condition of diamond synthesis is pressure 
above 60 GPa and temperature around 1000K. These conditions make possible 
the orbital hybridisation of sp3 electronic carbon C and also are creating strong 
covalent bonds. Natural conditions of synthesizing diamonds are 160 km beneath 
the earth surface. Nowadays, diamond material can be made due to the process 
of: 

•	 High-pressure HPHT (High Pressure High Temperature),
•	 Low-pressure CVD (Chemical Vapour Deposition).
In the HPHT process, which imitates condition of natural diamond synthesis, 

small defected crystal is received. These crystals are used mostly as emery/sand 
material. Although process is conducted in stabilized conditions for diamonds.

In the low-pressure CVD process, additionally contributed by Plasma 
Assisted or Hot Filament there is possible to create thin, polycrystalline diamond 
films, which are polluted with graphite and/or amorphous phase, caused by 
conditions of pressure and temperature in CVD chamber. These conditions are 
stabile for graphite and glassy carbon, but for diamonds are metastable. Despite 
of defects, these films show natural diamonds properties. They have also found 
many applications in technology and medicine. The average growth rate for 
these films is 1 µm/h. 

When we compare the results of several science groups, we can discover that 
the diamond films from HF CVD process have higher non-diamond content, but 
it is possible to cover relatively large surfaces (700 cm2) due to this process. In 
the PA CVD process, the diamond films have clearly higher diamonds phase, but 
the process is much slower. The surface covered using the PA CVD is smaller, 
which results from difficulties in making properly big technological microwave 
plasma chambers.

Polycrystalline diamond films with high diamond phase content find 
use in important aspects of our life such as: microelectronics, IR optics, and 
optoelectronics. For this reason improving the PA CVD process, which currently 
isn’t controlled enough, is research and development problem. Many leading 
laboratories are still conducted by research groups to improve growth rate of thin 
diamonds films and to reduce non-diamond phase content.

Low pressure methods of thin diamond film synthesis
In room conditions (288 K, 1 kPa) graphite is stable, diamond is metastable. 

In nature, the process of diamond synthesis proceeds in balanced conditions with 
60 GPa pressure and 1250oC temperature [4]. These conditions normally occur on 
earth around 160 km under the surface. The phase graph of carbon with diamond, 
graphite areas and liquid phase appearances is presented in the Figure 1.
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Figure 1. Carbon phase diagram [4].

The dark green field on the Figure 1 is zone of diamond synthesis in stabile 
conditions. In this range diamond is synthesized with high pressure HPHT. This 
technique is based directly on simulation of natural conditions and crossing 
via energetic barrier. Between graphite and diamond there is a small difference 
of around 2.9 KJ/mol of free energy amount, but the conversion from one to 
another state requires a vast crossing of energetic barrier of around 717 KJ/mol, 
which is illustrated in the Figure 2.

Figure 2. Energy levels diagram during graphite to diamond transformation [5].
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This work concentrates around diamond synthesis with low pressure (P<500 
bar) and temperature under 1000oC. The phase graph indicates that those are the 
stable conditions for graphite. Therefore the films will be synthesized in CVD 
process in the area of potentially metastable conditions for diamond.

Diamond films growth and nucleation
The basic model of diamond films growth, in the low pressure synthesis, 

deposition from the CVD gas phase, is the mixture of hydrocarbon gas in 
presence with activated hydrogen and its nucleation on the substrate as a result 
of pyrolysis reaction. It allows to cross the great energetic barrier between 
graphite and diamond. High pressure and temperature are replaced by change of 
electronic structure of atoms into gas precursors of carbon.

First CVD experiments were conducted by Eversole [6], and then 
independent results of Derjaguin et al. [7] confirmed it. These teams were 
successful in creating diamond mono-layer from hydrocarbon on the surface of 
natural diamond. During the further process, the layer was graphitized. Angus 
et al. [8] had observed, that the presence of atomic hydrogen allows to digest, 
defecting the crystalline non diamond phase structure and allows to cyclical 
deposition of diamond. The atomic hydrogen was achieved by stimulating it 
on hot wolfram’s filament, which means local generation of hydrogen plasma. 
Continuation of Anguse’s research by Derjaguin confirmed this fact. Derjaguin 
also claimed that the atomic hydrogen allows to deposit the films on the surfaces 
different than diamond [9].

Figure 3. Basic schema of reaction in gas phase during CVD diamond growth [9].
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In the beginning of the 80’s Japanese scientists from NIRIM Institute 
published the results of comparison the growth of diamond films on the silicon 
substrate (temperature around 900oC) in plasma with hot filament HF [10] with 
Microwave Plasma Assisted (MPA) with use of gas mixture of methane and 
hydrogen (1% : 99%). These results were an impulse for many other groups to 
conduct the research in this direction. These results made common the technology 
of CVD diamond films synthesis. Since then, many teams are handling the low 
pressure CVD synthesis and studying the properties of created samples.

During the process of diamond films synthesis with use of hydrocarbon 
and hydrogen mixture, there is strong reduction atmosphere due to presence of 
an atomic hydrogen, which is highly reactive. It is used to activate the carbon 
precursors and to digest a non-diamond phase on the substrate.

Atomic hydrogen can be manufactured by the dissociation of H2 molecules 
process with use of thermal process like HF (Hot Filament) (1.1). It can be also 
created by exchange of energy during the collision of particles with stimulated 
free electrons (1.2). in microwave plasma [6]. 

			   H2 → 2 H 				    (1.1)

			   H2 + e- → 2 H+				    (1.2)

Dynamic reactions between mono atomic hydrogen and hydrocarbon are 
dominating in conditions of hydrocarbon radicals (1.3) [3]:

		  CHx + H  CHx-1 + H2		  x=1-4		  (1.3)

Further reactions between radicals (1.3) lead to C2H5 creation and higher 
M order hydrocarbons. Reaction 1.4 is an example of this. This effect results 
from the slower generation of atomic hydrogen in areas, where it exists in lower 
concentrations.

		  CH3 + CH3+ M  C2H6 + M			   (1.4)

The dissociation of hydrogen in reaction with C2Hx [6] molecules was also 
observed. The course of this process is described by reaction (1.5).

		  C2Hx + H  C2Hx-1 + H2	x=1-6			   (1.5)

The modelling research made by Mankelevich et al. [7, 8] in the HF reactor 
showed that decomposing of acetylene to methane was highly possible only in 
the low temperature of plasma ( T< 1000 oC). On the other hand, in the high 
temperature of plasma, comparable with those achieved in the CVD synthesis, 
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there is a domination of an opposite reaction.
The fundamental works of diamond synthesis theory, in microwave plasma 

were made by Frenkelach M., Spear K.E. [9] and Tsuda et al. [10, 11]. Frenkelach 
and Spear proposed a radical growth mechanism which depended on creating 
of the acetylene C2H2 molecule in place of Cd-H bounding on the surface of a 
growing diamond phase, after creating this bounding by atomic hydrogen. The 
acetylene molecule creates on the growing surface vinyl radicals, which allows 
to create another bounding between vinyl radical and other atom of carbon.

Tsuda et al. proposed, instead of radical Frenklach mechanism, two degree 
ion mechanism, claiming that only radicals which possess charge and ions can 
participate in reactions of bonding the carbon atoms to the diamond growth 
surface.

From the conducted research works, it could indicate that the advantageous 
parts of low temperature synthesis are the atomic hydrogen H [12] and methyl 
radical the CH3 [13]. The results of researches and analysis of nucleation 
processes of diamond films confirm the relevant part of hydrogen in radicals 
creation and radical bounds saturation on the growth surface [6, 14]. Equally, the 
CH3 particles role, as the most important precursors leading to build the structure 
with sp3 hybridisation, was confirmed by independent research conducted by 
Garrison et al. [15] and Harris et al. [16].

Thin diamond layer synthesis process modelling with molecular dynamics 
methods, conducted in our group, in consider with in-between atomic influence, 
which is described by quantum mechanics (AM1 hamiltonian or ab initio) allows 
to theoretic description of a role of  H2, H

+, CH3
+, CH3 particles in the growth 

mechanism. The results of synthetic modelling are presented in Table 2 [17].
Performed research indicate that the higher growth dynamic can be achieved 

by effecting on the diamond growth surface with stream of H+ and CH3
+ ions 

than with neutral particles like H2, H, CH3.

Table 2. The particles role in undergoing growth surface reactions.(particles on the 
growth surface were mark with “s” index) [17]

H2 takes part mostly in momentum transport and energy exchange,

H

saturates carbon values on the growing layer surface 
Reacts with hydrogen on the layer surface creating neutral values:

H +C(S) → CH(S)  
H +CH(S) → C(S)  + H2
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H+

exchanges the charge with growing layer, 
activates the layer:

H +CH(S)→ C H+
(S)  + H

activates the layer with hydrogen removing:
H+ +CH(S)→ C+

(S)  + H2

CH+
3

takes part in growth reaction:
CH3

+ +CH(S)→ CCH3
+

 (S)  + H
takes part in momentum transport with hydrogen removing:

CH3
+ +CH(S) → C+

(S)  + CH4

CH3

takes part in growth process, but slower than CH3
+:

CH3 +C(S) → CCH3(S)  
removes surface hydrogen:
CH3 +CH(S)→ C(S)  + CH4

Hydrogen H+ ions during the collision with methane molecules cause 
ionization of CH4, according to the following (1.6) reaction.

			   CH4 + H+ →  CH3
++ H2 			   (1.6)

This reaction, which occurs in gas phase, allows to conclude that for 
diamond synthesis process it would be righteous to stimulate methane beyond 
the charge zone, by mixing the ionized hydrogen stream with neutral carbon 
precursor. It would allow the plasma generator to work in optimal regime to 
produce hydrogen ions. 

One of the most relevant parameter of diamond films synthesis is the weight 
relation of hydrocarbon to hydrogen, which influences a lot on nucleation 
processes on the substrate. For example, <2% methane content makes better 
quality of the films, but it also slows its growth (Figure 4). On the other hand, more 
content of a methane >4% accelerates nucleation dynamic, but unfortunately it 
leads to reducing of the grains growth (more amount of defects) [6].

The influence of gas environment, which favours diamond growth, isn’t 
exactly researched. It is certain that the carbon precursor and atomic hydrogen 
are needed for synthesis [14, 6]. In some researches argon [18] and oxygen 
[19] were added, which allows the synthesis possible in lower temperatures of 
plasma and substrate. Silva et al. [20] suggested that the argon acts like some 
kind of an “extender”, and it reduces amount of carbon/ hydrocarbon relations 
and activates particles by the Penning effect. The influence of gases with oxygen 
content causes increasing of particles mobility on the growth surface, which also 
allows to reduce required substrate temperature [21].
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Figure 4. Diamond films surface microscopic pictures with different CH4 percentage (a-1 
%, b-3 %, c-16 %, d-50%, e-80 %, f-100% ) [22].

Dependence diagram (Figure 5) between gas precursors and made CVD 
synthesis products is a sum up of a C/O/H particles role in the known Bachman 
paper [23].

Figure 5. Bachman’s C/O/H phase diagram [23].
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Bachman also claimed that the work gas method stimulation doesn’t have 
the influence on raising layer type, with the assumption, that the stimulation is 
efficient enough.

The substrate temperature, in which layer is set, is next critical parameter 
of low pressure processes. Substrate temperature for the diamond growth 
films concludes in range of 500oC to 1000oC [14]. Lower temperature causes 
deposition of amorphous carbon. On the other hand, higher temperatures 
cause graphitisation. The substrate temperature activates pyrolysis reaction on 
the substrate and influence on particles mobility on its surface [6]. Robertson 
proposed a growth process model based on three different phenomena’s: layer 
penetration, relaxation in the layer and impacting the particle into the layer. This 
schematic phenomena is presented on the Figure 6 [24].

Figure 6. Surface processes- a – the course of growth process, b- possibilities of the 
course of growth process [24].

The substrate material is important for the nucleation process. It should have 
size of a crystalline lattice, closed to a diamond and should be resisted to high 
temperatures influence. Based on literature, most of CVD processes were are 
realized on monocrystalline silicon, molybdenum and diamond radicals achieved 
by HPHT method [14]. Introductory cover of the silicon substrate with radicals 
allows to achieve the growth with lesser films defect level [25]. The trials were 
made with GaN films realisation used to manufacture high power diodes [26].

To activate gas precursors many different techniques are used. Each one of 
them allow to achieve certain parameters of diamond films which indicates from 
used plasma stimulation state.
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Table 3. Processes used for diamond films synthesis.

Process Method properties

Hot filament HF CVD

Low cost of the system, large substrate [33]
High growth dynamic (~ 10μm/h) [34]
Filament pollution with material
Films low optic quality [35]
Used by the industry [33]

Microwave plasma assisted
Clean and useful plasma
 Films high optical quality
Relatively low growth dynamic (~1-5 μm/h) [30]

Torch combustion 
Atmospheric pressure
High growth dynamic (~50 μm/h)
High defects level [3]

Magnetron sputtering 
Large substrate [37]
Vast problem with ion beam deposition control
High growth dynamic ~40 μm/h

Arc plasma jet
High growth dynamic ~80 μ/h [38]
Used in industry [39]
Low arc heads lifetime

Ion beam deposition

Focused ion beam allows to control the growth 
precisely [40]
High cost of the system
Very slow growth < 1 μm/h
High films quality [41]

Pulsed laser deposition Allows to control the growth precisely [42]
Very slow growth and small substrate surfaces [43]

Table 3 presents currently dominative technological method used in the 
diamond synthesis. The most important and the most used are closely presented 
in the next chapters. The focus is on the synthesis aided by the microwave plasma 
and it was compared with hot filament method, which is the most competitive 
technology in the diamond films synthesis [24].

Hot filament plasma
Thermal activation of the gas particles is the oldest and least complicated 

method of chemical vapor deposition (CVD). This method was worked out 
in 1982 by Matsuo et al. [38] and its configuration still remains the same. To 
activate this method metallic, tantalum or wolfram filament, heated to 2200oC 
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is used. The process is conducted in the hydrogen- methane mixture with 1% of 
methane, at the pressure lowered to around 20 Torr. In the synthesis process the 
monocrystalline silicon substrate heated to temperature in range to 900oC, which 
is placed relatively close to the filament (5-20 mm), is used. Typical HF reactor 
topography is presented in the Figure 7. 

 Process 
Gases

Filament

To
Pump

Heater

Substrate

Figure 7. HF reactor scheme [30].

In the CVD conditions the filament reacts with gas precursors creating 
carbide, which cause the partial hydrogen adsorption from the gas phase. 
Thermal energy of carbide is used for hydrogen dissociation, which diffuses to 
the gas phase. The atomic hydrogen amount depends strictly from the filament 
size and its mechanical stability (carbide layer stability) [28]. Atomic hydrogen 
mediates in methane radicals creation reactions and in the nucleation processes 
on the substrate.

The quality of diamond films synthesized with HF depends mostly from the 
contamination coming from the filament material [29] and from the precursors 
stimulated state spatial disperse in the area between filament and the substrate.

Standard growth rate level are in 1-10 μm/h range with the 150 W heat 
power made on the filament [39]. From the research point, the impossibility 
of oxygenized gases use because of potential oxygen process with filament 
material, it is a great method limitation. 

HF method is used on the industrial scale. It offers relatively high films 
quality with equally large surfaces with different shapes [27] .

Microwave plasma processes
The microwave frequency activation of plasma (2.45 GHz) is based on 
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the free electron acceleration phenomena through electric and magnetic field 
compound feedback. Electron energy growth is proportional to the microwave 
radiation intensity [6]. Additionally electrons energy can be upgraded by forcing 
the electron cyclotron resonance ECR conditions. In these conditions the particles 
ionization level is higher for about 100 times than in the classic microwave 
system [40]. In the cyclotron procedure the oscillating electrons achieve high 
energy and through collision with gas molecules they cause its stimulation, 
dissociation and ionization. The higher electron energy, more particles achieve 
demanded electronic structure. This system is defined as unbalanced plasma 
[41], because the electrons have energy, which is a couple levels higher than the 
stimulated ions. In the case of diamond films synthesis, the stimulated atomic 
hydrogen initiates radical reactions in the gas phase [42, 43] and then it catalyses 
reactions on the substrate.

As first, Kamo et al. [44] used microwave plasma to contribute diamond 
films synthesis process. In their works they used the silicon tube, through 
which hydrogen and 1-3% methane mixture under 10-60 Torr pressure flew. 
The 1000oC substrate temperature was placed on the crossing with waveguide 
which popularized radiation on frequency. These approach allows to generate 
automatic non electrode plasma inside the reactor, which significantly decreases 
metallic pollutions level in the layer.

Currently reactors are built from stainless steel and the radiation is introduced 
to the reactor by the antenna through the quartz viewport. This configuration 
is less tense to aggressive plasma environments (strongly reduction atomic 
hydrogen) and it minimizes silicon pollution from the reactor’s tube. It was 
proposed by the Bachman team in cooperation with Astex company in 1988 
[30]. The reactor schemes made by Kamo (NIRIM) and Bachman systems are 
presented in the Figure 8.

The Bachman group first used ECR to increase the electron energy and the 
particles ionization level [30]. In their research works they used high power 
(around 6 kV) microwave reactors. This allows to synthesize significantly 
less defected films and more precise growth control in comparison with HF 
technology [45]. Unfortunately these advantages fades with much higher system 
realisation cost and lesser films dynamic growth [24].

Microwave plasma processes are currently the most used and researched 
method of precursors activation in diamond films CVD synthesis. Microwave 
method allows to selectively produce particles with different stimulation level, 
which allows high quality diamond films synthesis. It has potential of industry 
use, because it allows to cover large surfaces with complicated shapes.
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Figure 8. CVD reactors with microwave plasma  (a)-NIRIM system, (b)- Bachman system 
Astex-like [30].

The research works from microwave plasma diamond synthesis area are 
focused on problems connected with growth process [46], with optical [47] and 
mass analysis of the plasma species [48]. The results of these researches were 
compared with theoretical models [49, 50], but full description of the course of 
the synthesis process and synthesis control are the object of intense research 
works [51, 52].

Thin diamond films
Over the years, many scientists have tried to know the diamond structure 

and properties. In 1976 Smithson Tennant researched its molecular structure and 
determined it as alotrophic form of a carbon [53]. In 1954 General Electric team 
was successful in creating first artificial diamond over the world [54]. Group that 
built the apparatuses tried to improvise natural conditions of diamond creation. 
This diamond was synthesized from graphite in high pressure (150 kbar) and 
high temperature 3000 oC conditions (HPHT) [55].

Group VIII metals usages catalyse the high temperature processes and allow 
to lower the technological parameters accordingly to ~90 bar and 2000oC [56]. 
HPHT result synthesis is only diamond dust- small, little crystals [57]. This fact 
decreases the usage possibilities with limitation of optical and microelectronic 
applications [45].

In the same time there were conducted researches on diamond layers from 
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the gas phase low temperature synthesis. First results in these area were achieved 
by Eversole [58], who synthesized the layer on diamond radicals heated to around 
900oC and placed in surrounding of carbon-hydrogen  at the <1 atm pressure. This 
technology is developing until today and it is defined as low pressure synthesis 
in the CVD process [45]. This method has many advantages in comparison with 
HF technique. The synthesis is realized with low temperature and pressure and it 
allows to cover the substrate thin diamond film [27]. 

Diamond films – physical- chemical properties
Atomic carbon exists in several alotrophic forms: graphite cages, (such as 

fullerenes, nano tubes, grapheme) amorphous carbon and diamond. Each of 
them has its own properties which indicate from different atomic carbon valent 
orbit hybridisation.

Carbon atoms with sp2 hybridisation electron structure create hexagonal 
form with unhybridized p orbital perpendicular to the structure. There are 
three electrons on the valent level. Above structure is described by graphite, 
where hexagonal forms creates layer structure (Figure 9). Atoms composition 
creates three equally strong covalent bonds and one weaker bound (van der 
Walls forces). These properties make graphite a fine grease material and a good 
electronic conductor. Three dimensional cage forms have also sp2 hybridisation, 
which arise from sixty or more carbon atoms and create hexagonal or pentagonal 
structures [2].

 

 

(a)         (b) 
		  (a) 				              (b)
Figure 9. Allotropic carbon form crystalline structure with sp2 hybridisation a- graphite, 
b- C60 molecule sp2.
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Carbon atoms in diamond lattice create tetrahedral structure with covalent 
bounds with sp3 hybridisation with 1.5445 A length placed under 109o [2]. Four 
electrons with the same energy amount are placed on last the carbon orbital. 
Basic diamond crystal structure is presented in the Figure 10.

Figure 10. Diamond crystalline structure (a) and polished natural crystal (b).

The connection of very strong covalent bounds and perfect symmetry 
leads to physico- chemical parameters, which aren’t achieved in other known 
materials. These parameters are only achievable however only for single-crystal 
diamond. In most of the described experiments in the literature, polycrystalline 
diamond layers are created (heteroepitaxial growth) [59] and only in a limited 
areas of the surface monocrystalline regions appeared (epitaxial growth) [60]. 
Monocrystalline diamond comparison with currently achieved diamond layers 
are presented in Table 4 [24].

Table 4. Parameters of natural and artificial synthesized diamonds [24].

Material
sp3

(atomic 
%)

H
(atomic 

%)

density
(g/cm3)

energy 
band gap 

(eV)

thickness 
(GPa)

Diamond 100 0 3.515 5.5 100

ta-C 80-88 0 3.1 2.5 80

a-C:H (thick) 40 30-40 1.6-2.2 1.1-1.7 10-20

a-C:H (soft) 60 40-50 1.2-1.6 1.7-4 <10

ta-C:H 70 30 2.4 2-2.5 50
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For the classification needs Robertson [24, 61] defined three main achieved 
structures type of synthesized diamond layers. 

•	 ta - C- tetrahedral amorphous carbon,
•	 ta - C:H - hydrogenated tetrahedral amorphous carbon,
•	 a - C:H – hydrogenated amorphous carbon.

Each of defined form has different hydrogen amount and different sp3 and sp2 
hybridisation percentage content. Figure 11 present Robertson’s diagram which 
allows to classify achieved diamond samples.

Figure 11. Diamond layers classification diagram [51, 24]. 

Larger sp3 content means larger thickness of the layer with equally increased 
grain size, which increases the layers roughness [62]. On the other hand 
ultrananocrystalline layers with grains of less than 10 nm size [63, 64] are very 
smooth layers with optical usage. The thickness of these layers is lower than 
the diamond thickness. The thickness is on 50 GPa level [62]. This achieved 
structure diversity results from used process conditions and from gas precursors 
[65].

Diamond films applications
Depending on its parameters, the diamond layers applications, which were 

described in previous chapter, can be divided to the following groups:
•	 Mechanical
•	 Optical
•	 Microelectronic
•	 Medical

The diamond layers applications in the thick hardening layer are mostly 
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desired. Moreover in their case there is no need of high surface smoothness 
and transmission range (optical quality). This type of application has use in: 
magnetic disc heads covers [66] , shaving blades [67], tools and sport equipment 
[68]. The possibility of diamond layers usage in tubes coverage, which work 
with highly reactive liquids, because of its corrosive resistance and hydrophobic 
properties, were researched [69].

Layers biocompatibility was used in trials to secure implants such as heart 
valve [68] and knee [70]. Despite of having much betters parameters than 
TiN or SiN, the layers high production cost is a stopping barrier for these 
applications [71].

The optical uses are relatively new products, because the high quality and 
basis different than silicon are needed. For example: diamond layers working 
in infrared zone for the rocket launchers direction systems and high power CO2 
lasers [72]. First, serve to secure germanium lenses in the infrared cameras 
optic [73].

Second, because of its high thermal conductivity and low temperature 
light refractive index dependence minimizes thermal effects in laser system 
lenses [74].

Figure 12. Optical elements high power CO2 laser covered by diamond films [75].

Electronic products are wide group of diamond layers applications. Because 
of increasing of the computer performance, exhaling thermal power increases as 
well. High thermal diamond layers conductivity is a solution for this problem. 
There are conducted researches on heat spreaders [76, 77]. The substrate high 
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temperature for diamond synthesis is a relevant barrier to commercialize them. 
The use of CH4/CO2 gases (halogens and oxygen) decreases the temperature 
below 500oC [78, 21]. It allows to use aluminium, gallium arsenide, nickel or 
steel substrate.

In the active electronic elements diamond layer must be doped to achieve 
semiconductor properties. The ta-C layer variant is type p semiconductor. This 
fact is a result of high layers defect density, which creates vacants [79].

P doping with boron technology was worked out by Derjaguin et al. [80] and 
confirmed by Fujimori et al. [81]. Boron is the perfect acceptor and it relatively 
easy compose to the diamond structures and it achieves 0.37 eV level [79]. For 
doping, B2H6 was used, realizing the synthesis process with standard CH4/H2 
mixture in both hot filament and microwave activation processes [82]. Hartman 
et al. and Wag et al. researched precisely the boron dope influence to diamond 
layers properties [83, 84]. Small boron addition in the gas mixture (< 500 ppm 
B/C) enhances the layers quality and increases the growth dynamic. On the 
other hand more than 4000 ppm boron contribution causes defects in diamond 
structure and layer graphitization [84].

Type n doping is arguable in the diamond layers case, because widely used 
electron donors such as phosphorus, oxygen or arsenic atoms are larger than the 
carbon atom, which makes difficulties in doping it into the diamond structure. 
Donor energetic level shouldn’t be too low, because the diamond layers have 
significantly narrower energetic break than the diamond ( ta-C – 2.2 eV). First 
research works in this area were focused on the nitrogen doping [85, 86, 87], 
which relatively easy is doped in the diamond structure. Unfortunately donor 
resultative energetic level is ~1.9 eV, below the conductivity zone and it block 
the flow of thermally stimulated electrons [85, 88]. Nitrogen creates CNx 
compounds which defect diamond structure and it is an additional problem [89].

In 1993 Veerasamy et al. [90] achieved 1% type n doping of ta- C layers 
with phosphorus contribution. For this purpose he used arc charge with carbon 
cathode doped with phosphorus. Helmhold [91] achieved 11% dope with capacity 
conjugated RF plasma contribution. Unfortunately this type films achieve five 
rows higher conductivity and quite high activation barrier (~0.6 eV) [92, 39]. 
Golzam et al. examined, that the 3% phosphorus donor doping destabilizes 
tetrahedral structure and it prefers sp2 hybridisation phase nucleation [93].

Publications speak of sulphur use as a type n donor. Barber and Yarbrough 
published the results of doping with several CS2 percent in HF plasma use [94] 
but they didn’t discuss application parameters in semiconductors. Experiments 
with 1% H2S doping were conducted by Sakaguchi et al. [95]. He achieved type 
n doping with 0.038 eV level of activation in microwave plasma. Unfortunately 
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significant growth dynamic drop and larger layer defects were simultaneously 
observed [96]. From the other researches it is known that H2S implementation 
decreases CH3 radicals concentration and, as a result of this fact, slows layer 
growth dynamic [97].

In the result of type n doping problems, currently there are practically 
realized only elements with type p doping. Unipolar elements [98, 99, 100], 
UV sources [101], X- ray [102] and UV detectors [103] can be listed to these 
elements and they can work in extremely difficult environmental conditions.  
Another applications are elements with acoustic surfacial wave in wireless 
telecommunication [104] and micro switches used for high powered microwave 
amplifiers [105]. Diamond layers can be used as cold cathodes in Field Emission 
Display [106], because they allow the electron emission with very low stimulated 
field valves [107].

Latest publications inform of an experimental biosensors realisations in base 
on DNA chains attached to diamond surface [108]. This structure is sensitive 
to bio molecules which are attaching to it. This solution can be used in genetic 
sensor or to monitor diabetics [52].

Diamond films are also researched with increasing optical fibre sensors 
capability as a cover material of multi home PCS (Polymer Clas Silica) fibre 
cores [109]. Because of diamond biocompability these sensors can be put into 
the living organism as probes to examine chemical compound concentration in 
physiological fluids. Śmietana and Szmidt et al researches results indicate 6-8 
times improvement of these type sensors after diamond films use [110].
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Organophosphate (OP) includes a large variety of compounds with different 
physical, chemical and biological properties including toxicity. Intentional, 
accidental and occupational OP poisoning is a major health problem and the 
use of organophosphorus nerve agents by terrorist groups in recent years is 
posing a great threat.1-2 The broadest spectrum of these compounds is used as 
pesticides, insecticides and chemical warfare agents. Exposure to even small 
amount of these organophosphorus compounds (OPCs) is fatal and may result 
into death due to respiratory failure. In developing countries, the number of 
cases of exposures and poisonings is much greater because of lack of protective 
measures and regulatory restrictions.3 The main toxic mechanism of OPCs is the 
irreversible inhibition of the cholinesterases such as acetylcholinesterase (AChE) 
or butyrylcholinesterase (BChE) and other related esterases at the muscarinic 
and nicotinic synapses. Human exposure to OPCs results in acute poisoning 
manifested by salivation, tremors, respiratory paralysis, hypotension, and with 
more extreme exposure to death.4-6 The general structure of OP compounds that 
act as AChE inhibitors is shown in Fig. 1.
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PR1

R2

LG

X

X = O or S
LG = leaving group
R1 and R2 = alkyl, alkoxy, alkylthio or amino groups

Figure 1. General structure of organophosphorus compounds

OPCs exhibit marked variation of action depending on the substituents R1, R2 
and X. The extreme toxicity is associated with those compounds in which X is a 
strong electronegative group such as halide, cyanide or thiocyanate. Due to the 
day-to-day applications of these OPCs as pesticides and insecticides their facile 
hydrolysis is of theoretical and practical interest. Chemical decontamination of 
these toxic esters require systems that may ensure: 

•	 commercial availability and high reactivity of the reagents and cost 
effective 

•	 universal applicability of the system against all kinds of chemical 
warfare agents

•	 ecofriendly reactions between the system and toxic substrates
•	 chemical stability of the system
•	 efficiency of the decontamination system under mild conditions
Destruction of carboxylate, phosphate and sulfonate based esters is of prime 

significance and several remedies including reactions of various toxic esters with 
oximes, hydroxamic acids, oximates in micellar solutions, surface active oximes, 
peroxides etc. have been suggested. Since rate of nucleophile aided hydrolysis 
of esters is enhanced by cationic micelles, a variety of surfactant based reagents 
incorporating peroxides, iodosylcarboxylates and oxime functionality have 
been developed.7-8 Oximate ions (-CH=NO-) are important tools in kinetic, 
mechanistic and biochemical studies. By virtue of their high affinity for enzyme 
acetylcholinesterase (AChE) and their inherent nucleophilicity, these have drawn 
attention of many researchers.9-11 Study of oximes as AChE reactivators is vital 
against organophosphate (OP) poisoning. Oximes are particularly appealing 
class of α-nucleophiles with pKa values falling in the range of 7-10 which 
makes them ideal candidates for decontamination reactions. As α-nucleophile, 
these have been widely used for cleavage of several toxic organophosphorus 
compounds (OP) and their stimulants.12-13

The main objective of the present article is to study the micellar catalyzed 
reactions of OP simulants using α-nucleophilic systems especially functionalized 



329

Design and reactivity of alpha nucleophiles for decontamination reactions: relevance...

aggregates. Hence, information based on toxic chemical warfare agents and their 
simulants along with their detoxification chemistry is of paramount importance 
to have intimate understanding of mechanisms involved.

Organophosphates and nerve agent poisoning
OPCs comprise of a diverse group of chemicals and majority of them have 

been shown to result in high levels of acute neurotoxicity and carcinogenicity. 
OPCs may be broadly categorized into four groups (Fig. 2). 

Typical representatives of group I are sarin, soman, and cyclosarin; group II 
is represented by VX and different V-compounds; for group III, tabun is typical 
while group IV is represented by GV compounds (Fig. 3). 

P

OR

R F

O

P

OR

R SR

O

P

NR2

R CN

O

P

NR2

RO F

O
I II III IV

Figure 2. Groups of organophosphorous compounds

Chemical warfare agents (CWAs) and organophosphorus pesticides
The first organophosphorus (OP) nerve agents, tabun (GA) and sarin (GB) 

were developed in 1930s by Gerhard Schrader. These, and the more toxic 
soman (GD) developed in 1944, are members of the so-called G-agents.14-16 
These compounds have emerged as the major nerve agents known to have been 
produced and weaponized. The frequent terrorist attacks reveal the ease with 
which these weapons can be utilized.17-18 The nerve agents are alkylphosphonic 
acid esters. Tabun contains a cyanide group. Sarin and soman, which contain a 
fluorine substituent, are methylphosphonofluoridate esters. These nerve agents 
contain a C–P bond that is almost unique and is not found in other pesticides. 
This C–P bond is very resistant to hydrolysis. VX contains a sulfur atom and is an 
alkylphosphonothiolate. Considerable efforts are being made to devise methods 
and materials that may neutralize the hazardous effects of these agents.19-22 
The OP pesticides are one of the most abundant environmental and food chain 
pollutants, which drew global attention with respect to human, animal and insect 
health. 

For protective measures it is important to know the sources of pollutants 
and the magnitude of the threat. Hence, the detection methods for OP pesticides 
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are a prime concern.23 Structures of some highly toxic CWAs and pesticides that 
have been widely used for decades in agriculture, medicine and industries due 
to their high efficiency as insecticides or for typical enzyme inhibition24-25 are 
shown in Fig. 3.
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Figure 3. Chemical warfare agents and organophosphorus pesticides

The hydrolysis of phosphate esters is an important chemical reaction since, 
these are hydrophobic phosphorus substrates, and their decontamination involves 
dephosphorylation or hydrolysis25 as shown in Fig. 4. 
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Figure 4. Hydrolytic pathway of nerve agents 
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Detoxification systems 
The toxicity and long term environmental hazards of OPCs require detailed 

studies on detoxification mechanisms and development of efficient, readily 
available and inexpensive systems for their decontamination. A simple and 
straightforward method for the detoxification of OPCs involves their reactions 
with a-nucleophiles. Different a-nucleophiles like hydroxamic acid,26-27 
o-iodosyl carboxylates,28-29 hydroxyl benzotriazoles,30-31 hydroxylamine,32-33 
hydrazine,34 and hypochlorite35 etc. have been used to detoxify nerve agents. 

Oximes reduce the effects of such hazardous compounds and have attracted 
attention of various scientists and researchers worldwide.36-37 Of these, pyridinium 
oximes have emerged to be effective antidotes against OP and nerve agent 
intoxications. There are extensive evidences to support the ability of pyridinium 
oximes to reactivate phosphorylated acetylcholinesterases.44-46 Most of the 
oximes investigated so far, can be classified into uncharged tertiary and charged 
quaternary oximes. Those having clinical applications can be divided in two 
groups: quaternary monopyridinium and bispyridinium oximes. Tertiary oximes 
viz. monoisonitroso acetone (MINA) and butane-2,3-dione monoxime (BDMO) 
are strong α-nucleophiles capable of hydrolyzing phosphate ester bonds.24,49 

Oximes such as pralidoxime, HI-6, and obidoxime have been used in the clinic 
to treat intoxication by certain OPs for decades, but little is known about their 
reactivation mechanisms at the structural level.51-52 The current standard treatment 
of OP poisoning with reactivators includes different types of quaternary oximes 
with a similar basic structure differing by the number of pyridinium rings and 
by the position of the oxime group in the pyridinium ring. The more electron 
withdrawing effect of quaternary nitrogens in pyridinium oxime increases the 
acidity of the hydroxyimino group which is relatively low in non-substituted 
aromatic or aliphatic oximes (pKa ≈12-13). The increased acidity of pyridinium 
aldoximes and ketoximes (pKa ≈8-10) provides sufficient concentration of the 
nucleophilic oximate anion even in neutral solutions. It has also been proved 
that oximes are actively involved as potent α-nucleophiles in various hydrolytic 
reactions (Fig. 5) of phosphate diesters and triesters.38-39 Use of α-nucleophiles as 
the basis for such systems makes it possible to provide anomalously high rates of 
nucleophilic cleavage of organophosphorus compounds.  
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Figure 5 Mechanism of hydrolysis of a p-nitrophenyl phosphate using pyridinium3-
aldoxime

Catalysis in micellar media 
Chemical warfare agents and pesticides are organic compounds of low 

polarity and their chemical decontamination is less effective in aqueous medium 
due to solubility problem with water soluble reactants and organic solvent 
imposes some operational problems in field conditions. Effects of organized 
assemblies e.g. micelles,40-42 microemulsions43 and vesicles on chemical 
reactivity and the positions of chemical equilibrium have been rationalized in 
terms of differences between the properties of interfacial and bulk water. In 
such medium, organic reactants are portioned into the surfactant aggregates by 
electrostatic and hydrophobic interactions, and the observed rate accelerations 
are largely due to the increased localization of the reactants. 

Quantitative treatments of reactivity in association colloids frequently use 
the pseudophase model. One of its primary assumptions is that such an aggregate 
constitutes a pseudophase, separated from the bulk solution where it is dispersed, 
so that reagents partition between the bulk phase and the aggregate pseudophase. 
Thus, bimolecular nucleophilic reactions can be described as illustrated in Fig. 
6, where S and Nu are the substrate and the nucleophile in water (subscript w) 
or in the micellar pseudophase (subscript m), k,w and k2m are the second-order 
rate constants for substrate/nucleophile reactions in the aqueous phase and in 
the micellar pseudophase, respectively, and KS is the binding constant of the 
substrate to the micelles based on the concentration of micellized surfactant, 
defined as the difference in the total concentration of surfactant and the critical 
micelle concentration (cmc), i.e., [M] = [surfactant]total - cmc. 
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Figure 6. Partitioning of the reactants between water and micelle.

According to the pseudophase partitioning model (PPM), the second-order 
rate constant k2m is written in terms of the local concentration of the nucleophile 
in units of moles per liter of reaction volume within the micellar pseudophase 
(Num), which cannot be measured directly. The concentration of the nucleophile 
can also be taken as a mole fraction of the bound reactive anion to the micellized 
surfactant, defined as Num = [Num] / [M]Vm = b/Vm, where b is the degree of 
counterion binding to the micelle and Vm is the molar volume of the reactive 
region in the aggregate. Vm also relates the apparent measurable micellar rate 
constant, km to k2m (i.e., km = k2m/Vm). Thus, formulation of the kinetics of 
bimolecular reactions under pseudo-first-order conditions ([Nu] ˃˃ [S]) gives 
eq. (1.1). The value of Vm is unknown, so that in order to estimate k2m from km, 
one assumes a value for Vm; typical estimates range from 0.14 M-1 (the volume 
of the micellar Stern layer) to 0.37 - 0.5 M-1 (estimated volume of the micelles).44

 k′w[Nu] +kmKs[M]
1+Ks[M]kψ= =

k′w+(k2,m/Vm) β Ks[M]

1+Ks[M]
1.1

	 (1.1)

Berezin approach allows us to rewrite eq. (1.2) using values of the binding 
constants of both nucleophile an substrate in the following form:

X-
m + Nuw

Kx
Nu

Num + X-
w

1.2
		  (1.2)

The micellar surface also behaves as a selective ion exchanger, and 
competition between reactive (Nu) and inert (X) counterions can be expressed 
as in eq. (1.3), in which an empirical ion exchange constant, Kx

Nu , accounts both 
for ionic and hydrophobic contributions to the binding.
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    X-
m + Nuw

Kx
Nu

Num + X-
w 1.3		  (1.3)

This extension of the pseudophase model has been called the pseudophase 
ion exchange model or PIE and successfully fits the kinetics of many bimolecular 
reactions in micellar solutions. In the PIE model, b (the degree of counterion 
association to the micellar surface) is assumed to be constant and insensitive to 
surfactant and salt concentrations. 

α-Nucleophilicity of oximate ions
Efforts are being made by scientists in order to design more potent 

reagents for the environmentally benign detoxification of organophosphorus 
pollutants.45-46 Nucleophilic reactivity of oximate ions has long attracted specific 
interest since 1950s because some potent efficient cholinesterase reactivators 
(antidotes) for some representatives of this unique class of nucleophiles have 
been found. The antidotal activity of oximes are seem to be directly originates 
from their anomalously high reactivity. Therefore, an important problem was 
to elucidate factors governing the α-effect of oximate ions. It’s worth noting 
that Bronsted plot for oximate ions undergoes leveling-off at pKa ca. 9.0, 
irrespectively of the acyl substrate, whereas alkoxides ions demonstrate similar 
behavior at pKa ca. 12.5 – 13.5. Thus, oximate ions with pKa >9.0 (βN is ca. 0.1) 
have some negative from the Bronsted plot for oximates having low basicity (βN 
is ca. 0.5 – 0.6) and are of the same reactivity as alkoxides if have pKa > 12.5.). 
Comprehensive analysis of their reactivcities make them  promising  precursors 
for functionalized surfactants. 

Recently, Churchill et al.47 have published an excellent review on the 
destruction and detection of chemical warfare agents, along with the history of 
pesticides, molecular structures and their toxicology. There has been great interest 
in the studies of quaternary and tertiary pyridinium oximes as α-nucleophiles for 
the hydrolysis of organophosphorus nerve agents and their application to the 
reactivation of phosphorylated acetylcholinesterase.17 

Significant studies on nucleophilicity of oximate ions in cationic 
micelles have been carried out. Bunton et al.48 demonstrated oximate ion 
mediated dephosphorylation and deacylation reactions in cationic micelles 
of cetyltrimethylammonium bromide (CTAB). Contributions of Buncel and 
co-workers49-50 deserve special mention in this context as they have studied 
degradation of pesticide Fenitrothion using an oxime α-nucleophile i.e. 
antipyruvaldehyde-1-oxime (monoisonitrosoacetone: MINA) in the presence 
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of cationic surfactants. Substrate orientation within the micelle was clearly 
manifested in their work. Changes in reactivity and mechanistic pathways 
under micellar influence have been discussed in detail. Similar approach was 
made by Vanloon and coworkers51 to study micellar accelerated degradation 
of Fenitrothion in solutions and soils. Tolluec et al.52 examined phosphate 
triester hydrolysis catalyzed by micelles of hexadecyltrimethylammonium anti-
Pyruvaldehyde-1-Oximate. Phosphorolytic reactivity of o-Iodosylcarboxylates 
and related nucleophiles was reviewed by Moss et al.53

Functionalized surfactants: an overview
One of the most promising ways of modification of cationic surfactant 

molecules include the introduction of functional groups into the head part capable 
of forming highly reactive anionic species, e.g., fragments of a-nucleophiles.54-56 
Bound substrate molecules can be brought into close proximity with micellar 
functions, each surfactant molecule being functionalized with predictable 
kinetic advantages. Pyridinium based functionalized surfactants are used for 
detoxification of organophosphorus compounds and nerve agents. In addition, 
pyridinium oximes also show direct pharmacological effects.57-58 Fig. 7 shows 
orientation of functionalized surfactants at micellar/water interface. 

N
CH3

C12H25 NOH

Br-
N
C12H25

NOHH3C

Br-
---------------------------------------------------------------------

1a

1b

aquous phase

micellar interior

Figure 7. Orientation of surfactants 1a and 1b at micelle/water interface

Modern approaches include the design of active components for fast and 
irreversible decomposition of ecotoxicants. For instance, the micellar effects of 
surfactants in the reactions of anionic nucleophiles may be applied to design 
organized molecular systems which would cleave highly toxic organophosphorus 
compounds, esters and acid halides of phosphorus acids. The most efficient 
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micellar systems would be and are those combining the advantages of micro-
heterogenic environment characterized by a high solubilizing ability with 
respect to the substrate and of inorganic anionic α-nucleophile characterized 
by an abnormally high reactivity with respect to the electron-deficient sites 
(phosphorus, sulfur, and carbon atoms). The immediate advantage of functional 
surfactants is the maximum possible local concentration of a-nucleophile 
fragment which is reached at any micelle concentration and the highest rates 
are observed for the most hydrophobic esters. Due to this, many laboratories 
in the world are interested in synthesis of oxime functionalized surfactants 
for the development of effective decontamination systems.59-60 Functionalized 
surfactants are the most common catalysts in the functional micellar catalysis. 
Special attention has been directed to the development of novel functionalized 
surfactants.61-62

Applications of functionalized surfactants
(i)	 Pyridinium based surfactants are employed in cosmetics, gene delivery, 

polymerization and many other industrial applications.
(ii)	 Entry of oximate moiety into the head group cationic surfactants is po-

tentially significant for dermatological applications.
(iii)	Such formulations, increase oxime reactivity, solubilize the insoluble 

phosphates and insecticides and enhance the degradation reactions of 
the toxic esters and nerve agents. These are also effective phase transfer 
agents catalysts and acylating agents

A large variety of functionalized surfactants based on pyridinium and 
imidazolium rings have been synthesized and their catalytic properties have 
been explored63-65. Sufficient efforts have been made worldwide to study the 
mechanisms involved with functionalized surfactant-aided hydrolysis of various 
carboxylate, phosphate and sulfonate esters.

Burczyk et al.66 studied the solution properties of selected quaternary 
ammonium based functionalized surfactants (I) viz. hexadecyl(2-hydroxyethyl)
dimethylammonium, hexadecyl(2-hydroxypropyl)dimethyl-ammonium, 
hexadecyl(2-hydroxybutyl)dimethylammonium, and 2-hydrohexadecyl-
trimthylammonium bromides. They have synthesized and studied the surface 
properties of these functional amphiphiles. It was concluded that the surface 
properties of studied compounds depend on the nature and position of hydroxyl 
group. This study formed the basis of development of novel and more effective 
functional aggregates.

Similar alkoxide compounds (II) were synthesized by Bunton and Biresaw67 
to study the size versus reactivity of functionalized assemblies for deacylation 
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and dephosphorylation reactions. In order to obtain more reactive systems, 
functionalized aggregates (III-IV) were investigated by Tonellato68 and 
coworkers. They observed large rate enhancements for nucleophilic substitution 
reactions using these functionalized assemblies and concluded that the rate 
acceleration was mainly due to concentration effects. 

n-C16H33N+(CH3)2RX-

R= CH3, CH2CHNOH, CH2CH2OH
X =Cl-, Br-
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I II
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O
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CH3

CH3 OH
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CH3

CH3 SH
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IV

Critical micelle concentrations of IIIa functionalized ligands have been 
reported as 2.5 x 10-3 M (C10H21), 1.5 x 10-3 M (C12H25), 3.3 x 10-5 M (C16H33), 
4.9 x 10-5 M (C18H37) and for IIIb functional amphiphiles the cmc has been 
documented as 1.7 x 10-4 M.56

Pyridinium based functionalized surfactants
Epstein et al.69 have systematically studied the micellar behaviour of 

1-n-dodecyl-3-(hydroxyiminomethyl) pyridinium salts Va against two neutral 
organophosphates, diethyl p-nitrophenyl  phosphate and O-ethyl S-2- diisopropyl 
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aminoethyl methyl phosphonothiolate. Reactivity of these functionalized 
surfactants depends on the solubility of the substrate in the micelle. Hampel 
and co-workers70-71 have synthesized several amphiphilic quaternary pyridinium 
ketoximes (Vb) comicellized with CTAB and have examined their efficiency 
for hydrolysis of p-nitrophenyldiphenyl phosphate and other simulants of 
organophosphates. 
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             VIII

They found that the nucleophilicity of the deprotonated hydroxyimino group 
in these functional surfactants depends on its position relative to micellar surface. 
Series of micellar hydrolytic pyridine ketoximes (VI) were prepared and 2- and 
4-[(hydroxyimino)tridecyl]-1-methylpyridinium bromides were surprisingly the 
most effective. 

Besides good yields of pyridinium ketoximes, 6-dodecylpyridine-3-
carbonitrile (VII) has been obtained. An efficient method for the synthesis of 
N-[2-hydroxyimino-2-(pyridin-2-yl-ethyl)]-dialkylmethylammonium and N-[2-
oxo-2-(pyridin-2-yl-ethyl)]-dialkylmethylammonium lipophilic salts (VIII) was 
reported and these compounds were used for metal ion extraction from aqueous 
solutions into organic solvents.72
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The research team of Simanenko73 have studied head group modification 
by preparing pyridine functional detergents with aldoximes (V), ketoxime (IX) 
and hydroxamate (X) functional groups. Comparative study of their reactivity 
in cationic surfactants (as comicelles) for cleavage of PNPDPP and PNPTS was 
carried. Hydroxamate functional detergents showed lowest basicity (pKa = 4.0) 
and highest basicity was observed for ketoxime group (pKa = 8.51) whereas 
aldoxime functionalized surfactant showed moderate basicity (pKa = 7.92) (Fig. 
8).
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Figure 8. Functionalized surfactants with different α–nucleophilic functional groups

Micellar ligands (XI) were analyzed by Scrimin, Tecilla and Tonellato et 
al.74-75 by monitoring their catalytic activity towards hydrolysis of p-nitrophenyl 
hexanoate (PNPH), p-nitrophenyl acetate (PNPA) and p-nitrophenyl picolinate 
(PNPP). They have also studied incorporation of metal ions into these ligands 
to produce metallomicellar catalysts. The (deprotonated) hydroxyl bound to 
the pyridine moiety of the catalyst in the ternary complex acts as a nucleophile 
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leading to a transacylation intermediate that undergoes a rapid metal ion assisted 
hydrolysis “turning over” the catalyst.

N R
H
NH3C(H2C)12
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R= COOH
R= CH20H

N OH
H
N(H3C)3N(H2C)11H2C
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N OH
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NS(H3C)3N(H2C)9H2C

Br-

XI

Cheng et al.76 have investigated the effect of introducing a long chain and 
metal ions in the pyridine ligands (XII). The nucleophilic rate enhancements 
were dependent on the type of metal ion and ligand and pH, which clearly 
indicated the formation of metal complexes. Interestingly, the effect of long 
chain was different for various metal ion complexes. Among the metal ions Cu2+, 
Zn2+, and Ni2+ metal-ligand association constant is lower for Cu (II) than Ni (II) 
and Zn (II).

N
O

OH
RO

R= n-C5H13, n-C8H17, n-C10H21, n-C12H25          
XII

Bhattacharya et al.77-78 have studied the structure and reactivity of 
some pyridine functionalized micellar and metallomicellar aggregates. 
Dialkylaminolpyridine-functionalized surfactants (XIII) have been synthesized 
and micelles were generated either from the surfactant alone in aqueous buffer 
(pH 8.5 or 9.0) or by comicellization with CTAB solution at pH 8.5 or 9.0. 
Such aggregates were used to cleave p-nitrophenyl alkanoates or p-nitrophenyl 
diphenylphosphate (PNPDPP).
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The second-order „catalytic” rate constants for esterolysis of the substrate 
p-nitrophenyl octanoate with nucleophilic reagents were determined. Similarly, 
some copper chelating dialkylaminolpyridine amphiphiles (XIV) were also 
synthesized for the cleavage of PNPP and PNPDPP.

Since last few years, our research group has been engaged in physicochemical 
and kinetic studies of various oximes and oxime based functionalized surfactants 
(Vb) (discussed earlier) and (XV) for the hydrolysis of carboxylate, phosphate 
and sulfonate esters (PNPA, PNPB, PNPDPP and PNPTS).79-82 
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Imidazolium based functionalized surfactants
Research groups of Tecilla56, Tonellato83 and Tagaki84-85 have not only 

contributed towards the study and development of pyridinium based amphiphiles 
and metalloligands but have also studied imidazole based functionalized 
surfactants with hydroxyl group as nucleophilic moiety (XVI, XVII). 
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Liu et al.86 synthesized hydroxyl functionalized immidazolium based ionic 
liquid surfactants (XVIII), studied their micellar properties and for the first time 
reported their second cmc. 

Recently, Kapitanov87 synthesized some new functionalized gemini 
surfactants to study the decomposition of 4-nitrophenyl esters derived from 
phosphorus and sulfur acids.  The nucleophilicity of oximate fragment from 
amphiphilic derivatives of 2-(oximinomethyl)imidazole micellar systems (XIX) 
were used to examine cleavage of 4-nitrophenyl diethyl phosphate (PNPDPP).88 
Peroxyhydrolysis of PNPDPP with imidazolium based monomeric surfactants 
was also studied.89

N N
HOH2CH2C C12H25

Cl- N N
R CH3

Br-

NOH
XVIII XIX

Hydrophobic properties of imidazolium functional detergents of the 
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type 1-alkyl-3-(2-oximinopropyl) imidazolium chloride XX for cleavage of 
environmental toxicants were also documented by this team.90 
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The reactivity of co-micelles of functional/cationic surfactants: 1-cetyl-3-
(2-amino-2-hydroxyiminoethyl) and 1-cetyl-3-(2-hydroxyaminoethyl- 2-onyl)
imidazolium chlorides (XXI) toward the hydrolysis of 4-nitrophenyl esters of 
diethylphosphoric diethylphosphonic, and toluenesulfonic acids was investigated 
by Ukrainian team91 It was shown that the nucleophilicity of the functional 
groups in the surfactant does not undergo substantial changes with variation 
in the nature of the head group of the cationic surfactant and the fraction of 
functional detergent in the co-micelle.

Simanenko et al.65, 92 performed a detailed kinetic analysis of nucleophilic 
cleavage of some phosphate and sulphur esters in the presence of novel 
functionalized surfactants XXII. The cleavage kinetics in micelles of 
functional detergents and combined micelles of functional detergents with 
cetyltrimethylammonium chlorides are adequately described in the simple 
framework of pseudophase partitioning  model of micellar effect.
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To estimate nucleophilicities of the functionalized surfactants, eq. (1.2) can be 
easily modified towards eq. (1.4):

	                  

kψ=
k′w+(k2,m/Vm) Ks[M]

(1+Ks[M])
1.4

		            (1.4)

Equation (1.4) made it possible to analize the reactivitires of the imidazolium 
and pyridinium surfactants bearing oxime moiety.  The Bronsted plots for 
prosphorus and sulfur as electrophilic center show non-linearity similar to those 
observed in the case of non-micellizing oximes. 

Figure 8. Bronsted plots for the series of oxime-functionalied surfactants in the reaction 
towards    p-nitrophenyl esters of phosphonic 1 (arminum), phosphoric 2 (paraoxon), and 
4-toluenesulfonic 3 acids89.

Triazole based functionalized surfactants
Hydroxy functionalized triazole based ligands (XXIII) were synthesized by 

Qui et al.93 When R = H or CH3, the catalytic activity was not much pronounced 
due to lack of hydrophobic character whereas in the case of  the surfactants with 
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higher alkyl chain length showed enhanced activity of hydroxyl anion clearly 
indicating the role of hydrophobicity.
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XXIII

N-tetradecyl-1-hydroxy-1H-benzo[d][1,2,3]triazole-6-carboxamide and 
N-tetradecyl-1-hydroxy-1H-benzo[d][1,2,3]triazole-7-carboxamide (XXIV) 
having long alkyl chains were studied by Bhattachrya et al.30-31,78 These 
compounds along with their parent unsubstituted 1-hydroxybenzotriazole 
have been examined for the cleavage of p-nitrophenyl hexanoate (PNPH) and 
p-nitrophenyl diphenyl phosphate (PNPDPP) in comicelles with monovalent 
cetyltrimethylammonium bromide (CTAB) and the corresponding bis-cationic 
gemini surfactants 16-m-16, 2Br- of identical chain lengths at pH 8.2.
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Functionalized gemini surfactants
Ukrainian team94 synthesized recently functionalized gemini surfactants 

(XXV) featuring a bridging unit (spacer) of hydroxyl groups. Modification of the 
spacer by the introduction of hydroxyl groups improves the solubility of these 
compounds in water since gemini surfactants with molecular formula m-s-m 
have relatively high Krafft temperatures and low solubility in water.100 
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C16H33
N O

O N
C16H33

OH

OH

2Br-

C16H33
N O

2Br-
N

C16H33

N N
R

N N
R

Br Br-

      XXVa-b                                  XXVc

Gemini surfactant micelles showed better catalytic activity towards ester 
cleavage than corresponding monomeric micelles and this was attributed to their 
better surface properties and lower critical micelle concentration. 

With the extension of study of monomeric imidazolium surfactants, 
Tagaki et al.84-85 studied some gemini imidazolium based functional surfactants 
(XXVI). Micellization behaviour of gemini surfactants (XXVII) with hydroxyl 
substituted spacers of the type 1,3-bis(dodecyl-N,N-dimethylammonium 
bromide)-2-propanol and 1,4-bis(dodecyl-N,N-dimethylammonium bromide)-
2,3-butanediol were studied by Saha et al.95

N N

H2C

n-C12H25

OH

N N
n-C12H25

XXVI

NCH3

CH3 C12H25

N

C12H25

CH3

CH3

OH

2Br-

NCH3

CH3 C12H25

N

C12H25

CH3

CH3

OH

OH

XXVII

Finally, a series of imidazolium based Gemini surfactants with variable 
chain lengths (XXVIII) have been recently reported by Ukrainian team99 to 
demonstrate fitting the Bronsted plot for oximate functionalized (monomeric) 
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surfactants alone with high solubilization power and anomalously low CMC 
values.

N N
R

NHal-

N N
R

Hal-
OH

XXVIII

Other cases
Phosphoester cleavage with functionalized quaternary phosphonium 

surfactants (XXIX) was reported by Jaeger et al.96 These surfactants were 
evaluated as potential turnover catalysts for basic (0.01 M NaOH) hydrolysis of 
phosphate esters. 

P X
Ph

Ph
n-C16H33

Br-

X= OH, OCOCH3, OCH3

XXIX

Salvador et al.97 have synthesized 2-, 3-, and 4-trifluoromethyl ketoxime 
isomers (XXX) of pyridine and N, N-dimethylaniline. They found that these 
nucleophiles were quite active in providing protection against either paraoxon 
or sarin. High reactivity of these compounds is due to the inductive effect of the 
CF3 group. The inductive effect of the CF3 group is sufficient to bring the pKa 
value of the oximes in the range for maximal reactivation properties.

N
C NOH

CF3

XXX
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Moss et al.98 reported that the iodosylcarboxylate functional surfactant 
(XXXI) comicellized with 5-fold excess of cetyltrimethylammonium chloride 
(cationic surfactant) afforded a kinetic advantage of 43600 fold in the cleavage 
of paraoxon. Such surfactants involved hydrolysis of substrate by nucleophilic 
substitution at phosphorus, followed by hydrolytic attack at central iodine to 
displace the P centre from iodosylcarboxylate.

I

C
O

O

O-

C16H33NMe2CH2CH2O

XXXI

Nucleophilic reactivity of some oxime based functionalized surfactants 
as α-nucleophilic systems for cleavage of carboxylate (p-nitrophenyl acetate), 
phosphate (p-nitrophenyldiphenyl phosphate) and sulfonate (p-toluene sulfonate) 
esters has been studied in our laboratory.79-82 

Conclusions
Owing to the rising threats of neurotoxic organophosphosphorus compounds, 

facile and efficient decontamination systems are required. Amphiphilic 
systems comprising of a surfactant and a nucleophilic moiety such as oximes, 
hydroxamates, peroxides etc. have witnessed increased scientific interest because 
of their various applications. Reactions of oximate ion with organic substrates 
in cationic micellar media are a convenient approach to detoxify the hazardous 
stockpiles of chemical warfare agents. Role of oximes as supernucleophilic 
systems for toxic ester cleavage is an important research problem and substantial 
efforts have been made in the thesis to address this issue. 

The results are rationalized in terms of physicochemical properties and 
kinetic studies. Entry of oximate moiety into the head group cationic surfactants 
is potentially significant for dermatological applications. Also, such formulation 
increases oxime reactivity, solubilize the water-insoluble phosphates (phosphates 
and insecticides) and enhance the degradation reactions of the toxic esters and 
nerve agents. Despite the existence of many different oximes in use today against 
neurotoxic agents, it has not been reported yet any universal oxime, able to act 
efficiently against all the nerve agents. Further, such studies would also provide 
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a new field of useful research of academic interest. The present type of work 
motivates similar kinds of studies from different viewpoints. Such studies can be 
extended to other micellar systems with versatile hydrophobic and hydrophilic 
properties.
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