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Chapter 1

Alginate-the phenomenon of natural polysaccharide polymer

Joanna Kurczewska
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

The chemical structure of varied synthetic and natural polymers encourages
applying them for different purpose. On the one hand, the significant development
of advanced synthetic methods allows designing of materials characterized by a
desired functioning. On the other hand, the purification and extraction processes
amplify the importance of natural products in area of biomaterials. Those
biomaterials find many applications, among others as drug-delivery vehicles and
tissue-engineering scaffolds [1, 2]. One of the simplest methods that guarantee
biological activity is the use of polysaccharides. These compounds can be
divided into two groups: non-mammalian and mammalian polysaccharides. The
mammalian ones (alginate, chitin, dextran; Figure 1) are characterized by similar
saccharide structure and simple procedure of material extraction, which results
in costs decrease. This short review concentrates on first above mentioned
naturally occurring polymer-alginate [3, 4].

H H
{ coyOoH ! oM
10K A o lH Jo ! ALGINATE
HO il HO ~ 1-4 B-D-mannuronic acid
M H i Coy S and 1-4 a-L-guluronic acid
H
0 O CHITOSAN
= 0 ol 1-4 B-D-glucosamine
" "H o NH, and 1-4 B-N-acetyl-D-
r:q 4 glucosamine
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DEXTRAN
1-6 a-D-glucose
with 1-3 a-D-glucose
branching

Figure 1. Non-mammalin polysaccharides

1. The characteristic of alginate

Alginate is obtained from two sources: 1. Commercial one is extracted
from marine brown algae (Laminaria hyperborean, Ascophyllum nodosum,
Macrocystis pyrifera) having about 40% of dry weight; 2. Bacterial alginates
— from soil bacteria ( Azotbacter vinelandii and some Pseudomonas species).
Alginate from sea water exists as a mixed salt of Mg*", Ca*, Sr*", Ba* and
Na®, while a native one is present as an insoluble calcium gel. After mechanical
harvest of algae, they are dried before further processing (with the exception of
M. Pyrifera that is used without drying). After that algal material is treated with
mineral acid in order to remove neutral homopolysaccharides, while alkaline
carth cations are exchanged with protons. Next sodium carbonate is added (pH
below 10.0) to change protonated form (insoluble) to sodium salt (soluble). The
extraction process does not eliminate some impurities (heavy metals, proteins,
polyphenols etc.). Those amounts are insignificant if only alginates are applied
in food industry. However, in case of pharmaceutical application, the material
requires further purification processes that are realized by several specialized
manufacturers [5, 6].

The hydrophilic polysaccharide (Figure 2) consists of alternating residues
of 1-4 a-L-guluronic (G-blocks) and B-D-mannuronic acid (M-blocks), which
can vary in composition and sequence affecting molecular weight and physical
properties of the material. Depending on the organism whose alginate is prepared
from, the content of G- and M-blocks can be different. Molecular weight of
alginate varies from 10 to 1000 kDa. The structure of the polymer chain is
resistant to normal enzymatic degradation in mammals [7, 8].
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Figure 2. M- and G-blocks of alginate structure

2. Alginate gel formation

Gel formation of alginate is carried out under mild environment and is
possible by reacting with divalent cations (Ca, Ba, Sr). The mild conditions of the
process allow incorporating of proteins, cells and DNA into the matrix. Gelation
process does not happen in the presence of monovalent cations and Mg?*, while
some divalent cations are useless due to their toxicity (Pb, Cu, Cd, Ni). Generally
sodium cations (from guluronic acids) are exchanged with divalent ones and
guluronic groups form egg-box structure (Figure 3). Moreover, alginate chains
can dimerize to form gel networks [9,10].

Alginate applied in food industry (thickener, emulsifier, and stabilizer) is
classified as a safe compound. In case of oral delivery, there is no conformity about
the material biocompatibility but it is regarded as non-toxic and biodegradable.

Depending on the bead size, there are different procedures of preparation
applied. Beads greater than 1.0 mm are formed by using a syringe with a needle
or a pipette that influence diameter bead. Moreover, the shape of alginate beads
can be influenced by sodium alginate viscosity. In case of microbead (>> 0.2
mm), atomization (spraying method), emulsification and coacervation is applied.
Generally, well mixed solution of sodium alginate and incorporated material (eg.
proteins) is placed into a syringe linked to a pump. An atomization device is
characterized by an orifice having specified diameter that guarantees desired size
of droplets introduced into divalent solution. Final size of microbead depends
on several agents: the pressure of nitrogen gas, the pump flow-rate, the distance
between the orifice and the divalent solution. After that the procedure for all
size of beads obtained is analogous, poly-L-lysine and final alginate coatings
are formed. In general, alginate beads are rather inert to proteins. However, it is
sometimes possible that positively charged proteins can compete with calcium
cations for carboxylic acid sides taking effect in drug inactivation. In such
situations, protective cover is added (anionic polymer) [11-14].
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Figure 3. The scheme of egg-box structure of guluronic groups

Even though, atomization is the most popular method of microbeads
preparation, the other techniques also require some attention. Oil-in-water
emulsification is addressed to more stable drugs that are resistant to organic
solvents (ethyl ether) used for the oil removing [15]. Complex coacervation
boils down to the separation of two oppositely charged polyelectrolytes into two
phases: a dense coacervate one (with microbeads) and dilute one [16].

Apart from mentioned morphologies, other ones can be also formed.
“Block™ gel formation is carried out as follows: alginate solution in a container
is placed into divalent solution (gelation process) for several hours; then gels are
cut (discs, blocks). If alginate solution is applied without proteins, then gel is
immersed in the protein solution of high concentration and for a long time [17].
In case of alginate fibers, sodium alginate solution is extruded into a calcium ions
solution. Very strong fibers are rolled up or chopped and find application in many
wound dressings. As sodium ions are present in wound fluids, the mechanism of
drug release form fibers is based on their slow conversion into sodium alginate
solution [18]. The gelation process can also take place in situ, for example when
applied into the eye by reacting with calcium ions present in tears [19].

Due to a variable content of guluronic and mannuronic acid residues in
alginate beads, their physical properties differ. Generally, the best parameters
(mechanical strength, porosity, stability) are observed for alginate having 70%
of a-L-guluronic acid that forms blocks higher than 15 long. However, alginates
characterized by low a-L-guluronic acid content are more elastic [20, 21].

3. Alginate as a drug carrier

Drug release from alginate matrix proceeds through diffusion (through
polymer pores) or degradation of alginate network. Diffusion method can only
be applied if encapsulated molecules are characterized by appropriate molecular

16
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weight. This method is influenced by the composition of alginate, encapsulated
drug charge. The highest diffusion rates are observed for alginate beads with
high G-residues content. It can be modified by drying the beads or incorporating
them into acidic environment (low pH), which gives rise to pore size reduction
[22,23].

As crosslinking of alginate happens in the presence of divalent cations
(mostly calcium ions), the opposite process should take place whenever
Ca?" ions are removed. It is achieved by the addition of chelating agent (eg.
lactate, citrate), high concentration of other cations (sodium, magnesium) or
phosphate buffer solution. As a result, the drug is released and the polymer
starts to solubilize. Another process that destroys alginates is proton catalyzed
hydrolysis, while low pH value can bring to faster degradation. The formation
of strong complexes (with polycations, polypeptides, and synthetic polymers)
prevents the biomaterial destruction [20, 24, 25].

From the biological point of view, there are two crucial factors that determine
the application of any matrix as a drug carrier, strictly speaking immunogenicity
and biocompatibility. Nowadays, alginates of different purity are purchased
(ultra pure, food, research grade). Alginates applied as drug carriers should
contain low M-residues and high G-residues, as well as it should be purified
from mitogenic impurities (ultra-pure alginate) [26]. On the other hand, the
strongest mucoadhesion (contact between two surfaces including mucosal layer)
is observed for alginate if compared with other polymers (eg. polystyrene,
chitosan) [27]. The covalent attachment of L-cysteine (Figure 4) in the presence
of carbodiimide improves the mucoadhesive properties [28].

OH H on ;
H Q 1. carbodiimide H 0
J HO__Q:C o, 2. cysteine . d 10 \0:C o..
L e— .
HO—=0 on NS0 oH
Oﬁ)\/ S

OH

Figure 4. The synthesis of thiolated alginate

The list of possible proteins that can be successfully encapsulated in alginate
matrix is impressive [29], starting with vaccines, through growth and tumor
factors, cells and many others. There are also numerous of other materials that
can be encapsulated, like probiotic bacteria, genes or metal ions. It is worth to
mention several examples of the newest results that have been reported.

The micro shells constructed of alginate and chitosan, obtained using layer-
by-layer self-assembly method, were prepared for doxorubicin encapsulation

17
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[30]. Doxorubicin (Figure 5a) belongs to the most popular anti-cancer drugs
that require an increasing of efficiency as well as a decreasing of toxic side-
effects. Melamine formaldehyde was used as a template solution, around which
polyelectrolyte microshells were formed. In order to obtain hollow microsphere
that subsequently were filled with doxorubicin, the core was dissolved with
hydrochloric acid. The release of the drug was studied by the incorporation of
microshells into NaCl solution of physiological pH value. The release of the
drug was controlled by the number of assembled layers. The high concentration
of loaded doxorubicin guaranteed better effectiveness in cancer killing than free
anti-cancer drug.

One of the theories assumes that cancerous cells are more sensitive to
high temperature when compared to normal ones. Therefore, hyperthermia is a
model of treatment of malignant tumors. As a source of heat, a high-frequency
magnetic field can be applied. The combination of control heating and drug
delivery in constructed magnetic beads should give promising results. Such a
platform was designed by Brulé [31] and was composed of alginate microbeads
filled with magnetic nanoheaters and doxorubicin. The temperature increase was
observed after external magnetic field activation and it stimulated much faster
anti-cancer drug release from microbeads in comparison to experiments carried
out at room temperature. Moreover, magnetic nanoheaters are characterized
by contrast properties so their position in a human body can be monitored by
magnetic resonance imaging.

alginate beads
COCH,OH

o oH
O‘O‘ OH magnetic heater
*HCI
O A
O OH H

OMe

doxorubicin

CH;
HO B
NH,

a b
Figure 5. (a) The structure of doxorubicin, (b) The scheme of magnetic alginate beads
containing doxorubicin

As it was mentioned above, alginic acid finds application as a support in
a food industry. Recently, an enzyme—microbial xylanese-has become very
popular in the food and beverage industries. Xylaneses are the most important
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enzymes responsible for xylan (the main component of hemicelulose)
biodegradation. As they are large molecules, it is not possible to entrap these
enzymes in alginate carrier. Therefore, it is rather recommended to immobilize
the enzyme covalently. Pal [32] proposed the procedure, which requires the
application of glutaraldehyde as an activator molecule of alginate beads. The
enzyme was immobilized on the activated alginate beads at room temperature.
After the optimization of all parameters, the results for the immobilized enzyme
are promising.

Alginate can also be used in order to improve the properties of other
biomaterials. Chen et al. [33] constructed hybrid cement consisted of calcium
phosphate and alginate for gentamicin release. Calcium phosphate cement
is known as an excellent material for bone defect repair and dental surgery.
However, it is characterized by a serious defect, strictly speaking bone-defects of
complex structures are rather inaccessible for a material and it is very sensitive to
blood and other fluids influence. The process of calcium alginate gel formation
occurs between sodium alginate and calcium phosphate cement. It was shown
that the rate of the antibiotic release was extended in a hybrid cement when
compared to standard calcium phosphate one.

On the other hands, there are many papers that consider methods with the
object of the improvement of alginate effectiveness. The application of chitosan
(the other polysaccharide having polycation properties) influences favorably
mechanical properties and permeability of calcium alginate bead. However,
from the practical point of view many applied methods of such microbeads
formation (spray drying, coacervation, and emulsification/solidification) are
useless because of oversized particles, broad size distribution of microspheres or
deactivation of encapsulated drugs. Therefore, the membrane emulsification was
proposed as an alternative technique that should ensure narrow size distribution
[34]. However, the difficulty in this case is connected with the solidification of
alginate droplets, which is not carried out directly by calcium ions solution. In
order to obtain alginate-chitosan microspheres, sodium alginate water solution
is passed under pressure through hydrophobic porous glass membrane (pore size
7 um) to oil phase. Then, mini-emulsion of CaCl, solution is added to sodium
alginate solution with uniform-sized droplets. Finally, solidified alginate gels are
obtained (Figure 6). The properties of microspheres were tested with a use of a
model peptide-insulin. As insulin is positively charged, it cannot be mixed with
alginate directly because of aggregate formation. The experiment was carried
out in a few directions: insulin was dissolved in CaCl, solution before mini-
emulsion formation; insulin was dissolved in chitosan solution or both methods
were combined. According to the results obtained, the best loading efficiency
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was observed when insulin was added during the chitosan solidification process.
Moreover, the use of this method guaranteed the best preservation of the
immunological activity.

[
> O CaCl, O
sodium alginate [__ > o 00 miNcEmMULsioN () o o
water solution I: O O
R - O O O
I: (sodium alginate emulsion)
MEMBRANE
CHITOSAN

[alginate—chitosan microspheres

Figure 6. The procedure of alginate-chitosan microspheres preparation

4. Chemical modification of alginate

Apart from varied application of unmodified alginate, the presence of free
hydroxyl and carboxyl groups in the structure encourages to synthesize the
polysaccharide derivatives. Such modification influences different properties of
the biopolymer, like solubility, physiochemical and biological ones. There are
several possibilities to obtain alginate derivatives like oxidation, estrification or
amidation of the biopolymer [35]. The oxidation process, carried out without the
access of light, is used in order to increase the activity of the functional groups
and the rate of degradation. It occurs on hydroxyl groups of sodium alginate in
the presence of the oxidant (sodium periodate) and it takes effect in two aldehyde
groups formation preceded by carbon C2-carbon C3 bond disruption (Figure
7). Such a derivative is more flexible and posses amplified number of reactive
groups. However, the process must be controlled considering the concentration
of the oxidant because of the possible difficulties with the gel formation in the
presence of calcium ions [36-38]. The crosslinking process is achieved when the
degree of oxidation is limited to 5%. The lower gel strength of oxidized alginate
could explain its faster degradation when compared to unmodified polymer. The
dialdehydes obtained are very sensitive to alkaline B-elimination even under
physiological conditions.
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COONa COONa COONa
sodium perlodate o

[0}
OH OH OH OH

y Xy
Figure 7. Alginate oxidation in the presence of sodium periodate

Very interesting derivative of the oxidized alginate was proposed by Kang
et al. [39]. The reductive amination of 2,3-dialdehydic alginate with alkyl
amines was applied in order to introduce alkyl groups of different lengths
(C,H, -, CH,-, C H,.-). The reduction of imines was carried out using sodium
cyanoborohydride (NaCNBH,) instead of traditional reducing agents: sodium
hydroborate (NaBH,), selephenol (PhSeH) or pentarbonyl ions in alcoholic
potassium hydroxide, which were less reactive and selective (Figure 8). The
presence of long alkyl chains took effect in an appearance of amiphiphilic
characteristics of the polymers. The surfactants were able to solubilize of solid

azobenzene as well as to adsorb cobalt cations from the solution.

COONa COONa COONa
NH,R (R=C5,C15,C16)
0. 2 8%-12,%-16. O. NaCNBH; O.
0 - o+ — o}
pH 7.0

o /NH NH" NH NH
/ \ / \
R R R

Figure 8. Synthesis of alginate-derived polymeric surfactants

The alginate modified with alkyl groups can participate in further synthesis.
The one functionalized with octyl amine (C,H _-NH,), 2,3-dioctyl amine
alginate, was used to obtain alginate-poly(ethylene glycol) copolymer (Figure
9), [40]. Initially polyethyleneglycole monomethyl ether (PEG) was treated
with succinic anhydride and pyridine (catalyst), giving PEG-COOH derivative.
The coupling between 2,3-dioctyl amine alginate and PEG-COOH was carried
out with 1-ethyl-dimethylaminopropyl-carbodiimide (EDC). Such prepared
derivative retains the characteristics of gelation.

Chemical modification of hydroxyl groups is also carried on to obtain
superabsorbent polymers. These polymers are characterized by the ability of
absorption of vary large amount of water and retaining of water even under
pressure. They find application not only as infant diapers, hygiene products,
but also as controlled release devices. Yang et al. [41] described the synthesis
of sodium alginate/Na* rectorite grafted acrylic acid composite superabsorbent
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by “Coy-irradiation. The copolymerization of synthetic and natural polymers
is much desired as the first ones are inexpensive, bio-degradable, friendly to
the environment, while the second ones have large water absorbing capacities.
Additionally, rectorite used for the superabsorbent preparation is characterized
by good mechanical and thermal properties, as well as excellent UV resistance.
The synthesis was carried out in several steps. Initially, rectorite was reacted
with sodium pyrophate to obtain Na* rectorite, and then the product took part in
the reaction with sodium alginate to get sodium alginate/Na* rectorite. Finally
acrylic acid was added and the mixture was irradiated under gamma-rays in
order to obtain composite superabsorbent (Figure 10).

COONa
O
NH N. ﬁ PEG= CH;—O—CH,— CHZ_é O—CH,— CHZ+
/ | ¢ A
Hy,C CH, N\
CH,
(CHps  (CHy)s |
CH,
CHj; CH; |
=
i
PEG

Figure 9. The scheme of alginate-poly(ethylene glycol) copolymer

COONa
OH HO
CHz CH

COONa

OH HO

H H

COOH

COONa nCH,= (iH COONa
COOH(Na) O,

011 HQ —— OHHQ 0

COOH

X

[ CH2—$H—COOH(Naj
n

Figure 10. Synthesis of sodium alginate/acrylic acid copolymer
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The other functional group in alginate structure, carboxylic one, usually
undergoes estrification or amidation reaction. Generally, estrification is used
to incorporate alkyl groups for increasing of the hydrophobic properties. The
reaction is conducted directly in the presence of a catalyst and an alcohol in
excess (Figure 11).

HOOC, ROOC
9 ROH r 9
catalyst - L
OH OH OH OH

Figure 11. Estrification reaction between alginic acid and alcohol

Long alkyl chains (dodecyl and octadecyl) were attached to the alginate
by Pelletier et al. [42]. Initially, carboxylic groups were transformed into their
tetrabutylammonium salts and then reacted with alkyl halides, giving long alkyl
chains linked to the backbone of the polymer via ester function. Broderick et
al. [43] used direct estrification of alginate using butanol in excess (30:1) and
concentrated sulphuric acid (catalyst). The derivative obtained posses better
hydrophobic properties with a retention of stable beads formation and non-toxic
properties.

Alginate-amide derivatives can be synthesized with a coupling agent
presence, eg. 2-chloro-1-methylpyridinum iodide (CMPI). Vallée et al. [44]
carried on in this way covalent attachment of dodecylamine via amide linkage.
On the other hand, Yao et al. modified sodium alginate to get a carrier for a drug
release [45]. In this case, sodium alginate was dissolved in a buffer solution
(pH 6.0) and reaction catalyst were added (1-ethyl-[3-(dimethylamino)propyl]-
3-ethylcarbodiimide HCl, EDC; N-hydroxysuccinimide, NHC). After 24h of
stirring at room temperature, the polymer solution (amino-ended polybutyl
methacrylate, PBMA-NH,) was dialyzed. The final product was used for an
immobilization of bovine serum albumin and it demonstrated prolonged release
behaviour compared to unmodified alginate.

Despite long-term studies concerning naturally occurring polymer-alginate,
it is still a foundation of more advanced research regarding eg. drug delivery
devices. Two direction of modern carriers development are very promising,
strictly speaking the chemical modification of alginate structure that did not find
as yet significant attention from the practical point of view; and the combination
of two different polymers (natural or synthetic), which already is successfully
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applied in practice.

©ooc

PBMA—NH, (6]
~

&

0 0
PBMA-NH,
EDC,NHS,pH 6.0

OH OH OH OH

CH,

|
—E CH,— (|:} SCH,CH,—NH,
n
C=0

| PBMA-NH,
0

|
(|CH2)3
CH,

Figure 12. Synthesis of polybutyl methacrylate grafted alginate
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Ruthenium dyes and their application
in dye-sensitized solar cells
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Grunwaldzka 6, 60-780 Poznan, Poland

1. Introduction

Continuously growing demand for energy in view of forseable depletion of
resources of fossil fuels such us coal, oil and/or natural gas, is one of the most
important challenges for human civilization. On the other hand, degradation
of the natural environment has prompted development of non-pollutant and
environmentally friendly energy production technologies [1]. In general the
main sources of the clean energy are:

e solar energy

e wind power

*  hydropower

e geothermal

*  biomass
Photovoltaic technologies utilizing solar operation as the energy source are the
most promising ones and may soon replace the traditional fuels [2]. The main
advantage of solar cells is direct conversion of solar energy to the electricity
without any intermediate forms of the energy. This gives very good performance
on the photon-to-current conversion efficiencies. The first commercial solar cell
was demonstrated by Bell Telephone Laboratories in 1954 [2, 3]. This device was
a silicone p-n junction type and had efficiency of about 6%. Since that time the
efficiency of photocurrent production of silicone solar cells has reached 25% [4].
These values are more intelligible when compared with the maximal theoretical
photoelectric conversion efficiency, which is equal 33% [S5]. Almost five times
increase in the efficiencies that have become very close to the theoretical
maximum, achieved over the last 60 years, shows huge potential of the solar cell
technologies. Unfortunately, except these undisputed advantages, silicon solar
cell has a number of disadvantages. For example the manufacture of silicon
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photovoltaic devices needs very sophisticated methods and ultra high purity and/
or toxic chemicals, which have negative influence on the manufacturing costs
and the environment [2]. For the above reasons photovoltaic technology has still
a marginal importance in global energy production [5].

In 1991 Gritzel et al. have first reported dye-sensitized nanocrystalline
TiO, based solar cell [6]. The photoconversion efficiency of this device was 7.1-
7.9%. The use of low cost and commercially available materials and chemicals
without of any specific treatment and purification connected with relatively
high efficiency (at that time) made the dye-sensitized solar cells (DSSC) an
interesting alternative to the conventional silicon devices. Enormous interest in
the DSSC may be illustrated by the fact that over the first decade after first
announcement by Gritzel et al., over 2500 of original works in this area were
published by scientific groups all over the world. Nowadays, everyday two or
three new research articles on the subject are published [5].

2. Principles of DSSC operation

In short, DSSC device (fig. 1) is made of two conductive glass electrodes [1,
2,5, 7-11]. The first electrode is a transparent photoanode, which consist of tin
conducting oxide glass (TCO) substrate coated with a thin mesoporous layer of
nanocrystalline semiconducting oxide with a wide band gap (mostly TiO,). The
surface of the semiconductor is modified with a monolayer of chemisorbed dye
molecules. The second electrode, the counter electrode, is made of TCO coated
with an ultrathin layer of platinum. The electrolyte containing redox medium
(usually I/1;" couple) is injected between these two electrodes to transfer charge
between them.

There are different opinions about which part of the DSSC device, the
semiconductor [7] or the dye [1, 12], plays the main role in the photoelectric
process takinkg place in the cell upon its illumination. There is no doubt, however,
that the whole operating process starts when the dye molecule absorbs a photon
of visible light. After this process (see fig. 2) the electron is excited from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) of the dye molecule, which process leads to generation of the
excited state of the dye. The excited electron is consequently injected from the
LUMO orbitals of the dye to the conduction band of the semiconductor and
in consequence the dye undergoes oxidation. The oxidized dye is regenerated
through the electron transferred from the reduced form of redox mediator present
in the electrolyte and simultaneously the oxidized form of the redox mediator
is created. At the same time the photoinjected electron is transported through
the nanoparticle network of the semiconductor to reach the TCO substrate. The
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electrons collected on TCO are transported through the external circuit, give
electric power, and finally get into the counter electrode, where they regenerate
the reduced form of the redox mediator via reducing the oxidized form and
close the circuit. In the ideal system the whole operation process takes place
without consumption nor permanent transformation of any chemical species and
theoretically it can occur until illumination is present.

TCO Ti0, DYE ELECTROLYTE Pt TCO

hv

Figure 1. Schematic structure of the typical DSSC device.

Unfortunately in real systems there are some undesirable electron transfer
pathways, which cause some losses. The excited dye molecules can directly
recombine to reproduce the dye molecule ground state and the absorbed energy is
usually emitted as heat. Another unwanted process in DSSC is the recombination
of the electron injected into the semiconductor conduction band with the
oxidized form of the dye. The main cause of loses is the interactions between
the semiconductor nanoparticles and the redox mediator in the electrolyte. The
processes described above cause a considerable decrease in the cell performance
and much attention is paid to prevention of these processes.
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Figure 2. Mechanism of the DSSC operation

In this short review we will focus on the dye molecule, which is responsible
for the most important process of the light-to-electricity conversion phenomena,
namely for the light harvesting. From among many classes of dyes, such us
metal complexes, organic dyes and natural dyes, we will focus on those which
contain in their molecules the ruthenium atom and are applied in the most
effective DSSC devices.

3. Application of ruthenium dyes in DSSC

An efficient photosensitizer should have some important features such
as intensive absorption in a wide range of visible light, strong interaction
with the semiconductor surface and good efficiency of the electron injection
to the semiconductor’s conduction band. Moreover the dye should be easily
regenerated by the electrolyte redox mediator, and must be stable both in its
ground and excited state [12, 13]. So far, the Ru-complexes have been the most
successful family of sensitizers, in terms of performance and long-term stability,
used in DSSC ever [1]. Ligands in typical Ru-complexes may be divided into two
groups such us anchoring ligands and ancillary ligands [12]. The first group is
first of all responsible for the adsorption of the dye molecule onto semiconductor
surface, then it usually also is a chromophore. The ancillary ligands are mainly
chromophores which are not directly attached to a semiconductor and are used for
tuning the properties of the complexes. In d® metals complexes the polypyridinic
ligands show strong metal to ligand charge transfer (MLCT) bands in the visible
region, which supports injection of the electron to the conduction band of the
semiconductor. Modification of both types of ligands (anchoring and ancillary)
in polypyridinic Ru-complexes influences the sensitization properties of the dye
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and, in consequence, the performance of the photovoltaic devices assembled
with those sensitizers. The vast majority of the literature in the field is focused
on the ancillary ligands modification, but there are some papers whose authors
are concerned with the anchoring ligands.

COH

(n-Bu)yN* -0,C
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O’Regan and Griétzel in their first announcement about highly effective
DSSC have used trimeric ruthenium complex, and the cell they proposed had a
performance of 7.1-7.9% [6]. After a very short time Grétzel and co-workers have
reported N3 (1) and N719 (2) dyes which were characterized with high photon-
to-current conversion efficiencies of 10.0 and 11.2% respectively [14]. These two
dyes differ only in the protonation state, N719 is a bis(tetrabutylammonium) salt
of N3. Each of them has a wide absorption reaching 800 nm and the differences
in the photoconversion efficiencies follow from the higher voltage in the N719
sensitized cell. In 1997 the same group reported a terpyridyl analogue of N3
and N719, the so-called “black dye” (3), characterised with an extended range
of light harvesting, including near infrared region up to 920 nm [15]. Despite
so wide range of light absorption, the efficiency of photoconversion obtained
in the device sensitized with “black dye” reaches only 10.4%. The “black dyes”
incident photon conversion efficiency (ICPE) for the whole visible region
usually exceeds 80%, as recorded of N3, additionally the spectral response in the
red and near infrared region exceeds that characteristic for N3, which resulted
in higher short circuit photocurrent. Unfortunately relatively low extinction
coefficient and poor coverage of the semiconductor surface leads to not very
impressive photoconversion efficiency. In spite of these disadvantages the
“black dye” together with N3 and N719 are still in the forefront of the dyes with
best photoelectric performance and have become a kind of reference for further
research to DSSC development.

Since 1997, a number of modifications of Ru-sensitizers have been
developed and their efficiencies have reached up to 12.3% [1]. The attention
of the researches was mainly focused on extending the chromophoric functions
of ancillary ligands. A good example of this direction of research is the work
by Wu et. al. who presented highly conjugated ligand substituted with alkyl
bitiophene groups in the the CYC-B1 dye (4) [16]. CYC Bl is characterised
by a high absorption coefficient in the main MLTC band, what gives
photoconversion efficiency 8.5%. In the device sensitised with the thiophene
dye the photoconversion efficiency was by 10% higher than that of the cell
based on N3, produced and studied in the same conditions. The efficiency of the
cell sensitised with N3 was 7.7%. In continuation of the study on the effect of
thiophene groups, the same research group in 2007 published their results on the
other two complexes SJW-E1 (5) and CYC-B3 (6) [17]. These two sensitizers
gave the efficiencies 0f 9.0 and 7.4%, while N3 in the same conditions gave 8.4%.
The hitherto record efficiency is 12.3% and has been achieved for the device
sensitized with mono(tetrabutylammonium) salt of CYC-B1, referred also as
7991, in the presence of dineoheksylo bis-(3,3-dimethyl-butyl)-phosphonic acid
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as a co-adsorbent [18].

Gritzel [19-22] and Wang [22-24] and their co-workers studied the
ligands containing systems of coupled  bonds (that enhance light absorption
by sensitised TiO2) and hydrophilic substituents (that protect the system
against moisture and increase stability of solar cells). These studies resulted in
presentation of a group of sensitizers C101 (7), C104 (8), C106 (9) C107 (10)
and CYC-B11 (11) with efficiencies 11.3%, 10.5%, 11.4%, 10.7% and 11.5%,
respectively. Unquestionable advantage of the systems employing above
sensitizers is their extreme stability during the long-term exposure to light and
relatively high temperature. These features make such cells potentially suitable
for commercial outdoor applications. For example the device sensitized with
C101 and employing a non-volatile electrolyte based on 3-methoxypropionitryle
or ionic-liquid electrolyte has shown conversion efficiency of 9.0% and 7.4%,
respectively, maintaining 95% of the initial performance for 1000h full sunlight
operation at 60°C. Similar temporal stability was observed for the CYC-BI11
sensitized cell with a low-volatile electrolyte in similar conditions, however a
slightly lower, 7.9% overall conversion efficiency was observed. The stability of
CYC-B11 device employing a solid state electrolyte was on the same level with
the efficiency of 4.7%.
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Nazeeruddin et. al. reported an interesting dye N954 (12) with photon-to-
currentefficiency of 10.8% [25]. The dye has a high extinction coefficient obtained
thanks to the ligands with extended m-conjugation and orientation in the excited
state, by tuning of the LUMO level of the ligand. The sensitizing Ru-complex,
containing in its molecule a ditolylamine phenyl-ethyl-2,2’-bipyridine ligand,
1J-1 (13), has been studied by Yum et. al [26]. 1J-1 reached the photoconversion
efficiency of 10.3%, when sensitizing nanocrystalline titania. Grétzel et. al. have
studied an Ru-sensitizer YEOS in which thiocyanate groups were replaced by
2-(2,4-difrluorophenyl) pyridine ligand (14) [18, 26]. The DSSC with a liquid—
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based electrolyte and compound (14) exhibits an overall conversion efficiency of
10.1%. The DFT calculations shows that HOMO is located mostly on ruthenium
and cyclometallated ligand, while LUMO is on the anchoring ligands. These
orbital locations promote the excited electron injection into the semiconductors’
conducting band. The authors postulated of that presented findings will provide
new designing criteria for the next generation of Ru-dyes and will help foster
widespread interest in the engineering of new sensitizers interacting effectively
with the redox couple in the electrolyte.

The anchoring ligands modifications, as mentioned above, have been
rarely used for design of new ruthenium sensitizers, but there are some reports
about these methods. A good example of this route to obtain a new class of
Ru-dyes may be the work presented by Funaki and co-workers [27]. The
authors have presented two analogues of “black dye” with © expanded ligands
having phenylene-ethynylene moiety (15). The molar extinction coefficients
of these dyes were higher than that of the “black dye”, but their conversion
efficiencies were much lower and did not exceed 5.7%. The authors of this paper
speculated that the low efficiency was due to aggregation of dye molecules on
the semiconductor surface and in consequence to a decreased light harvesting.
Despite of the relatively low efficiencies of so far presented sensitizers with
extended anchoring ligands, this route of ligands designing seems to be an
attractive way to obtain new hi-efficient ruthenium dyes for DSSC.

4. Conclusions

Ruthenium-based dyes are relatively expensive and, when DSSC seems
to be low-cost alternative for silicon solar cells, this is one of their main
disadvantage. In fact, the price of Ru-sensitizers depends more on difficulties
with the purification of final product, during synthesis, than on the price of
rare metal [1]. DSSC devices sensitized with ruthenium dyes, because of they
high photoconversion efficiencies and very good stability under solar operation
conditions, probably will first find commercial application. However, the costs
of the Ru-dyes fabrication may be a major factor limiting of the expansion of
this technology. For the above reasons further development of the Ru-dyes for
DSSC sensitization should not be focused only on increasing the sensitization
performance, but on improving the methods of their synthesis too. The intensive
efforts on investigation of the sensitizing dyes and other DSSC materials leads
to a slow evolution of the photoelectric performance and temporal stability of
constructed devices, however there are still many problems, which must be
solved, before DSSCs will find a wide application as a mass energy producing
technology.
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Photoelectrochemical cells (also known as dye sensitized solar cells —
DSSC) are a new type of devices for renewable energy harvesting through
conversion of solar radiation into electricity. The concept of DSSCs was
originally proposed by Gritzel in the early 90-ties [1]. DSSCs can be regarded as
a promising alternative to conventional (so-called first-generation) photovoltaic
cells, which have currently reached a high stage of development but at the same
time suffering from relatively high cost, hindering their widespread adoption.

First generation solar cells has been relied on pure crystalline silicon and now
constitutes about 90% of total PV (photovoltaics) market [2]. Second generation
of solar cells is based on amorphous silicon, CIGS and CdTe thin films. Both
first and second generation photovoltaic devices rely on single junctions. Dye
sensitized solar cells are based on a totally different concept and can be regarded
as a promising candidates for a third generation of photovoltaics, mainly because
potentially lower cost and design flexibility.

DSSCs are composed of photoanode in the form of a thin film of mesoporous
wide-gap semiconductor (typically nanostructured TiO,), coated onto a
conducting substrate (ITO glass), and a counter electrode, being most often thin
platinum layer also coated onto a conducting substrate. The TiO, layer is coated
with a monolayer of visible light absorbing dye. Between the photoanode and
cathode there is an electrolyte consisting typically of a volatile organic solvents
with an iodide/triiodide redox couple. Principle of operation of DSSCs has been
described in numerous publications (refer for example to a recent thorough
review [2]) and is also described in more detail in the other chapter of this book.

Although the general concept of DSSCs has proved to be successful, there
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are several limitations for their further development and widespread commercial
adoption. Apart from obstacles connected with the photoanode (rhutenium dyes
are relatively expensive and sensitive to oxygen and water), there are a number
of problems on the electrolyte side that must be solved urgently. First of all,
the commonly used iodide/triodide redox couple limits the performance of the
device in terms of open-curcuit voltage. Secondly, the commonly used liquid
electrolytes are volatile and thus create technological and safety concerns, like
the possibility of leakages and/or ignition.

Ionic liquids (IL) are potentially favorable alternatives for traditional volatile
liquid electrolyte solutions. Ionic liquids in broader sense are all substances
consisting entirely of ions and being liquid below 100 °C. Most interesting are
so-called room temperature ionic liquids (RTIL) which are salts having melting
temperatures below 20 °C. Advantages of ionic liquids that make them attractive
for DSSCs are: low vapor pressure, non-flammability, thermal stability even to
above 350 °C, wide electrochemical window (that is electrochemical stability
over a large range of potentials), the ability to dissolve a wide range of substances,
electric conductivity and tunable miscibility [3]. These favorable features made
ILs prospective candidates for a number of technologies, including separation
technologies, electrolytes (for fuel cells, metal deposition and metal finishing,
batteries, photoelectrochemical cells, sensors and supercapacitors), synthesis/
catalysis, cooling technologies, analytics, functional fluids and heat transfer
and storage technologies. Some of these applications are still on the stage of
R&D, while other have already been commercialized or are at the stage of pilot
production (the case of DSSCs). Ionic liquids are generally composed of a large,
asymmetrical cation (such as 1-alkyl-3-methylimidazolium, 1-alkylpyridinium,
N-methyl-N-alkylpyrrolidinium, etc.) and a large variety of anions (see Fig. 1
for typical examples of anions and cations forming ILs).

7\ = =
!
. N R
Cations @\D H’N@ [—EN\R

[NR ] [PR.J* [SRy*

Anions CI, Br, I, PF,., BF ;, NO,, CF,COO", CF,S0,", [N(CN),I

Figure 1. Typical cations and anions of simple room temperature ionic liquids
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Ionic liquids were for the first time applied as electrolyte components for
DSSCs by the group of Gritzel and co-workers in 1996 [6]. Imidazolium based
ILs were first considered and are till now widely used (Fig. 2). Table 1 contains
basic literature data on imidazolium cation-based electrolytes for DSSCs [4].

/R'
)
i

Figure 2. Structure of imidazolium cation

In their pioneering work, Gritzel and co-workers [6] examined methyl-
hexyl-imidazolium iodide (MHImI) as potential electrolyte solvent for DSSC.
The electrolyte was composed of 7 mM iodine in the MHImI solvent. It was
found that the cells exhibited a very good stability with an estimated sensitizer
turnover exceeding 50 milions. The ionic transport was found to be based on
a different mechanism in comparison to organic solvent, resulting in sixteen
fold increase in the effective diffusion coefficient of triiodide in the pure molten
iodide salt. It was proposed that Grotthus-type charge carrier transfer occurred,
involving chemical electron exchange, according to the following scheme:

I N e TN S N A e !

This mechanism, including symmetrical transition state, was introduced for
DSSC applications by Kawano et al. [19]. Thus triiodide may be transported to the
counter electrode not only by diffusion but also by Grotthus-like, non-diffusional
hoping mechanism. The reported results generally positioned ionic liquids as
viable solution and attractive candidates for improved photoelectrochemical
devices.

Ionic liquids can serve both as the source of iodide and separate solvent. In
the above example MHImI was both solvent and the source of iodide ions. Other
typical structures of ionic liquids being simultaneously sources of iodide anions
are presented in Figs. 3-6. This is a favorable situation from the technological and
safety point of view, allowing for getting rid of any volatile solvents. However,
pure ionic liquids are often viscous, thus making problems with mass transport
and the restoration of oxidized dye, so the photovoltaic performance of these
DSSCs is often inferior to that of DSSCs using organic electrolyte solvents. The
solution for this problem is either mixing IL with other low-viscosity solvent or
attempts to synthesize novel IL with inherently low viscosity.
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Table 1. Electrolyte compositions with imidazolium cation-based Ils and their basic
photoelectrochemical parameters

Electrolyte composition J /mAcm? V. /V n/% Ref.
5 mM 12, 10% HMImlI, 90% EMImTf 9.5 0.531 - 2
5 mM 12, 10% HMImlI, 90% EMImTFSI 11.8 0.57 - 2
30 mM 12, 0.9 M DMHImI in EMIm-F- 2.3HF 5.8 0.65 2.1 7
30 mM 12, 0.9 M DMHImI in EMImTFSI 0.9 050 036 7

0.2 M 12, 0.14 M GuanSCN, 0.5 M TBP in PMImI/EMImSCN (13 : 7 v/v) 133 0.746 7.0 8

0.1 M 12, 0.1 Lil, 0.45 NMBI n PMImI/EMImDCN (13 : 7 v/v) 12.8 0.707 6.6 9

12, 0.5 M NMBI n PMImI/EMImTCM (1 : 1 v/v) 12.8 0752 74 10

0.2 M 12, 0.5 NMBI, 0.1 GuanSCN n PMImI/EMImB(CN)4 (13 : 7 v/v) 13.55 0.736 7.0 11
0.8 M PMIml, 0.15 M 12, 0.1 M GuanSCN, 0.5 M NMBI in MPN 15.1 0.747 8.0 12

0.1 M HMImI2Br, 0.1 M GuanSCN, 0.5 M NMBI n HMImI 9.2 064 24 13
HMImI : 12 (10 : 1) 9.54 071 48 14

0.2 M 12, 0.5 NMBI, 0.1 GuanSCN in AllylEImI/AllylEImTESI (13 : 7 v/v) 13.54 0.7 6.8 15
0.2 M 12 in PMImI/EMImTFSI/EMImTE (2 : 2 : 1, v/v/v) 16.13 0.612 6.67 16

0.5M 12, 0.1 Cul n HMImI 13.6 0.538 4.54 17

0.2M12,0.5 M NMBI n PMImI 13.07 0.678 627 18

0.2MI12, 0.5SMNMBI, 0.12MGuanSCN n PMImI/EMImSCN (65 : 35 v/v) 13.99 0.707 7.05 18
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Figure 4. Piperidinium iodide derivatives
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Figure 5. Pyrrolidinium iodide derivatives

As far as the first mentioned approach is concerned, a suitable diluting
organic solvent is, for example, propionitrile. The problem is that the most
important beneficial property of ILs, namely low vapor pressure, is dramatically
compromised by adding volatile and flammable components to the system.

Example of the second approach is the development of ionic liquid IL
(1-ethyl-3-methylimidazolium selenocyanate — EMISeCN) electrolyte-based
SeCN/(SeCN)* redox couple [20]. The viscosity of this IL was 25 cP at 21
°C and specific conductivity at 21 °C — 14.1 mS cm'. The application of this
low-viscosity and high-conductivity IL made it possible to achieve a good
light-to-electricity conversion efficiency of 7.5-8.3 % (under AM 1.5 sunlight),
showing path for the future developments. Nevertheless, although non-volatile,
low-viscosity ILs can still be problematic in terms of potential leakages and
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thus the necessity of very effective seals. Besides, some of the ILs exhibit a
large degree of electrochemical instability (example: 1-ethyl-3-methyl-
imidazoliumdicyanamide). Recently, much progress has been obtained by the
application of so-called molecular volume approach, the technique allowing
the prediction of melting points, viscosities, densities and conductivities of ILs
[21]. In light of the fact that the total number possibly existing ionic liquids is
estimated at 108, the ability of tuning their properties in a rational and predictable
way seems much needed.

Quasi-solid electrolytes combine the characteristics of both liquid and solid
electrolytes and have proved to be extremely viable in, for example, Li-ion
battery technologies. The principal advantage of gel electrolytes is they usually
exhibit satisfactorily high specific conductivities, while at the same time being
to a large extent resistant to leakages and solvent evaporation. Gel electrolytes
based on ionic liquids can additionally be regarded as practically non-volatile,
non-flammable and thermally stable, thus giving chance for a substantial
progress in the attempts to create technologically viable, safe and efficient energy
conversion devices, including DSSCs. Generally speaking, gel electrolytes
consist of a liquid medium (in this case ionic liquid-based electrolyte) entrapped
in a polymeric matrix/network. It is said that the polymer network is swollen with
liquid electrolyte. Quasi-solid-state electrolytes possess simultaneously both the
cohesive property of a solid and the diffusive transport property of a liquid.
The networking can be accomplished through a physical or a chemical method.
Gel electrolyte formed via physical cross-linking is referred to as “entanglement
network”, which is thermo-reversible. Chemical or covalent cross-linking leads
to the formation of thermo-irreversible gel electrolytes [22-23].

A good example of physical cross-linking based gel electrolyte for the co-
operation with ionic liquids are electrolytes relying on poly(vinylidene fluoride-
co-hexafluoropropylene) (abbrev. PVdF-co-HFP) as polymeric matrix. PVdF-
co-HFP based gel electrolytes are well known from Li-ion battery technologies
where they have proved to be very successful. The group of Gritzel investigated
the application of PVdF-co-HFP combined with PMImI or MePN-based
liquid electrolyte containing for example 1,2-dimethyl-3-propyl imidazolium
iodide and iodine [24-25]. It has been demonstrated that the DSSC exhibited
a comparable photovoltaic performance to that of an analogous cell containing
only the liquid electrolyte, with efficiencies from 5.3 to 6.1 %, which proved that
the polymer matrix had no negative effect on the strictly electrical performance
of DSSC, while at the same being obviously more resistant to leakage.

An interesting modification of the physically cross-linked gel electrolyte
concept involves the application of ionic liquid modified silica particles.
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Functionalized silica particles are embedded in the polymer matrix swollen with
the liquid electrolyte. The role of this ceramic component is to further entrap
the liquid component, making the resulting composite gel electrolyte even more
stable and less prone to leakages and solvent evaporation. Similar idea is also
known from Li-ion battery technologies. According to this general concept,
Yan and co-workers [26] have recently reported the synthesis and successful
application of 1-propyl-3-triethoxy silica-3-methylimidazolium iodide
(TESPIm‘T) modified nanostructured silica. The prepared IL-SiO, material was
subsequently dispersed in the polymer matrix, followed by soaking with the
liquid medium to obtain the desired gel electrolytes.

Chemically cross-linked gel electrolytes have been prepared, for example,
from ureasil precursor (Fig. 7) [27-30]. The unique structure of this thermosetting
organic—inorganic hybrid gel electrolyte leads to high quality DSSCs, which
exhibit 5-6 % light-to-electricity conversion efficiency even after several years
of storage [31]. lonic liquids as electrolyte solvents can be effectively entrapped
in this type of covalent networks.

2N (|3| ﬁ OEt
Eto73i(CH2)3—NH—C—NW?H—CHZ—[OCHzcle]n—NH—c—NH—(CHZ)asi\—OEt
EtO OEt
CH, CH,

Figure 7. Structure of ureasil precursors

Further overview of the application of ionic liquids in quasi solid-state
DSSCs is given in Table 2 [4].

Table 2. Quasi solid state electrolyte compositions for DSSCs and their basic
photoelectrochemical parameters

Electrolyte composition J./mAcm? V /V n/% Ref.

oc

0.1 ML, PVP (1.5 wt%), TBMB (4.5 wt%), PMImI (80 wt%), 10 ) .3
propionitrile (20 wt%)
0.3 M L, PVP (2 wt%), HOOC(CH,), COOH (4 wt%), H,0 (5 wt%)

o PMImI 13.43 0.60 44 33

Gelator (2 wt%), 0.2 M 1, 0.12 M GuanSCN, 0.5 M NMBI n PMIml/

EMImSCN (65 : 35 v/v) 1270706 6.3 34

0.3 Lil, 0.5 M I, 0.5 M NMBI, 10 wt% of gelators (see text) in

HMIml . ©2733

PEO, KI (20 wt%), I, (10 wt% of KI) in EMImSCN 1.88 0.63 0.6 36
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1 M Lil, 0.5 M I, in PEO(750)MimCl 6.80 0.64 3.1 37
0.3 Lil, 0.03 M I, 0.5 M TBP, a-ZrP (6 wt%) in PMImDP 11.38 0.562 2.61 38
PVDF-HFP (10 wt%), 1, in PMImI 11.29 0.665 53 24

PVDF-HFP (5 wt%), 0.6 M DMPImI, 0.1 M 1,, 0.5 M NMBI in MPN 12.5 0.730 6.1 25
0.5 M 1, 0.45SMNMBI, SiO, (5 wt%) n PMImI 12.75 0.672 6.1 39
0.5 M1, 0.45SMNMBI, SiO, (5 wt%) n PMImI/MPN (v:v=13:7) 11.56 0.603 53 40

CH,CO2H, TMOS, 0.5MPMImlI, 0.04mMNMBI, 20 mMI, in PC/

Triton X-100 (molar ratio 4 : 1) 129 0.65 54 30

PEODME, SiO, (9 wt%), 1, PMImI - - 45 41

40 g/l of gelator, I, (8.7 wt%) in HMIml 11.8 0.635 5.01 42

L, (10 wt% of PMImI) n PHB/PMImlI ([-O-] : PMImI =10 : 1) 9.53 0.57 334 43
1,/MBPyrrl/succinonitrile (1 : 5 : 100 molar ratio) 7.8 0.618 6.7 44

0.35 M 1, 0.02 M Lil, 0.5 M TBP, agarose (1 wt%) in PMImI 6.77 0.650 2.93 45

L, TBAL EMIml, EC : PC (4 : 1 v/v), PEG 20.0 0.69 7.13 46

L, (10 wt%) in TMS-PMImI 9.1 06 32 47

3 M TMS-PMImI, 30 M ;If/[(l)n(l)il(,)llz/ll\;{ll\flOS, 0.5 MNMBI, 1.4 M 75 066 31 48
Poly(MHH), 0.2 M 1, in HMImI 8.6 0.66 3.8 49

Recently, ionic liquids with silane elements (functional groups) have also
been considered as solvents and iodide sources for dye sensitized solar cells.
The group of Gritzel reported three new trietoxysilanes bearing quaternary
ammonium alkyl iodides: N,N,N-triethyl-3-(triethoxysilyl)propan-1-aminium
iodide, N,N,N-triheptyl-3-(triethoxysilyl)propan-1-aminium iodide and N,N,N-
tridodecyl-3-(triethoxysilyl)propan-1-aminium iodide (see Fig. 8a) [50]. The
electrolytes contained one or two silanes (in 30—60 wt%) as iodide sources
together with I, (0.08 M), 0.IM guanidinium thiocyanate and 0.5M tert-
butylpyridine in acetonitrile (AN) and 12 (0.15M) and N-methylbenzimidazole
(0.5M) for 2-methoxyproprionitrile (MPN) as co-solvent. Efficiencies of up
to 8.0% achieved at 0.1 Sunlight (100W/m2) intensity, which was described
as promising from the point of view of low light or indoor application. The
performance of the cells was reduced at higher light intensity (1 Sunlight)
but efficiencies >5.0%were achieved for some electrolytes. The MPN-based
electrolytes performed well at 1 Sunlight intensity, exhibiting smaller decreases

47



M. ZaLas AND M. WALKOWIAK

in performance than the AN-based electrolytes, but did show lower overall short
circuit currents. Lee and co-workers [51] synthesized and studied novel ionic
liquid electrolyte, 3-(iodohexyl)-1-(3-(triethoxysilyl)propylcarbamoyl)-1H-
benzo[d]imidazol-3-ium iodide (see structure b in the Fig. 8). The electrolyte
containing the above iodide source was gelled by heating at 60°C for 30 min in
an oven. DSSC with gel electrolyte prepared this way exhibited good efficiency
and significantly enhanced stability as compared to traditional liquid electrolyte.
Improvement of stability was attributed to decreased volatility of the electrolyte
as a result of chemical cross-linking.

a
o
> Et0 )N
V Q (CH,)n-CH NN Né\Nf (CHp)s—1
RN y :

EtO—Si
/

/Si o N\—(CHz)n-CHS EtO |
[
Lo (CH,)n-CH,
c
I -
[\ - P N
/N\%N\/\/Sl(\;OR a: CH,

b: CH,OCH,CH,
Figure 8. Structures of silane-based ionic liquids for DSSCs

Structure ¢ (Fig. 8) is also studied, showing promising photocurrent-
photovoltage characteristics and appreciable efficiencies, only slightly worse as
compared to reference electrolyte based on acetonitrile (see Fig. 9) [52].

In conclusion, due to their unique properties described earlier, ionic liquids
seem to be ideal for the application as electrolyte components in dye sensitized
solar cells. Further progress in this field will depend on the efforts to synthesize
new ILs with precisely tailored molecular structures to obtain low viscosities and
high specific conductivities. The aim of this paper was to outline only the main
aspects and issues associated with the application of ionic liquids in DSSCs.
Some interesting recent developments have not been included in this work, like
for example liquid crystals and formation of supramolecular structures. The
field of ionic liquids is evolving very rapidly. Out of the total number of 10'8
theoretically predicted ionic liquid structures only about 10 000 are considered
to be of technological interest, with about 500 being today manufactured on
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laboratory scale. Small percentage of the last number has been tested in DSSC
so far, providing wide area for investigations.
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Figure 9. Voltage-current characteristics and basic photoelectrochemical data for DSSCs

with electrolytes based on structures c (Fig. 8).

List of acronyms

DSSC
CIGS
ITO

IL
RTIL

B2-MPI
B4-MPI
BDMII
BMII
BMPil
BMPyI
BPI
DMPII

dye sensitized solar cell

copper indium gallium selenium

Indium tin oxide

ionic liquid

room-temperature ionic liquid
1-Butyl-2-methylpyridinium iodide
1-Butyl-4-methylpyridinium iodide
1-Butyl-2,3-dimethylimidazolium iodide
1-Butyl-3-methylimidazolium iodide
1-Butyl-1-methylpiperidinium iodide
1-Butyl-1-methylpyrrolidinium iodide
1-Butylpyridinium iodide
1,2-Dimethyl-3-propylimidazolium iodide

49



M. ZaLas AND M. WALKOWIAK

EMII 1-Ethyl-3-methylimidazolium iodide
EMPyl  1-Ethyl-1-methylpyrrolidinium iodide

EPI 1-Ethylpyridinium iodide
HMII 1-Hexyl-3-methylimidazolium iodide
HPI 1-Hexylpyridinium iodide

MPII 1-Methyl-3-propylimidazolium iodide
MPPil  1-Methyl-1-propylpiperidinium iodide
MPPyl  1-Methyl-1-propylpyrrolidinium iodide
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1. What is the Lewis acidity?

The IUPACS’s Compendium of Chemical Terminology (Gold Book) [1] gives
the following definition of a Lewis acid: A molecular entity ... that is an electron-
pair acceptor and therefore able to react with a Lewis base to form a Lewis
adduct, by sharing the electron pair furnished by the Lewis base. Furthermore,
it describes the Lewis acidity as follows: The thermodynamic tendency of a
substrate to act as a Lewis acid. Comparative measures of this property are
provided by the equilibrium constants for Lewis adduct formation of a series
of Lewis acids with a common reference Lewis base. These definitions need a
comment to be fully understood. An electron-pair acceptor or an electrophile
is a molecule which forms a so called dative bond by accepting both bonding
electrons from a reaction partner. It must contain in its structure an electron
deficient center. The reaction partner is often called a Lewis base or nucleophile
and must provide a lone pair. This means that the concept of Lewis acidity (or
basicity) is connected with the ability to form a bond, so it is the term describing
a specific kind of chemical reactivity. Such description excludes any universal
scale to be constituted, because Lewis acidity depends not only on the structure
of the Lewis acid, but also on the structure of the reaction partner and only
comparative studies of this property are possible. Since G. N. Lewis formulated
his concept [2], there have been many attempts to adopt the interpretation of
the Lewis acidity notion in order to make the measurements more feasible and
useful in a specific field. Some of the most important will be analyzed below.

2. Fundamental approaches to quantitative determination Lewis acidity
Significant differences in the order of the investigated compounds within
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different scales result from differences in the structure of the Lewis base reference
compound. For example, quality of the Lewis base-center atom, analytical
method (kind of the analytical signal), electronic effects (aromaticity) and the
steric hindrance of the basic center, influence not only the quantitative results
but often qualitative ones (ordering). The incompatibility of a particular scale
with another is not, however, any disadvantage, if the model used to establish
the scale corresponds with the application. Yet, there are two rather different,
general approaches that have to be mentioned.

Drago and co-workers [3] proposed a following equation:

-AHC, / (kI xmol")=E, x E,+ C, x C,,

which correlates the standard enthalpy of the reaction of a Lewis acid
(acceptor, A) with a Lewis base (donor, B) with empirical parameters. The £
and C parameters are the measure of the electrostatic interaction participation
tendency and covalent bond formation tendency, respectively. Parameters E
and C for a given A and B are constant regardless of the quality of A and B.
Theoretically, even enthalpies of experimentally unavailable reactions can be
calculated. This concept has a major, obvious disadvantage that was mentioned
before. One cannot assign any general empirical coefficient to a Lewis base or
acid (describing their acidity or basicity) not indicating the reference molecule
towards which it is assessed. In other words, the Lewis acidity is always relative.
This is especially important for organic compounds where steric factors play a
significant role.

In 1937 Louis Plack Hammett published his equation [4] which describes
the substituent effect in meta and para positions in the benzene ring on the rate
(k) or the equilibrium (K) constant of the reaction of the side chain group. This
theory was a long-expected answer to the question: how the electron charge
density affects the reactivity of a molecule? Hammett proposed a two parameter
equation:

log(K/K ) = op.
The o is a substituent constant. The p is the reaction constant. The ¢ constant
is assigned to a particular non-reacting substituent and is highly positive when
the substituent causes an electron-withdrawing inductive effect (-I) and/or a
negative mesomeric effect (-M). If one of the effects has an opposite character,
then the o constant is lower. The mid-point for which by definition ¢ = 0 is the
hydrogen substituent. The negative value of the 6 constant indicates an opposing
character of both kinds of effects. The p constant is assigned to a specific reaction,
regarding both the reaction type and a particular reaction partner. The equation is
valid only for para- and meta- substituents as the ortho position implies a steric
interaction with the reacting center not only intramolecularly but also possibly
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with the other reagent. Additionally, the p constant depends on temperature and
solvent as it is defined as follows:
p=(1/d xT)x([B,/D]+B,),

where the B, and B, depend on the reaction, D is the dielectric constant of the
solvent, T'is the temperature and d is defined as the distance from the substituent
to the reacting group. Regarding the above, the Hammett approach can be
classified as a relative method since it specifies precisely the reacting groups.
Taft [5] has modified the Hammett equation and expanded its scope also to ortho
substituents by introducing constants dependent on the steric considerations.

3. Modern approaches to qualitative assessment of the Lewis acidity

The progress of science and technology is often revealed by the availability
of sophisticated instrumental methods. The last decades made quantum
computations and X-ray measurements one of the top tools for chemists. The
following chapter introduces two semi-empirical Lewis acidity scales that
incorporate this modern techniques.

3.1. Fluoride ion affinity scale (pF-)

If the steric hindrance of the acidic center of a series of Lewis acids is
negligible or the application assumes interactions with small molecules,
the researcher can incorporate a small molecule-model for the Lewis acidity
determination. The fluoride ion affinity scale[6] is a good choice, especially for
water-containing mixtures of solvents. As fluoride ion is a strong Lewis base, it
readily reacts with essentially all Lewis acids. The scale is expressed in terms of
the enthalpy of the following reaction:

CF,0 + ASCOF, + AF
Incorporation of carbonyl fluoride in this isodesmic reaction was dictated by
computational difficulties. The Lewis acids (A) affinity towards F- can be
calculated with high accuracy on MP2/PDZ level of theory method or higher and
then converted to an absolute value using well established experimental value of
the COF, affinity. The affinity scale is then defined as follows:
pF-= F- affinity (kcal/mol)/10 .

The biggest disadvantage of this and other semi-empirical, computational
concepts is that they assume a constant deviation of a particular computational
method from reality, which could be not true for all investigated compounds. In
other words, the quantum chemical computations deviation depend not only on
the chosen level of theory, but also on the structure (size, composition) of the
investigated molecule.
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3.2. Tetrahedral Boron Character index (THC)

The geometrical parameters (angles, lengths) of four bonds of boron atom
in a Lewis adduct vary depending on the strength of the donor-acceptor bond.
The weaker the interaction between boron-Lewis acid and the Lewis base, the
weaker is the dative bond and the geometry is closer to flat-pyramidal (Fig. 1).

D D
Z. l90° l o
. 109.5

Y;B X 7B
120° 10050 X

0% —THC 100%

Figure 1. The change in the boron coordination from trigonal to tetrahedral can be
measured in percent.

This statement is the basis of THC index (Tetrahedral Boron Character
measured in percent), another Lewis acidity scale based on the boron-bond
angles of crystal structures of the organoboron adducts with bases [7]. The
number of available structures of Lewis adducts containing tetrahedral boron is
large, enabling determination of THC index.

4. Acceptor number (4N)-the original concept

The previously cited source [1] links the Lewis acidity notion with the
term acceptor number (AN) and explains it as a quantitative measure of Lewis
acidity. Originally, the acceptor number (4N) was defined by V. Gutmann and
co-workers [8] as a quantitative scale of the electrophilic properties of solvents
and solvent mixtures [9]. The complemental donor number (DN) scale, based
on calorimetric measurements, has been developed much earlier and will not be
discussed here in details. Gutmann gave a formula that binds AN of the Lewis
acid and DN of the reacting Lewis base with the coordinate bond energy:

AH =[(DNxAN)/100]+AAH,, | +AAH, ) [10].
For a comprehensive guide on the DN and Lewis basicity see Refs. [12] and
[18]. The AN is a dimensionless quantity defined as follows:
AN={(8,,10x~81))/(8 -8, } 100,

where 6complex stands for the *'P NMR chemical shift of the Et,POBLewis acid
complex, o, and §, are the /P NMR chemical shifts of Et,PO dissolved in
hexane (41.0 ppm) and in SbCI, (86.1 ppm), respectively. Et,PO was chosen as a

NMR probe for its stability, high basicity and the fact that the actual coordination
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occurs at oxygen atom, and not phosphorus, so there are no additional effects
affecting the *'P NMR chemical shift. The formation of the Et,PO complex was
confirmed on the basis of X-ray measurements [11]. Due to the strong solute-
solute interactions (the more non-polar and non-coordinating is the solvent,
the stronger they are) the Swmp]ex, 6(1) and 8(2) have been extrapolated to the
infinite dilution of the phosphine oxide. Because the results for all solvents are
always referred to hexane, an additional correction for the difference in volume
susceptibilities have been applied. The values for hexane (AN=0) and antimony
pentachloride (4AN=100) are arbitrary fixed points within the AN scale. The
established AN values have been shown to correlate with previously proposed
solvents parameters such as: Z-values [12] (energy of the charge transfer band of
the 1-ethyl-4-carbomethoxypyridinium iodide ion pair), £ -values [13] (which
are the energy of the lowest electronic transition of the pyridinium-N-phenol
betaine) or the Y-values [14] (based on kinetic studies on solvolysis of fert-butyl
chloride) as well as thermodynamic quantities like: free energies of solvation,
polarographic half wave potentials, reaction rate constant and Arrhenius
activation energies.

It should be underlined that the Gutmann’s AN scale, the above mentioned
parameters (Z, £, Y) and many other scales that incorporate any Lewis base-
partner as a molecular probe for example the above mentioned F- affinity scale,
the Childs method [15] and *C NMR-Et,O method [16] provide relative results.
In this meaning, these are no Lewis acidity scales but rather affinity scales.

5. Lewis acidity and acceptor number values of organoboron compounds

Organoboron compounds draw much attention in the last few decades. The
most important boron connections including triorganoboranes (@), borinic acids
(b) and their organic esters (c), boronic acids (d) and their organic esters (e),
orthoboric acid (f) and its organic esters (g) are depicted in Fig. 2.

Nearly all chemical species (both organic and inorganic) containing trivalent
boron atom are considered acids in the terms of the Lewis theory. The only four
exceptions [17] are known in borylcopper species, boryllithium species, anionic
dimetalloborylene species or when boron is connected to a less electronegative
atoms like lithium and hydrogen. The BF, is an archetypical Lewis acid due to
the electron deficiency on boron and large electronegativity difference between
boron and fluorine [18]. The BF, affinity scale is one of the earliest Lewis basicity
scales. The majority of boron species are characterized by low toxicity, high
stability and manifest unique properties which originate from the physical and
chemical properties of the boron atom, especially the presence of the vacancy
in the outer shell. This makes them useful in many applications and an excellent
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object for Lewis acidity studies.

R H—oO R—O
\ \
B—R B—R B—R
R a R b R c
H—oO H R—O R
\ / \ /
B—0 8B—o0
/
R d R e
H—o0 H R—0 R
\ / \ /
B—o0 B—o0
/ /
o f 0 g
\ \
" R

Figure 2. The most important boron containing molecules.

Organoboron compounds are utilized as therapeutic agents in synergic tumor
treatment method based on a atomic reaction between boron and thermal (slow)
neutron radiation (BNCT) [19]. Saccharide recognition is another application
in which organoboron compounds are incorporated [20]. This issue concerns
especially boronic acids (which are Lewis and not Brensted acids regardless
the presence of two hydroxyl groups) [21]. Because this topic is nowadays so
broad, only brief description will be given. The basis of the sugar recognition
with boronic acids is the ability to bind diols reversibly in the physiological pH
according to the presented scheme (Fig. 3).

The cyclic esters of boronic acids reveal stronger Lewis acidity than the
acids themselves (the pK_ lowers by about 2-4 units, which enables action of
boronic esters as anion receptors) [22]. The reason for this lays in the change in
the O-B-O angle upon diol binding and is connected with the difference in the
energy of the planar-trigonal and tetrahedral coordination of the boron atom. The
closer the O-B-O angle is to the ideal angle of 109.5°, the easier it is for the ester
to adopt the tetrahedral geometry upon complex formation [23]. This concept
is somewhat parent to the so-called THC index (tetrahedron boron character)
described previously. Due to the release of hydronium ions, the reaction rate can
be determined by the aid of a pH indicator [24]. The so-called pH depression
method measures the increase in acidity of the solution, when a diol is titrated
into a solution of boronic acid [25].
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HO<_.OH HQ

_R-OH
HO HO
131_<R2 wz
HO OH HO OH

Figure 3. Equilibria of boronic acid in water in the presence of diol.

The Lewis acidity of several boron-containing species has been assessed by
determination of their acceptor numbers. The AN values of some organoboron
compounds have been shown to correlate with their activity as polymerization
catalysts [26]. Lewis acidity was enabled using phenylboronic esters as additives
for polymer electrolytes [27]. Table 1 presents all the so-far published 3'P
NMR data found for complexes of organoboron compounds with Et,PO. The
records in the table are ordered by the decreasing AN. The aluminum, titanium
and tin chlorides were cited for comparison. The significant differences in the
experimental approach and the following divergence of results given by different
researchers needs a comment, what is the purpose of this paper.

Table 1: Acceptor numbers of organoboron compounds along with the 3'P NMR chemical
shift of the Et PO complex, appearance state in room temp., reference and measurement
details.

Entry Compound 6/ppm AN ls__lé?)lllll:ii Remarks Ref.
1 BI, 929 1149 1 a [32]
2 BBr, 903 109.3 1 a [32]
3 BCl, 88.7 1057 1 a [32]
4 BF,-THF  80.9 88.5 1 a [32]
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Entry Compound d/ppm AN ls-};?)lllllj Remarks Ref.
5 B(OCF)), 809 88.4 s b [29]
6 (CF)B(OC(Fy), 80.5 87.5 s b [29]
7 AICL, 803 87.0 s a [31]
8 (C;F,),BOCF, 80.0 86.4 s b [29]
9 CH,O,BCF, 778 81.5 s c [30]
10 (PhMge,Si0),B,O0,  77.5 81.0 1 d [36]
11 B(C[F), 76.6 78.9 s b, h [29]
12 (Me0O),B,O, 76.4 78.5 1 a [32]
13 BH,- THF  75.8 75.8 1 a,i [32]
14 CH,O,BCH,F-3,4,5 744 73.9 s c [30]
15 (EtMe,Si0),B,0, 744 74.0 1 d [36]
16 (Ph,MeSi0),B,0,  74.4 74.0 1 d [36]
17 CHOBCHF-2 742 73.6 s c [30]
18 CH,O,BCHF,-24 742 73.5 s c [30]
19 CH,O,BCHF,-2,6  74.1 73.4 s c [30]
20 (Et,Si0),B,0,  73.5 72.0 1 d [36]
21 ("BuMe,Si0),B,O0,  73.0 71.0 1 d [36]
22 TiCl, 727 70.0 s g [31]
23 CHO,BCHF-3 727 70.0 s c [30]
24 CHO,BCHF-4 726 70.1 s c [30]
25 CH,OBCHF 24,6 72.6 70.1 s c [30]
26 (([2-(3-cyclohexenyl)ethyl]Me )SiO),B,O,  72.6 70.1 1 d [36]
27 B(Ph),  70.6 65.6 s c, k [30]
28 CH,O,BCH, 705 65.4 s c [30]
29 ("Bu0),B,0, 70.3 70.3 1 a [32]
30 ("Pr,Si0),B,O0,  69.4 63.0 1 d [36]
31 B(OPh), 69.4 63.0 s b [29]
32 (m-NO,CH,BO),("OctMeSiO),  69.0 62.0 1 e [35]
33 (([((Me,HC)(Me),C]Me,))Si0),B.0,  67.6 59.0 1 d [36]
34 (PhBO),(Ph,Si0),  67.6 59.0 s e [35]
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Entry Compound 6/ppm AN ls-_hs(llllllg Remarks Ref.
35 SnCl, 674 584 s g [31]
36 ("Bu,SiO),B,0,  66.3 56.0 1 d [36]
37 ("Bu,Sn0),B,O, 654  54.0 1 d [36]
38 (3-NO,CH,),B,O, 64.5 52.0 s f [34]
39 (p-BrC,H,BO),("OctMeSiO),  64.5 52.0 1 e [35]
40 MeB.O, 640 51.0 1 m [34]
41 (4-BrCH,)),B,O, 636  50.0 s m [34]
42 (m-NH,C H,BO),(Ph,Si0), 63.6  50.0 s e [35]
43 Ph,B,O, 63.1 49.0 s n [34]
44 (p-BrC H,BO),(Ph,Si0),  63.1 49.0 s e [35]
45 (0-MeC H, BO),(Ph,Si0),  63.1 49.0 s e [35]
46 (PhBO),("OctMeSiO),  62.2  47.0 1 e [35]
47 (m-NO,C H,BO),(Ph,Si0), 61.7  46.0 s e [35]
48 ("BuBO),(Ph,Si0), 61.7  46.0 1 e [35]
49 ("Hex,Si0),B,0,  60.8  44.0 1 d [36]
50 B(OSi'BuMe,)), 572 36.0 1 d [36]
51 B(OSiEt,), 56.3 34.0 1 d [36]
52 ("Pr,Si0),BCHMe-2  55.0  31.0 1 d [36]
53 ("Bu,Sn0O),BPh  54.5 30.0 1 d [36]
54 ("Bu,Sn0O),BC HBr-4  54.5 30.0 1 d [36]
55 B(OSiPhMe,), 54.1 29.0 1 d [36]
56 B(OSi"Pr)), 53.6  28.0 1 d [36]
57 (PhBO)(MePhSiO), 53.6  28.0 1 e [35]
58 (m-NH,CH,BO)(MePhSi0), 53.6  28.0 1 e [35]
59 (p-BrC HBO)(MePhSiO), 532 27.0 1 e [35]
60 B(OSn'Bu,), 523  25.0 1 d [36]
61 B(OMe), 514 514 s a [32]
62 B(OSi"Bu,), 51.4  23.0 1 d [36]
63 B(OSi([2-(3-cyclohexenyl)ethyl]Me,),),  51.4 23.0 1 d [36]
64 ("Pr,Si0),BPh 514 23.0 1 d [36]
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Entry Compound d/ppm AN ls-};?)lllllj Remarks Ref.
65 (m-NH,C H,BO)([p-BrCH,],Si0),  50.9 22.0 1 e [35]
66 B(OEp), 48.7 17.1 1 ] [32]
o et s

68 B(O'Bu), 46.3 11.8 1 [32]
69 B(NMe,), 45.1 9.1 1 ] [32]

a- Ca. 50mg of Et,PO in 0.5ml neat liquid.

b- Et,PO ratio 1:1, solution in C,D,, the authors
don’t calculate AN from their measurements.

c- Solution in CD,, 8 used to calculate the AN
was measured for different ratios of the boron
compound to Et,PO and extrapolated to infinite
excess of the boron compound.

d- Et,PO in neat liquid, authors gave only 4N.
e- 50mg of Et,PO dissolved in Iml THF
solution of 0.61M concentration (ratio 1.65
borosiloxane:Et,PO), authors gave only 4N.

f- 50 mg of Et,PO dissolved in 1 ml THF
solution

g- Excess over Et,PO in Et,0.

h- Britovsek et al.: 8=76.3, AN=78.3; Beckett
et al.: 6=83.4, AN=82, solution in THF of
unknown concentration.

i- 1 M solution in THF.

j- ca. 50mg of Et,PO in 0.5 ml neat liquid.

k- Britovsek et al.: 6=65.9, AN=55, acid to
Et,PO ratio 1:1, solution in C,D,.

m- 50 mg of Et,PO in 1 ml THF solution.

The top of the table is occupied by boron trihalides. The next few rows
contain the series investigated by Britovsek et al. (belonging to species a, ¢,
e and g presented in Fig. 1) [28]. All four compounds differ from each other
only by the number of oxygen-boron/carbon-boron bonds. The Lewis acidity
of the boron center in compounds 5, 6 and 8 is affected by pr-pr interactions
between the lone pairs on the oxygen atoms and the empty p, orbital on the
boron atom. The electron-withdrawing C F, substituents decrease the electron
density at oxygen. However, Britovsek has shown that there is only weak
pr-pr interaction between boron and oxygen (double character, measure of
conjunction). The rotation barrier was assessed for 35 kJ/mol. The observed
order of acceptor numbers for these compounds can be rationalized in terms
of Pearson’s hard soft acid base (HSAB) classification, whereby the hardness
or softness of a particular Lewis acidic or Lewis basic center is affected by the
nature of the other atoms attached to it and the type of bonding between them. In
the compound 5 all three aromatic rings are connected to the boron via oxygen
atoms. The B-O bond is much more ionic in character than the B-C bond. The
HSAB theory claims that the combination of a hard Lewis acid with a hard
Lewis base or a soft Lewis acid with a soft Lewis base results in a stronger
interaction than the mixed /ard-soft interaction. The P=O double bond in Et,PO
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is a pr-dn bond, which is significantly ionic in character, what makes it a hard
Lewis base. Thus the four compounds 11, 8, 6 and 5 are progressively harder,
what results in a increasingly stronger interactions with Et,PO. Compounds 31
and 36 also follow the above explanation although are of much lower acceptor
number because of the lack of the electron-withdrawing fluorine substituents,
which are often introduced into the phenyl ring to enhance the Lewis acidity
[29]. The next very important issue is the huge difference in the acceptor number
for the BPh, measured by Britovsek et al. (AN=55) [28] and Adamczyk-Wozniak
et al. (entry 27, AN=65.6) [30]. The reason for this lays in differences of the
experimental approach. Gutmann, in the original paper from 1975 [7], have
marked the dependence of the chemical shift from the concentration of the Et,PO
and assigned this to strong solute-solute interactions. He had corrected his results
by extrapolation of the values to the infinite dilution from the concentrational
dependence of the chemical shift. Adamczyk-Wozniak et al., following the work
of Beckett ef al. and Britovsek ef al., have modified the Gutmann procedure for
measuring the acceptor number of solid compounds. The Lewis acid and the
TEPO are dissolved in an inert solvent. The assumption is that if the acceptor
number of the used solvent is much lower than of the investigated Lewis acid
then the solvent-Lewis base interactions are negligible. It has been shown that
in the case of BPh, the complexation reaction leading to the adduct is a fast
equilibrium (Fig. 4). In the majority of the investigated cases the fraction of the
free phosphine oxide is significant as far as to the double excess of the Lewis
acid. In case of catechol phenylboronate however (entry 28) the chemical shift
changes until ratio of about 3:1 (Fig. 5). This fact extorts an extrapolation of
the chemical shift of the complex from the function of the molar ratio of the
Lewis acid to Et,PO, similarly to the original Gutmann’s procedure, but in a
three component-system. Britovsek et al. conducted measurements preparing a
1:1 solution of BPh, and Et,PO in benzene (AN=8.2).

Va

~Px
d A
B + 0=PKJ P—— : \B
Figure 4. Complexation of triphenylborane with triethylphosphine oxide.

Thus, his result is of almost 5 ppm lower than the one recently evaluated. In
contrast to the BPh,, the B(C F,) reacts quantitatively with the phosphine oxide.
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This is confirmed by the close acceptor number of 78.9 (76.6 ppm) and 78.3
(76.3 ppm) measured for this compound by Britovsek ef al. and Adamczyk-
Wozniak et al. respectively (entry 11). The higher acceptor number of B(C F,)
determined by Beckett (AN=82)[31] is certainly caused by the use of different
solvent (THF instead of C.D,).

SC'P)/ppm
85
*
75
o—
65
55
A
45
0 1 2 3 4 5
Macia/MEe,po

Figure 5. Measured 6(*'P) for different Lewis acid/Et PO molar ratios and curves of fitted
functions for selected derivatives.

The next part of the table is shared by three classes of organoboron compounds
shown in Fig. 6: fluorinated phenylboronic esters of catechol (a), trialkyl (b), and
triorganosilyl (¢) esters of metaboric acid.

0—R R R o—
/ /0
R 0—B A 0—8B R
\ \ RN, \
0—B 0 —B, 0
O\B/O / /
0—B 0—B8
\ \
~Z 3 [} o
Y Fos / R\/
R Si_
/
R
a b c

Figure 6. Fluorinated phenylboronates of catechol (a), trialkyl (b) and triorganosilyl (c)
esters of metaboric acid.

The first series are all solids and were investigated by Adamczyk-Wozniak et
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al. using the modified method [30]. The remaining two series investigated by
Beckett et al. compounds are liquids [32], so the original procedure could be
applied without affecting the reliability (comparability) of the determined values.
The order of the acceptor number of fluorinated catechol phenylboronates is
only partially rational and arranges as follows: 9>14~ 17~ 18X 19>23~ 24~
25>28. The pentafluorinated derivative as the strongest and the non-fluorinated
derivative as the weakest Lewis acid is not surprising. Unexpected is the almost
equal acceptor number of mono- and polyfluorinated derivatives. However, the
experimental results have been confirmed by the authors by DFT-GIAO (Density
Functional Theory -Gauge-Including Atomic Orbital) calculations on the
B3LYP/6-311G(2df,p)//B3LYP/pcS-1 level of theory (geometry optimization//
NMR calculation respectively). The next two series, trialkyl- and triorganosilyl
metaborates have the same structural motif in common. Both consist of B,O, ring
with boron and oxygen atoms in turns. It is well known that the complexation
of triorganoboroxines (that consist of the same ring) with an Lewis base occurs
only at one boron atom at the same time [33]. The acceptor number of B-O-
SiR, is enhanced relative to the corresponding organic esters B-O-R. The acidic
strength of the latter species is weakened by the size of -R due to the steric
hindrance (entries 12 and 29), while for the bimetallic compounds the bulky
groups are located away from the acidic center, so the steric effect is not pounced
(entry 26). Instead, there is some electron-withdrawing effect associated with
the empty, low energy C-Si o* orbital. The same effect occurs for the organotin
(entry 37) derivative investigated by Beckett. The Sn gives an equal effect as Si
(entry 36). The few boroxines investigated also by Beckett ef al. reveal much
lower acidic properties (entries 38, 40, 41, 43) [34].

The relative Lewis acidity of cyclo-diboratetrasiloxanes (@) is comparable to
triorganoboroxines (b), weaker acids are the cyclo-boratrisiloxanes (¢) (Fig. 7).

The two bimetallic species (@ and c¢) are only seemingly related, what is
mirrored by the significant difference in their acceptor numbers. This is easy
to explain if one considers the B:Si ratio of atoms that form the central rings
of these compounds[35]. The extend of m-electron density which is made
available to boron atoms from the adjacent oxygens is less in the case of cyclo-
diboratetrasiloxanes.

The overall character of the -O-Si(R,)-O-Si(R,))-O- linkage in cyclo-
boratrisiloxanes is more electron-donating that the -O-Si(R,)-O-B(R)-O-
Si(R))-O- linkage in cyclo-diboratetrasiloxanes towards every boron atom
present (despite the fact, that there is only one B atom in cyclo-boratrisiloxanes).
The two borasiloxane series are separated in the table by a few triorganosilyl
esters of orthoboric acid (H,BO,) and arylboronic acids (PhB(OH),) [36]. The
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acceptor number of these species is of the same order as the cyclo-boratrisiloxanes
(AN=50-58). The end of the table is represented by 2-(2-fluorophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (pinacol 2-fluorophenylboronic ester) and
B(NMe,),. The much lower Lewis acidity of the pinacol ester relative to other
phenylboronic esters is caused by steric hindrance of the boron atom. For the
same reason the pinacol diol is considered as one of the best protective group
for -B(OH), function in the literature [37]. On the other hand, the boron atom in
B(NMe,), is linked to three tertiary nitrogen atoms. As one can expect, the lone
pairs from nitrogen atoms are strongly donated to boron due to an almost perfect
orbital overlapping.

Concluding, the variety of presented organoboron compounds fills up
almost the whole scale of acceptor number (AN=9-92). In many cases the range
of acceptor number for one species of compounds covers with the range for
another, what increases the scope of applicability of organoboron Lewis acids. It
also proves that the Gutmann method is a very sensitive, all-purpose indicator of
the Lewis acidity despite its relativity. It has been shown that the Lewis acidity
of the boron center can be controlled by both the steric and electronic factors.
This all proves the boron atom to be a very useful and versatile acidic function
in organic chemistry.

1
R R R R
N0l | | _R"
B pe
/ Si—R _B__ 0—si
. o o0 r—8 0
R—si / 1'3 :lz ‘o—si
~ B —3l
S0 R™ Yo7 R IR
R R R
a b c

Figure 7. Cyclo-diboratetrasiloxanes (a), triorganoboroxines (b) and cyclo-
boratrisiloxanes (c).

Acknowledgement
Authors acknowledge financial support by the Ministry of Science and
Higher Education (Grant N N204 127938).

References
1. http://goldbook.iupac.org
2. G.N. Lewis, Valence and the Structure of Atoms in Molecules, Chemical
Catalog Company, New York, 1923, p.141-142; G.N. Lewis, J. Franklin
Inst., 226 (1938) 293.

66



ACCEPTOR NUMBER OF ORGANOBORON MOLECULES - QUANTITATIVE DETERMINATION OF LEWIS ACIDITY

v o

RIS

13.
14.

15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

R.S. Drago, B.B. Wayland, J. Am. Chem. Soc., 87 (1965) 3571. R.S.
Drago, Coord. Chem. Rev., 33 (1980) 251.

L.P. Hammet, J. Am. Chem. Soc., 59 (1937) 96.

R.W. Taft, J. Am. Chem. Soc., 74 (1952) 2729; R.W. Taft, J. Am. Chem.
Soc., 74 (1952) 3120; R.W. Taft, J. Am. Chem. Soc., 75 (1953) 4538.
H. Hopfl, J. Organomet. Chem., 581 (1999) 129.

U. Mayer, V. Gutmann, W. Gerger, Monatsh. Chem., 106 (1975) 1235.
U. Mayer, W. Gerger, V. Gutmann, Monatsh. Chem., 108 (1977) 489.
V.Gutmann, Electrochim. Acta, 21 (1976) 661.

M.A. Beckett, D.S. Brassington, M.E. Light, M.B. Hursthouse, J.
Chem. Soc., Dalton Trans., (2001) 1768.

. E.M. Kosower, J. Am. Chem. Soc., 80 (1958) 3253.
12.

K. Dimroth, C. Reichardt, T. Siepman, F. Bohlmann, Ann. Chem., 661
(1963) 1.

E. Grunwald, S. Winstein, J. Am. Chem. Soc., 70 (1948) 846.

K.O. Christie, D.A. Dixon, D. McLemore, W.W. Wilson, J.A. Sheehy,
J.A. Boatz, J. Fluorine Chem., 101 (2000) 151.

R.F. Childs, D. Mulholland, A. Nixon, Can. J. Chem., 60 (1982) 801.
D. Farcasiu, P. Lukinskas, A. Ghenciu, R. Martin, J. Molecular Catalysis
A: Chemical, 137 (1999) 213.

M. Yamashita, Angew. Chem. Int. Ed., 49 (2010) 2474.

C. Laurence, J.-F. Gal, Lewis basicity and affinity scales. Data and
measurements., John Wiley & Sons Ltd. Chichester, U.K., 2010.

A.H. Soloway, W. Tjarks, B.A. Barnum, F.-G. Rong, R.F. Barth, [.M.
Codogni, G.J. Wilson, Chem. Rev., 98 (1998) 1515.

T.D. James, M.D. Phillips, S. Shinkai, Boronic acids in saccharide
recognition, Royal Society of Chemistry, Cambridge, 2006.

D.G. Hall, Boronic Acids: Preparation and Applications in Organic
Synthesis and Medicine, Wiley-VCH, Weinheim, 2005, p. 8-10.

H. G. Kuivila ef al., J. Org. Chem., 19 (1954) 780; L. 1. Bosch et al.,
Tetrahedron, 60 (2004) 11175; W. Ni, H. Fang, G. Springsteen, B.
Wang, J. Org. Chem., 69 (2004) 1999.

T. D. James, S. Shinkai, Top. Curr. Chem., 218 (2002) 159.

H. Ito, Y. Kono, A. Machida, Y. Mitsumoto, K. Omori, N. Nakamura, Y.
Kondo, K. Ishihara, Inorganica Chim. Acta, 344 (2003) 28.

G. Springsteen, B. Wang, Tetrahedron, 58 (2002) 5291.

C.S. Chen, B.J. Bulkin, E.M. Pearce, J. Appl. Polym. Sci., 27 (1982)
1177; E.S. Lopata, S.R. Riccitiello, J. Appl. Polym. Sci., 19 (1975)
1127; 21 (1977) 91.

67



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

M. JAKUBCZYK, A. ADAMCZYK-WOZNIAK AND A. SPORZYNSKI

H.S. Lee, X.Q. Yang, C.L. Xiang, J. McBreen, J. Electrochem. Soc.,
145 (1998) 2813; H.S. Lee, X.Q. Yang, X. Sun, J. McBreen, J. Power
Sources, 89 (2000) 163; M. Marcinek, G.Z. Zukowska, W. Wieczorek,
Electrochim. Acta, 50 (2005) 3934; H.S. Lee, X.Q. Yang, X. Sun, J.
McBreen, J. Power Sources, 97-98 (2001) 566; H.S. Lee, X.Q. Yang,
X. Sun, J. McBreen, J. Electrochem. Soc., 149 (2002) A1460; H.S.
Lee, Z.F. Ma, X.Q. Yang, X. Sun, J. McBreen, J. Electrochem. Soc.,
151 (2004) A1429; X.Q. Yang, H.S. Lee, W.S. Yoon, J. McBreen, S.
Hossain, Y.-K. Kim, Meet. Abstr. — Electrochem. Soc., 701 (2007) 30.
G.J.P. Britovsek, J. Ugolotti, A.J.P. White, Organometallics, 24 (2005)
1685.

C.R. Wade, A.E.J. Broomsgrove, S. Aldridge, F. P. Gabbai, Chem. Rev.,
110 (2010) 3958.

A. Adamczyk-Wozniak, M. Jakubczyk, A. Sporzynski, G. Zukowska,
Inorg. Chem. Commun., 14 (2011) 1753.

M.A. Beckett, D.S. Brassington, S.J. Coles, M.B. Hursthouse, /norg.
Chem. Commun., 3 (2000) 530.

M.A. Beckett, G.C. Strickland, J.R. Holland, K.S. Varma, Polymer
Commun., 37 (1996) 4629.

A. Sporzynski, M. Lewandowski, B. Zarychta, J. Zaleski, Pol. J. Chem.,
79 (2005) 1099.

M.A. Beckett, D.S. Brassington, P. Owen, M.B. Hursthouse, M.E.
Light, K.M.A. Malik, K.S. Varma, J. Organomet. Chem., 585 (1999) 7.
M.A. Beckett, D.E. Hibbs, M.B. Hursthouse, K.M.A. Malik, P. Owen,
K.S. Varma, J. Organomet. Chem., 595 (2000) 241.

M.A. Beckett, P. Owen, K.S. Varma, J. Organomet. Chem., 588 (1999)
107.

P.G.M. Wuts, T.W. Greene, Greene'’s Protective Groups in Organic
Chemistry, IV ed., Wiley-Interscience, Hoboken NJ, 2007, p. 643-645.

68



,,MOLECULAR RECEPTORS”
Epitep BY V.I. RYBACHENKO
Donetsk 2011, East PuBLisHER Housg, ISBN 978-966-317-108-1

Chapter 5
Sulfur-containing molecules in phenylboronic acids chemistry

Krzysztof M. Borys, Agnieszka Adamczyk-Wozniak
and Andrzej Sporzynski
Warsaw University of Technology, Faculty of Chemistry,
Noakowskiego 3, 00-664 Warsaw, Poland

Introduction

Boronic acids constitute a class of chemical compounds that have been
attracting sustained scientific interest not only in the classical areas of chemistry
such as organic synthesis, catalysis or supramolecular chemistry, but also on the
border with biological and physical sciences, e.g. in biochemistry, medicinal
chemistry and material engineering.[1] Rapid expansion of the boronic acids
chemistry gave rise to compounds characteristic of gradually more complex
structures, with a wide variety of substituents and functional groups included.
This work is focused on sulfur in the context of phenylboronic acids chemistry.
Incorporation of sulfur groups into the phenylboronic acids scafold can result
in exceptionally useful properties. Due to the incompatibility of the SH group
with standard metalation — borylation procedure however, the synthesis of sulfur
containing phenylboronic acids is not an easy task. Therefore, the number of
so-far obtained chemicals containing both phenylboronic and sulfur units is very
small. Another important issue is the compatibility of sulfur containing molecules
with the Suzuki-Miyaura coupling conditions, which requires adoption of the
appropriate S-protective groups.

This review covers the synthesis, properties and application of sulfur-
containing molecules in phenylboronic acids® chemistry. It should be helpful for
scientists working on discovery of new functional materials as well as synthetic
chemists utilizing Suzuki coupling of phenylboronic compounds.

1. Structurally simplest sulfur-containing phenylboronic acid
4-Mercaptophenylboronic acid (MPBA) 1 was first synthesized by Brikh and
Morin in 1999 (Figure 1).[2] The authors suggested that 1 could present similar
in vivo interaction to borocaptate (mercaptoundecahydro-closo-dodecaborate
anion, BSH), a thiol-bearing boron cluster successfully used in boron neutron
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capture therapy (BNCT).[3] Moreover, 1 posed a convenient substrate for the
synthesis of boronated analogues of aromatic thioethers, which had been already
known to have melanocytotoxic properties desirable in melanoma chemotherapy.

(4]

HO\B/OH

SH

1
Figure 1. Structure of 4-mercaptophenylboronic acid 1.

Initial attempts to introduce a boronic acid group into the thiophenol scaffold
by using a standard metallation/boration procedure on the corresponding aryl
halide failed. Treating 4-bromothiophenol with two equivalents of n-, sec- or
tert-butyllithium at -78°C and subsequent quenching wih trimethyl borate
resulted in a complicated reaction mixture, without any evidence of the formation
of 1. Hence, application of protecting groups for the thiol and/or boronic acid
moieties was considered. Two strategies were taken into account: deprotection
of a readily available p-methylthiophenylboronic acid 2 (Scheme 1) as well as
searching for a thiol protecting group that would be compatible with metallation/
boration of an aryl halide. The first concept was based on a potential possibility
of obtaining 1 via demethylation of the boronic acid 2. However, cleavage of the
methyl group (in the case of both boronic acid 2 and boronate derived from d,/-
1,3-diphenylpropane-1,3-diol) proved a considerable difficulty: basic conditions
were incompatible with the base-sensitive boronic moiety, and under acidic
conditions the starting material was recovered.

The second strategy, i.e. evaluation of the applicability of S-protected aryl
halides, turned out to be successful, fert-butyldimethylsilyl (TBDMS) being the
most appropriate S-protecting group.[2]
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basic conditions

Phw Ph decompossition

B(OH), 0.5-0
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S< S acidic conditions )
~ no reaction
2

Scheme 1. Unsuccessful attempts at the preparation of boronic acid 1.

Br Br B(OH), B(OH),
1. NaH 1. n-BuLi TFA
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2. TBDMS-CI 2. B(O-i-Pr)s DCM
% Vi 88% yield SH
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TBDMS = f'\Si
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Scheme 2. Synthesis of 4-mercaptophenylboronic acid 1.

TBDMS thioether 3 was obtained from 4-bromothiophenol via deprotonation
and silylation with tert-butyldimethylsilyl chloride (Scheme 2). Lithiation of 3
with n-butyllithium at -78°C, followed by reaction with an excess of triisopropyl
borate, afforded the S-protected boronic acid 5. Deprotection of the thiol group
was achieved by treating 4 with an excess of trifluoroacetic acid, resulting in the
synthesis of 4-mercaptophenylboronic acid 1 in more than 60% overall yield.

The aforementioned 4-(methylthio)phenylboronic acid 2 can be synthesized
from commercially available 4-bromothioanisole (Scheme 3).[5]

Br B(OH),
1. n-BulLi
2. B(O--Pr);
S 3. HCIH,0 S
82% yield
2

Scheme 3. Synthesis of 4-(methylthio)phenylboronic acid 2.
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Reaction of 4-bromothioanisole with n-butyllithium, further boronation
with triisopropylborate and hydrolysis with aqueous solution of hydrochloric
acid afforded 2 in 82% yield. Alternatively, tri-n-butylboronate can be applied
for boronation.[6]

2. Self-Assembled Monolayers: starting materials, investigations and appli-
cations

The presence of sulfur atoms in the discussed phenylboronic acids
determines their main application as self-assembled monolayers (commonly
abbreviated as SAMs). Thiols (including boronated ones) are frequently utilized
in the formation of SAMs mainly on gold surfaces, gold itself being commonly
referred to as ,,thiophilic®.

In general terms, self-assembled monolayer can be regarded as a
spontaneously formed molecular modification of a surface. In most of the cases,
three structural features of SAM forming molecules can be distinguished: terminal
group having high affinity for the surface, chain- or ring-based scaffold affecting
packing and organization of the monolayer, and a head moiety determining the
SAM*s functionality. The topic of SAMs has been comprehensively reviewed
in many publications and book chapters.[7] As this work is inclined to focus on
sulfur-containing boronic acids chemistry, only SAMs formed by such molecules
will be discussed.

Boronic acids demonstrate an ability of reversible pH-sensitive ester
formation with 1,2- and 1,3-diols (Scheme 4).[1a,1c,8]

b
1 _OH
BOH),  on® BJ R
9 Oy | o mom 0
|
R;
Ka-acia ©/ R1> (RZ B~g ™
R R Ry HO OH R
1>—< 2 Keg.trig Keq-!et + + 1
HO OH OH o
HO  OH R R L-oH Keq HOJL )R,
"OH aY
Q/S\ o 9/& ©/ 5 ©/e
R ~ R
©/B\o 2 OH® @%‘o 2
Ka-ester

Scheme 4. Detailed[8a] and overall[8b] equilibrium in the boronic acid-diol system.

This unique property has been extensively used for diols receptors and
sensors design.[1a,9] By combining it with the advantages of SAMs, powerful
tools for molecular recognition can be developed.

SAMs derived from the adsorption of the aforesaid 4-mercaptophenylboronic
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acid (1) on gold are the most commonly researched sulfur-containing boronic
acids-based SAMs. The most cited work on this topic was published in 2007
by Lee et al.[10] It presents a comparison of structures and properties of SAMs
derived from 1, as well as from structurally related thiophenol, 4-mercaptophenol
and 4-mercaptobenzoic acid (Figure 2). All of the studied compounds possess a
thiol group, which chemisorbs onto gold surface to form a gold-thiolate bond.
[10]

HO.__OH
OH B O~_OH
D00
SH SH SH SH
MPBA
1

Figure 2. Thiol-containing compounds, in the order of increasing surface coverage.[10]

Evaluation of the obtained SAMs was carried out using a set of standard
surface investigation techniques: ellipsometry (assessment of monolayer
formation), contact-angle goniometry (surface hydrophilicity and homogeneity),
polarization-modulation infrared reflection-absorption spectroscopy PM-IRRAS
(molecular composition and orientation, intermolecular hydrogen bonding)
and X-ray photoelectron spectroscopy XPS (monolayer film composition and
surface coverage/packing density). Noteworthy, stability studies of MPBA-
derived SAMs in solutions revealed that boronic acid moiety is sensitive to high
pH and presence of strong amine nucleophiles, undergoing boron-carbon bond
cleavage.[10]

Surfaces functionalized with 4-mercaptophenylboronic acid were inter alia
applied in: piezoresistive microcantilevers responsive to cis-diol analytes[11]
and carbohydrates-sensitive electrodes for voltammetric detection of sugars
(MPBA SAMs on gold),[12] magnetic microspheres for selective enrichment
of glycopeptides and glycoproteins (MPBA-functionalized core-shell structure
Fe,0,@C@Au),[13] investigations of surface enhanced Raman scattering
(SERS) (MPBA-functionalized silver nanoparticles),[14] as well as nanoscopic
caps for gate-like pH- and photo-switched systems for releasing guest molecules
from mesoporous silica[15] and nanoparticle systems for selective enrichment
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(MPBA-functionalized gold nanoparticles).[16]

Due to the same functional groups, 3-mercaptophenylboronic acid
found applications similar to its position isomer, MPBA. As an example,
3-mercaptophenylboronic acid was incorporated in boronic acid-protected silver
nanoclusters utilized to investigate induced optical activity by their reversible
complexation with enantiomerically pure fructose.[17]

Another group of thiol-containing phenylboronic acids are
N-(3-dihydroxyborylphenyl)-5-mercaptoalkanamides 5 (Figure 3), varied in the
number of methylene groups in the aliphatic chain.

HO\B/OH B(OH),

(0]
H
H*Mf’ NH;

5a (n= 1), 5b (n = 2), 5¢ (n = 3), 5d (n = 4), 5e (n = 10) 6

Figure 3. Structures of the reported N-(3-dihydroxyborylphenyl)-5-mercaptoalkanamides
and their precursor, 3-aminophenylboronic acid.

All the above boronated phenylmercaptoalkanamides are derived from
a common precursor, 3-aminophenylboronic acid 6. Their syntheses are the
examples of functionalizing molecules that already possess a boronic acid
moiety. The first one to be synthesized was the pentanamide 5d (Scheme 5).[18]

HO., OH HO.5-OH
NaHCO,
[ :1 " [:L )W
6
S
\ H,N™ NH;
HO. ;-OH

1 NaOH
(0}
)K/\/\ 2. HCI/ H2O )W
N SH
H

Scheme 5. Synthesis of boronated phenylmercaptoalkanamide 5d.
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Reaction of 3-aminophenylboronic acid 6 with 6-bromopentanoyl chloride
gave 3-(5-bromopentanoylamino)phenylboronic acid 7, which was further
reacted with thiourea. Treatment of the obtained thioamidine 8 with sodium
hydroxide, followed by acidification with hydrochloric acid, produced the thiol-
containing boronic acid 5d (yields not given). Self-assembly characteristics of
5d were investigated, showing its potential application as a self-assembling
vicinal diol receptor.[18]

The synthesis and application of a long chain mercaptoundecanamide 5e
was researched by Franzen et al. in 2004 (Scheme 6).[19]

0 b < 0 SOCl, < 0
Hsfﬁﬂ\ —_— s — s
1091 NaHCO; HO™ ™o c” Who
2 2
9

10 11
B(OH),
DIPEA [ij\ 6
NH,
B(OH),
HSTﬁjL _OH JL$7S
N B N
10 10
H OH H
2
5e 5e'

Scheme 6. Synthesis of boronated phenylmercaptoalkanamide Se.

Commercially available 11-mercaptoundecanoic acid 9 served as the starting
material for disulfide 10 preparation. Treatment of 9 with ca 0.5 equivalent of
molecular iodine in the presence of sodium bicarbonate afforded the product 10,
subsequently converted with thionyl chloride into bis-(acid chloride) disulfide 11.
Amide formation from 11 and 3-aminophenylboronic acid 6 was carried out with
Hiinig‘s base (N,N-diisopropylethylamine, DIPEA). Finally, bis-amide disulfide
5e¢ was transformed into the target mercaptoalkanamide Se by reduction with
tri-n-butylphosphine (overall yield was not given).[19]

Metal-thiolate bond, responsible for the deposition of sulfur-terminated
compounds on a metal‘s surface, can be derived not only from thiols but from
disulfides as well.[20] In 2000, Kanayama and Kitano prepared and examined
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gold SAMs obtained by the deposition of disulfides 5a¢, 5b‘ and 5¢¢ corresponding
to the boronated mercaptoalkanamides 5a, 5b and 5c, respectively (Scheme
7).[21] The resulting monolayers were capable of binding of monosaccharides,
polysaccharides and a sugar-carrying protein (ovalbumin).

B(OH),
B(OH),
Q EDC @\ o)
St (5 (O
2 NH, H n
DTGA (n= 1) 6 2
gigﬁ Eﬂ = %g 5a' (n=1), 5b' (n =2), 5¢' (n = 3)

immobilization
on metal surface

i
OH
Scheme 7. Synthesis of disulfides 5a‘-c* and their deposition on metal surface.

The disulfides Sa‘-Sc¢¢ were obtained from 3-aminophenylboronic acid 6
and the appropriate dithiodialiphatic acids: dithiobisglycolic acid (DTGA),
3,3¢-dithiodipropionic acid (DTPA) and 4,4‘-dithiodibutyric acid (DTBA). The
synthesis was performed using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), a carboxyl activating coupling agent well established e.g.
in peptide chemistry.

The 5a‘-5c¢-derived SAMs were reinvestigated by Koh ef al. in 2007.[22]
The authors followed the synthetic route for disulfides preparation developed
by Kanayama and Kitano. Extensive surface characterization by atomic
force microscopy (AFM), Fourier transform infrared reflection absorption
spectroscopy (FTIR-RAS), surface enhanced Raman spectroscopy (SERS) and
cyclic voltammetry was provided. In addition, the obtained SAMs were evaluated
for saccharide detection, using surface plasmon resonance (SPR) spectroscopy
as a signal amplification method.

Moreover, a comparison of saccharide-sensitive gold electrodes
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modified with SAMs derived from MPBA as well as DTBA conjugated with
3-aminophenylboronic acid was reported.[12]

3. Other examples of phenylboronic acid thiocompounds

An interesting example of a structurally relevant non-SAM analytical
system for saccharide recognition was the phenylboronic acid-functionalized
tetrathiafulvalene-anthracene dyad 12 (Figure 4), developed by Zhu et al.[23]

OH
B 12

0 S(CH )OOCO {
0 O(CHZ)ZSJE2>:<21( 23 OH

® i
[ aonnene{ )L
s "

Figure 4. Structures of phenylboronic acid-functionalized anthracene dyads 12 and 13.

The sensing properties of 12 are based on the photoinduced electron-
transfer (PET) mechanism. The tetrathiafulvalene (TFF) unit, often encountered
in the molecules of organic conductors, acts as a strong electron donor. On
complexation of the boronic acid group with a sugar, a fluorescence response
is produced. Comparative studies with compound 13 showed that the presence
of the TTF group is important for the observed fluorescence enhancement after
reaction with saccharides (in case of 13, smaller fluorescence increase was
achieved).

Sugar receptor activity was also studied for a sulfur-containing ortho-
(aminomethyl)phenylboronic acid 14 (Scheme 8).[1c] The determined values
of equilibrium constants with ARS (alizarin red S), glucose, fructose as well as
galactose have been lower than those of the oxygen analogue. Thiomorpholine
derivative 14 was obtained by reductive amination of ortho-formylphenylboronic
15 with thiomorpholine.
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HO.__OH HO.__OH
B /—\ NaBH4 B
CHO + HN S —
_/ 66% yield "(?
S
15 14

Scheme 8. Synthesis of ortho-(thiomorpholinemethyl)phenylboronic acid.

Other relevant sulfur-containing groups are sulfones and sulfonamides.
Phenylboronic acids featuring these moieties are primarily utilized in sugar-
binding solid phases. Electron-withdrawing effect of both the sulfonyl and
sulfonamide groups results in decreased pK, of the boronic acid, which in turn
induces an enhanced affinity for cis-diols (as compared with unsubstituted
phenylboronic acids). Reported examples of such solid phase systems are:
sulfonamide- and sulfonyl-phenylboronic acid-modified porous silica gel for
boronate affinity chromatography,[24] resin-immobilized dansylphenylboronic
acid for fructose recognition,[25] and monolithic capillary for specific capture
of cis-diol biomolecules.[26] The last one nota bene exhibits a higly desirable
capability of two-dimensional separation: initial resolution of cis-diols from
non-cis-diol compounds with subsequent separation of cis-diols according to
differential hydrogen bonding interactions within the monolith.

Apart from BNCT mentioned in the first chapter, boronic acids (including
the phenyl-substituted ones) were investigated as potential pharmaceuticals in
many other areas of pharmacological therapy.[27] As far as sulfur-containing
phenylboronic acids are concerned, at least two published examples should be
noted.

The series of boron-containing 3,4-dihydropyrimidin-2(1H)-(thio)ones 16
(Scheme 9) was synthesized in order to test their antifungal activity.[28]

Ar= B(OH),

o
Ar)kH Qv
LiBr 0
M

[ NH e

Scheme 9. Synthesis of boron-containing DHMPs 16.
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The principal idea of the research was to combine two moieties known
to display considerable biological activity: dihydropyrimidinones (DHMPs)
(incorporated in anticancer and antimicrobial agents) and boron compounds
(introducing potential antifungal activity). The synthesis was performed using
Biginelli reaction, an acid-catalyzed three-component condensation of an
aldehyde, a p-ketoester and urea, yielding dihydropyrimidone derivatives. In
this case, formylphenylboronic acid derivatives were reacted with thiourea and
ethyl acetoacetate in the presence of a Lewis acid (lithium bromide) to give the
target products 16 in moderate yields. It is interesting to note that the attempts of
utilizing this synthetic route to thiopheneboronic acid derivatives ended up with
the cleavage of the boron-carbon bond, along with the side formation of boric
acid. However, the corresponding pinacol thiopheneboronates were obtained
successfully without observation of the degradation products.

Recently, a phenylboronic acid-based sulfur-containing inhibitor of autotaxin
(ATX, nucleotide pyrophosphatase/phosphodiesterase involved in signalling
pathway implicated in such pathologies as chronic inflammation, fibotic diseases
and tumor progression) was developed as a promising drug candidate (Figure
5).[29]

R! R?

-0
o \—@COQH OMe 17a

F R2 COH
o A\ -0

Figure 5. Structures of thiazolidinedione derivatives 17.

In comparison with concurrently devised carboxylic acid-terminated
thiazolidinediones 17a and 17b, phenylboronic acid-functionalized agent 17¢
showed nearly one hundred times higher potency for ATX inhibition.[29]

4. Thiol group in Suzuki-Miyaura cross-coupling
The issue of protecting the thiol group emerged also in the context of
Suzuki-Miyaura palladium-catalyzed cross-coupling, the reaction that boronic
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acids are most commonly associated with in organic synthesis.[30] Unprotected
thiol group is not tolerated in Suzuki coupling reactions because of its high
affinity for certain transition metals, including palladium. This phenomenon,
called catalyst poisoning, is the reason that more than stoichiometric amounts
of palladium would be necessary to run an efficient cross-coupling involving a
mercaptan substrate. Typical Suzuki-Miyaura conditions (with catalytic amounts
of palladium) result in low yields of the cross-coupling product, along with the
formation of side products. As an example, coupling of 4-bromothiophenol with
arylboronic acids afforded disulfide by-products (Scheme 10).[31]

Br Ar

X
ArB(OH),
- + s S
Suzuki-Miyaura \©\
reaction X

SH SH

Scheme 10. Outcome of Suzuki-Miyaura cross-coupling of unprotected aromatic thiols.

Although there are many thiol protecting groups known,[32] only a few are
suitable for the conditions of Suzuki reaction. In the year 2000, Terfort et al.
examined the Pd-catalyzed coupling of 4-tolylboronic acid anhydride with a
range of 4-(thioacyl)bromobenzenes (Scheme 11).[33]

Br
BO
@ PA(PPhy), _ 1.NaOHH0 \‘\‘
+
K3POy4 2 citric acid
OYS SH
R
Scheme 11. Model reaction for the examination of acyl-based protective groups for thiol
moiety.

Thioesters tend to cleave easily under basic conditions, making the thiol
deprotection facile. Based on the yields of biaryl product (determined by gas
chromatography), 2-methoxyisobutyryl group appeared to be the promising one.

Remarkable feature of the majority of tested reactions was the full conversion
of thioesters, regardless of the yield of biaryl product. This observation led to
their closer examination by means of GC/MS, resulting in identification of the
main by-products as 4-tolyl ketones (Scheme 12).
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Suzuki coupling

Br pathway

BO o o
Pd(PPhg), Pd f\
Q) e (-4
K3PO,
Oy S a4 > ketone formation
j: 3 0”"R pd° pathway

Scheme 12. Cross-coupling side product and different mechanistic pathways of the
reaction.

In case of 4-(thioacetyl)bromobenzene, the yield of the side reaction product
reached ca 40% under conditions optimized for biaryl coupling. The authors
suggested that ketone formation predominates when the formal insertion of
palladium between the sulfur atom and the carbonyl group is faster than the
oxidative addition into the carbon-bromine bond.

In 2006, Itoh and Mase proposed an another approach to the issue of thiol
protection in Suzuki coupling: the use of thiol surrogates, namely 2-ethylhexyl-
3-mercaptopropionate 18 and 4-(2°-mercaptoethyl)pyridine hydrochloride 19
(Scheme 13).[31] Synthesis of the corresponding aryl thioethers 20 and 21
was carried out, as they could prove useful substrates for preparation of biaryl
scaffolds.

B o Br: o
r TBAF \©\
\@\ + \AO 0—> s“)ko
SH 93% yield
20
Br A)ok Pd,(dba)s Br
+ Hs o ", \©\ (o)
Xantph
| rptos A
i-ProNEt
18 90% yield 20

Br\©\ " A/@HCI e Br\©\ /\/@
- .
|
| HS X Xantphos s S
i-PrNEt
19 21

90% yield
Scheme 13. Use of thiol surrogates 18 and 19 for the preparation of thioethers 20 and 21.

Thioether 20 was obtained using two different methods. The first one was
based on 1,4-conjugate addition of 4-bromothiophenol to isooctyl acrylate in
the presence of tetra-n-butylammonium fluoride. The second method featured a
Pd-catalyzed coupling of 1-bromo-4-iodobenzene with compound 18, achieved
under conditions previously reported also by Itoh and Mase.[34] The same
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coupling protocol turned out to be applicable in the synthesis of thioether 21 as
well.

Stability of the developed thiol protective groups was investigated in several
Pd-catalyzed cross-coupling reactions, including Suzuki-Miyaura (Scheme 14).

1. ArB(OH),
Br\©\ o Pd(PPh3),
N32003
Py L,
2 EtONa
3. citric acid
20
3 examples

81-85% yield

BI'\@\ /\/@ PhB(OH),
|
21

N62C03
85% yield

Scheme 14. Suzuki cross-couplings with thiol protected thioethers 20 and 21.

Both thioethers 20 and 21 were tolerated under the reaction conditions,
giving high yields of the desired products. Deprotection of thiols obtained
using compound 20 was achieved via a f-elimination mechanism using sodium
ethoxide in ethanol, with subsequent acidification with aqueous citric acid.

Suzuki-Miyaura cross-coupling of thiol protected substrates was also the
key step in the sythesis of oligoarylenedithiols (Scheme 15).[35]

Pd(OA)2

PCyz
/ O \
X
11 examples
51-100% yield
Scheme 15. Acetyl as the protective group for thiols in the synthesis of oligoarylenedithiols.

Notwithstanding the problems posed by side reactions, Naso et al. decided
to employ S-acetyl protection. In order to make it compatible with coupling
process, a range of different catalyst/solvent/base systems and reaction
conditions was examined. The best results were obtained using catalytic system
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of palladium(Il) acetate together with sterically hindered, electron rich biaryl
phosphine belonging to the group of Buchwald‘s ligands, tripotassium phosphate
as a base and toluene as a solvent.

The choice of S-acetyl protection instead of other thioesters or thiol
surrogates is particularly noteworthy. The primary reason was the possibility
of its straightforward in situ removal during the deposition of target
oligoarylenedithiols from solution on gold, just by adding a few drops of aqueous
ammonia (a method developed by Whitesides et al.).[36]
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Chapter 6

The application of the energy-resolved in-source collision-
induced dissociation method for examination of ion
fragmentation pathways

Natalia Mankowska and Grzegorz Schroeder
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

Mass spectrometry confirms continuously its effectiveness as an instrument
for the studies of the structure and the stability of different complexity
molecules. The collision- induced dissociation (CID) is commonly used method
for this purpose and it is carried out both in the ion source and in the collision
chamber. This technique has been studied various systems of biologically active
compounds [1,2] as well as peptides [3] and glycopeptides [4]. The information
about the intrinsic reactivity of the short-lived intermediates of oxidation
processes was obtained [5]. The absolute stability of the gas phase ion by means
on the threshold of collision- induced dissociation (TCID) [6-17] and the relative
stability of the gas phase ions by means of energy-resolved (also called energy-
depended or energy-variable) mass spectrometry (ERMS) [11,18-24] were
determined.

Previously, we presented the studies results in concerning method of the
relative stability evaluation of ions studied in the ion source [24], based on the
dependence of ion signal intensity on cone voltage (V). This method which uses
the ¥ value can be applied in a wider area than previously described. The study
the fragmentation of ions can be made with the use of systematic research in a
wide range of values cone voltage [24-26]. The curve applies to research ways
of fragmentation ions in mass spectrometry based on the analysis functions 7/
)

In the present paper we discuss the bell-like curve fragment corresponding
to the range of V/, values less than V| (Fig. 1) and introduce a general method
for the interpretation of these results. The discussed fragment of the bell-like
curve fragment consists of three distinctive cone voltage values. The first one
corresponds to on the threshold of ion signal observing at the breakdown curve
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(V) The second one corresponds to the beginning of the slowdown of the ion
signal intensity growth. As we assume the ion decomposition starts at this cone
voltage value and is called V_, . The third V| value is such as cone voltage
value, is characteristic for decomposmon of'i 1ons

Yl nax
Vc,Imax

1 5 —

0,8
Vc,dec
0,6 -
0,4 -
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Figure 1. Exemplary breakdown curve

This paper assumes that in view of obvious correlation between the
precursor ion decomposition and the fragment ion formation, there should exist a
correlation between two cone voltage values: the V_, value for precursor ion and
the V_ value for fragment ion. It could allow the separatlon of the fragmentation
pathways with the lowest collision activation energy, and thus the determination
of the subtlest details of fragmentation process (the sequence of decomposition
reaction) and ion structure using ESIMS.

Structures of the compounds used as model to interpretation of mass spectra
are shown in Scheme 1. This compounds were synthesised by Burzynska
methods [27].

Fig. 2 presents the exemplary dependence of the normalized intensities (I/
I ) of precursor ion signals ((M+H]") and fragment ions on cone voltage value
for compounds (1) and (2).
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XX X =Br N-2-(5-
\Ej\ brompirydyl)amino-

N~ TNHCH(PO,H,), methylenbisfosfonic
acid (1)

X=Cl N-2-(5-
chlorpirydyl)amino-
methylenbisfosfonic
acid (2)

R R R'= N-5-(2-
| NHCH(PO3H»)a, chlorpirydyl)amino-
N a R"=H methylenbisfosfonic

acid (3)

R'=H, N-3-(2-

R"= chlorpirydyl)amino-

NHCH(POsH,), methylenbisfosfonic
acid (4)

Scheme 1. The compounds studied

The breakdown curves of the fragment ions, just as the breakdown curves
of the precursor ions, are also characterized by bell-like shape but the bell-like
curve of the fragment ions is preceded, in the lowest cone voltage values range,
by more or less significant segment characterized by extremely low intensity
values. The presence of such a segment is caused by the phenomena of the mass
spectrum noising by random signals with m/z ratio equal to one of the considered
ion, for which the dependence //I = f(V') is created. In that case, there exist the
background line, which describes noise level with the same m/z ratio as ion in

the range of cone voltage values below the appearance threshold of considered
ion. Moreover, it is also obvious that the intensity increase of fragment ion
signals as the cone voltage increases is related not only to the improvement
in the ion transmission through the mass analyzer region, but first of all to the
augmentation of those ion amount due to the precursor ion decomposition.

The maxima of ion decomposition curves (Fig. 2) with lower m/z ratio are
located at higher values of cone voltage, which corresponds to the general direction
of the fragmentation process — from more complexed molecules to simpler ones.
However, the analysis of presented set of the decomposition curves based only
on V. values consideration hinders interchangeable statement whether, for
instance ion having m/z 174 (Fig. 2, a) is formed during the direct fragmentation
of the precursor ion or in the result of many further reaction of the precursor ion
fragmentation. In order to determine the fragmentation pathways, taking place
in a given system, the ion(1)-ion(2) pair whose V. wonl) =V (ion(2)) should
be found. The V_ . value was calculated as zeroing point of second derivative of
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Figure 2. Cone voltage dependences of normalized (/I ) signal intensities for protonated
ions of N-2-(5-brompirydyl)aminomethylenbisfosfonic (a) and N-2-(5-chlorpirydyl)
aminomethylenbisfosfonic (b) acids

function, describing the dependence of the ion signal intensity on cone voltage,
while V_ — as intersection point of tangent to breakdown curve in V__ point
with noise line corresponding to m/z ratio of the considered ion. The sequence
verification of the fragmentation reaction, obtained by calculation of V_,_ and
V., cone voltage values, was achieved on the basis of MS/MS studies in the
ion trap. Both, the fragmentation in the ion source and the one in the ion trap
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are soft methods, when ion collisions with gas molecules cause the induction
of the vibrational level of the fragmented ion and lead to the decomposition of
the weakest bonding in the molecule. It suggests significant similarity of the
fragmentation pathways taking place in both instruments.

The fragmentation studies of N-2-(5-brompirydyl)aminomethylenbisfosfo-
nic (1) and N-2-(5-chlorpirydyl)aminomethylenbisfosfonic (2) acids

Scheme 2 presents calculated V_ iV, values for [(1) + H]", [(2) + H]" and
for its fragment ions.
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Veimax =655V Veimax = 36,1V
a0
mlz 247 m/z 203
V.,=388V V=334V
[ g L g
Vcdec =493V VC =414V
L Imax 78 7 v leax 62 6 A
m/z 183 m/z 139
Veo=425V | | V,0o=324V
" Vcdec—sgov i " Vcdec—430v
L]mdx 85 O V le'\x 68 8 v
)
miz 174 m/z 130
V.o=382V V=350V
= mefsezv = Vegee =476 V
L]mﬂx 977V clmax 71 7V

Scheme 2. Distinctive cone voltage values for protonated ions of N-2-(5-brompirydyl)
aminomethylenbisfosfonic (a) and N-2-(5-chlorpirydyl)aminomethylen-bisfosfonic (b)
acids

The great conformity of distinctive cone voltage values for particular
ions were observed. It enables the arrangement of fragmentation pathways of
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protonated ions in the mass spectrometer ion source (Fig. 3). Mass spectra from
MS/MS experiment are shown in Fig. 4. The precise data analysis presents
unusually high conformity and mutual data complementing from both methods.
The test with ion trap confirmed that the ions formed at the lowest collision
activation energies of the precursor ions are the ions with m/z 329 (1) and m/z
285 (2), for which the decompositions with the lowest collision activation
energies lead to the formation of the ions with m/z 265 (1) and m/z 221 (2).
For compound (1), ion with m/z 265 ratio decomposition at the lowest possible
fragmentation energy proceeds accordingly to three parallel pathways: creating
ions with m/z 247, 183 and 174 ratios; for compound (2), ion with m/z 221 ratio
dissociates at the lowest possible fragmentation energy accordingly to parallel
formation of ions with m/z 203, 139 and 130 ratios. Unfortunately, both the
experiment conditions in the ion source and in the ion trap forbid the precise
distinction of these paralell decomposition reactions by its collision activation
energies. In the case of compound (1) the fine fragmentation of ion with m/z 247
leads to the formation of ions with m/z 183 and 174. Nevertheless, it seems to be
a secondary process. The calculated values of distinctive cone voltage evidence
that V_ values for ions with m/z 183 and 174 (42.5 and 38.2 V respectively)
are more close to V. values for m/z 265 ion (V_; = 39,2 V) than the m/z 247
one (V_. =49,3 V). It suggests that m/z 183 and 174 ions are rather formed not
from m/z 247 ion but directly from m/z 265 one in the chain of decomposition
reaction of the protonated ion (1). Analogously in the case of compound (2)
decomposition of m/z 203 ion with two ions formation (m/z 139 and 130) is
a secondary fragmentation reaction. V_  values for m/z 139 and 130 ions
(32.4 V and 35.0 V respectively) are more close to V_ value for m/z 221 ion
(V,,=34.5V) than to m/z 203 (V= 41.4 V). It suggests that m/z 139 and 130
jons are formed directly not from m/z 203 ion, but from m/z 221 one in the chain
of decomposition reaction of the protonated ion. The mass spectra obtained both
in the ion source ESIMS and in the ion trap, included also rich signals at m/z 201
value (for (1)) and at m/z 157 value (for (2)), which origin is discussed below.
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Figure 3. Fragmentation pathways of protonated ions of N-2-(5-brompirydyl)

aminomethylenbisfosfonic (a) and N-2-(5-chlorpirydyl)aminomethylen-bisfosfonic (b)
acids
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The fragmentation studies of N-5-(2-chlorpirydyl)aminomethylenbisfosfo-
nic acid (3)

The calculation of distinctive cone voltage values from ion source mass
studies as well as mass spectra of protonated ion (3), obtained from the ion
trap studies (Fig. 5, Scheme 3), suggest that different substitution position
of molecule (3) in comparison with compound (2) causes slight modification
in the decomposition. The formation of m/z 285 and 221 ions happens in the
one step — directly from the precursor ion. The reaction m/z 285 — 221 has
marginal meaning in the chain of decomposition reaction [(3) + H]" (as opposed
to decomposition reaction of [(2) + H]") since V_ value of m/z 221 ion (20.5 V)
is more approximate to ¥, value of m/z 303 ion than m/z 285 one (17.0 V and
27.8 V respectively). In the follow-up of the fragmentation the m/z 130 ion is not
formed. The proposed decomposition scheme [(3) + H]" is presented at Fig. 6.
The origin of m/z 157 ion is discussed below.

I/Imax
1,0 1
—e—— m/z303
........ O mlz 285
0.8 W mlz221
© v s m/z203
B m/z 139

0,6

04 -

0,2 1

0,0 -
0 20 40 60 80 100 120 e

Figure 5. Conevoltage dependences of normalized (/) signal intensities for protonated
ions N-5-(2-chlorpirydyl)aminomethylenbisfosfonic acid
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The fragmentation studies of N-3-(2-chlorpirydyl)aminomethylenbisfosfo-
nic acid (4)

The compound (4), with is isomer of compounds (2) and (3), has radically
different structure: in relation to the piridyne nitrogen atom, the N-alkyl
substituent is in the meta position, and the halogen substituent is in the ortho
position. The breakdown curves of the [(4) + H]" decomposition, as well as mass
spectra obtained in MS/MS studies are pictured on Figs. 7 and 8. These data
show that together with fragment ions described earlier for ions [(2) + H]" and
[(3) + H]", an additional fragment ion with m/z 267 is formed. Doubtless, this
ion formation indicates the HCI elimination via the intramolecular nucleophilic
substitution (Fig. 9). The fragmentation pathway consisting on HCI elimination
proceeds parallel to earlier described pathways, and is similar to H,O elimination
in respect of distinctive cone voltage values (Scheme 4 and Fig. 10).

I/Imax
1,0
m/z 303
0,8 - m/z 285
m/z 221
m/z 139
0.6 m/z 267
] m/z 203
m/z 185
m/z 121
0,4
0,2
0,0 -

0 20 40 60 80 100 120 Ve

Figure 7. Cone voltage dependences of normalized (I/I ) signal intensities for
monoprotonated ions of N-3-(2-chlorpirydyl)aminomethylenbisfosfonic acid
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Figure. 9. Interamolecular nucleophilic substitution during fragmentation of protonated
ion of N-3-(2-chlorpirydyl)aminomethylenbisfosfonic acid
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Scheme 4. Distinctive cone voltage values for protonated ions of N-3-(2-chlorpirydyl)
aminomethylenbisfosfonic acid

The dependence of V| value for the fragment ion on V_, = value for the
precursor ion is pictured 1n Fig.11. It is clearly seen good hnear correlation
(?=0,94) V -V, for all ion described above. It confirms our hypothesis of
close relation between the cone voltage value corresponding to the beginning of
slowdown of the precursor-ion signal intensity growth at the breakdown curve
(V. 4o value for precursor ion) and the second one corresponding to the threshold
of fragment ion signal observing at the breakdown curve (V' for fragment ion).
The 12 value suggests the dependence of fragment ion V., value on precursor ion

V. 4 Value only.
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Figure 10. Fragmentation pathways of protonated ion N-3-(2-chlorpirydyl)
aminomethylenbisfosfonic acid
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Figure 11. Dependence of V, , value for the fragment ion on V,_, value for the precursor
ion for all ions studied. Data are shown at schemes 2-4.
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The origin of ions with m/z 201 (for (1)) and m/z 157 (for (2), (3)) ratios
The origin of m/z 201 ion (for compound (1)), m/z 157 ion (for compounds
(2) and (3)) may be caused by two reasons. First, it may be due to recombination
according to the schema shown on Fig. 12, which ensures additional ion stability
due to formamid derivatives formation with conjugated systems extended
in comparison to precursor ions. In MS/MS experiments, the mass spectra of
isolated ions with m/z 183 (compound (1)) and m/z 139 (compound (2)) clearly
show signals shifted by 18 units above m/z ratios of isolated ions (Fig. 13). The
signals of m/z 201 (1) and m/z 157 ions (2) were observed both in MS and MS/
MS spectra. However those ions signal intensity in the MS/MS spectra from ion
trap experiments are relatively lower compared to ion abundances in MS spectra
obtained in ion source studies. It is definitely related to smaller amount of water,
available in the ion trap, as well as to the specific character of measurements in
both cases. In case of MS studies in the ion source, the precursor and fragment
ions, as well as solvent vapors are in the same space, while ions in the ion trap
are separated and only trace amount of solvent vapor are available. In the case of
compound (3), sterical restrictions forbid ion with m/z 139 recombination with
formamid derivative formation, so any signal with m/z ratio above this one of
isolated ion were observed on MS/MS spectra of isolated m/z 139 ion. Secondly,
another reasons of the discussed ions presence could be the hydrogen bonding
formation in the precursor ion, oxygen atom sharing in phosphorite groups
between phosphorus and hydrogen atoms bounded with pyridine nitrogen atom. It
may cause parallel cracking of O-H and O-P bonds followed be complex mixture
of the fragmentation products formation. This interpretation is confirmed by a
fact that in case of acid (4), which structure make impossible hydrogen bonding
formation between hydrogen atom bounded with pyridine nitrogen atom and
oxygen atom of phosphoric group, the signal of m/z 157 ion was not observed.

L .. — O

=
N _CH NH —CHOH Ii1+ NH —C
H
X =Br, m/z 183 X = Br, m/z 201 H
X =Cl, m/z139 X=Cl,m/z157

Figure 12. Possible way of recombination reaction for ions with m/z 183 (for N-2-
(5-brompirydyl)aminomethylenbisfosfonic) and m/z 139 (for N-2-(5-chlorpirydyl)
aminomethylenbisfosfonic)
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Figure 13. The mass spectra of isolated ions with m/z 183 (for N-2-(5-
brompirydyl)aminomethylenbisfosfonic) and m/z 139 (for N-2-(5-chlorpirydyl)
aminomethylenbisfosfonic) obtained by experiments in the ion trap

The data and the dependences obtained in the present study extend the
application of the breakdown curves of ions beyond the evaluation of gas-phase
ion relative stability. It has been shown very good correlation between the cone
voltage value corresponding to the beginning of slowdown of the precursor-
ion signal intensity growth at the breakdown curve (V_, value for precursor
ion) and the second one corresponding to the threshold of fragment ion signal
observing at the breakdown curve (V_, for fragment ion). It enables to use
the techniques of distinctive cone voltage analysis to precise determination of
fragmentation reactions sequence in a chain of fragmentation pathway using in-
source collision-induced dissociation.
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Chapter 7
Application of noble gas NMR in fullerene chemistry

Btazej Gierczyk
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

1. Introduction

Fullerenes make a large, unique and diverse group of molecules. Since
their discovery in 1990, fullerenes have been studied in various fields of
chemistry, biochemistry, material sciences and nanotechnology. Wide range of
their potential applications has stimulated development in fullerene synthetic
chemistry and methods of their analysis. Although, contrary to the prognosis
announced by fullerene chemists until now fullerenes have not been applicable
in any branch of technology, their unique chemistry and amazing shapes make
them still interesting for many scientific groups.

One of the great problems in fullerene chemistry is finding an easy and fast
analytical method for studying and monitoring of the fullerene reactions and
determination of the product structures. The absence of hydrogen atoms in the
fullerene moiety make the 'TH NMR spectroscopy inapplicable for the purpose.
The *C NMR spectra of fullerene derivatives are usually very complex because
of the presence of signals from many inequivalent fullerene core’s carbon atoms.
Additionally, the absence of nOe enhancement means that this signal has a rather
low intensity. An interesting and promising technique is the nuclear magnetic
resonance spectroscopy of the noble gas atoms, incarcerated inside the fullerene
cage. Spectral parameters of these signals (especially chemical shifts) are very
sensitive to changes in the electronic properties of the host molecules and may
be used for studying fullerene transformations.

This paper presents a review of the experimental studies on the application
of noble gas NMR in fullerene chemistry. Theoretical studies are not included
unless they have been used to solve experimental problems.

2. Nuclear magnetic resonance of noble gases

Four non-radioactive noble gases have isotopes suitable for NMR
measurements. These are *He, ?'Ne, 3Kr and two xenon isotopes: '*Xe and
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3Xe. The fifth stable noble gas, argon, is one of three known elements, whose
all stable isotopes have the spin number equal to 0. Basic properties of NMR-
active nuclei of noble gases are summarized in Table 1.

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

Resonant

Quadrupole frequency Chemical

Natural Receptivity

Nuclei Spin abundance (%) (**C=1.00) (T(;)’ ﬁf}f:f) (MHz) at  shift standard
2.348T

SHe 12 0.00014 0.00326 - 76.178

2Ne 32 0.27 0.0036 9 7.894

SKr 92 11.50 1.23 15 3.847

2Xe  1/2 26.4 31.8 - 27.660 XeOF,
Xe*

BlXe 32 21.2 3.31 -12 8.199 XeOF,
Xe*

“ infinitely dilute Xe gas

As it could be seen, two of the above mentioned isotopes are not quadrupolar
nuclei, therefore their spectra may be recorded without any disturbances due to
quadrupolar interactions. Both of them have been widely studied in the field
of fullerene chemistry. However xenon atom encapsulated by fullerene has
modified reactivity, so helium is much more widely used.

No NMR data for the fullerene-encapsulated neon or krypton atoms have
been published until now.

3. Encapsulation of noble gas atoms inside fullerenes

The energy barrier for passing of helium atoms through hexagonal C, holes
of fullerene molecules was estimated to be ca. 200 kcal mol’!, therefore the
encapsulation of noble gas atoms inside fullerenes requires the cage rupturing
and its further reformation. In spite of this fact, incarceration of noble gas
atom inside the fullerene molecule needs application of extreme conditions. It
is carried out at high temperature (600-650°C) and high pressure (1700-3000
atm) in sealed cooper tubes over 8-64 h. The addition of potassium cyanide
increases the fraction of gas contained within the fullerene molecules in final
product. After extraction, about 50% of the fullerene used for the reaction may
be successfully recovered, the rest is lost during the synthesis. The fraction of
the labelled molecules is only 0.1% for He and 0.008% for Xe, therefore the
labelling process is usually repeated two to four times to increase the content
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of noble gas containing cages in the sample. Because of small differences in
retention times between “empty” and labelled fullerenes, purification of the
material by HPLC may increase the amount of the expected complexes.!”’

4. NMR studies of noble gases incarcerated by the fullerenes

The first example of the *He spectrum of the helium complex with C,
and C_ | (Fig. 1A & 1B) was presented by Saunders at al.” After heating of the
above fullerene mixture under high helium pressure they obtained the material
whose 3He spectrum exhibited two sharp resonance lines at -6.36 ppm (He@
C,,) and -28.81 ppm (He@C, ) in a 4:1 mixture of 1-methylnaphthalene with
dichloromethane, with respect to dissolved helium as a reference. The same
authors have shown the non-sensitivity of the chemical shift of endohedral
helium to changing of solvent or temperature variation. In the subsequent
paper these authors have presented the sensitivity of the *He chemical shift
of the encapsulated helium to the chemical modification of the fullerene ball.?
A mixture of both above mentioned helium-containing fullerenes has been
reacted with the azomethine ylide to form N-methylpyrrolidines (1,3-dipolar
cycloaddition; Fig. 2A). The *He NMR spectrum of the obtained product shows
additional peaks, originating from C,; monoadduct (-9.4 ppm), two isomeric C, |
monoadducts (-23.8 and -27.9 ppm) as well as C bis-adducts (-10.9 and -12.3
ppm). It shows the excellent sensitivity of He chemical shift to modification of
the host molecule. The authors have not discussed which of the other isomeric
adducts are formed.

A (-6.36 ppm) B (-28.81 ppm)
Figure 1. Structures of fullerenes: A— C,, (symmetry I); B—C, (symmetry D)

Saunders et al. have reported the studies of addition of 1,3-biradical,
obtained in thermolysis of cyclopropa[b]naphtalene, to a mixture of [60]- and
[70]fullerene.® They have shown that only C,, undergoes the reaction. The *He
NMR spectrum of 6,6-adduct (Fig. 2B) consists of one signal at -9.23 ppm. The
observed chemical shift indicates higher value of the ring current (in comparison
with that of C, molecule), caused by the breaking of one of the double bonds of
the parent molecule.
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The work of Smith III et al. presents the *He NMR results for a group of
monosubstituted C,, and C, derivatives.” The following C analogues were
obtained: monoepoxide2C (at6,6 ringjunction;-8.24 ppm), 6,6-monopyrazolidine
2D (-9.29 ppm), 6,6-bridged cyclopropane 2E (methanofullerene; -8.11 ppm)
and 6,5-bridged annulene 2F (homofullerene; -6.62 ppm). The C_ derivatives
are isomeric compounds of the formula C, H,: cyclopropanes 3A and 3B (-28.14
and -25.56 ppm, respectively) and annulenes 3C and 3D (-27.46 and -27.82
ppm, respectively). The authors explain the values obtained as a results of large
net diamagnetic ring current for C_ , which is slightly diminished in derivatives,
and the modest aromaticity of C,.

Saunders et al. have shown some examples of *He NMR applications in
fullerene chemistry in a short review published in 1996.'° Besides the previously
published data,>®*!:12 they have presented chemical shifts for some unpublished
monoadducts: 2K, 2L, 2U and 2W.

70°

2J (-8.06 ppm) 2K (-9.11 ppm) 2L (-8.38 ppm)
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2M (-8.045 ppm)

20( 9.28 ppm) 2P( 9.21 ppm)
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®@ Wa
2R (-9.37 ppm) 2S (-11.56 ppm) 2T ( 11.09 ppm)
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2U (-9.09 ppm) 2W (-7.20 ppm) 2X (-9.71 ppm)

2Y (-9.7 ppm)
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27 (-10.3 ppm)
Figure 2. Structures and *He NMR chemical shifts of [60]fullerene monoadducts

Also Diels-Alder adducts of fullerene have been intensely studied by *He
NMR method. Wilson et al. have studied the fluorinated compounds obtained in
the reaction of C,, with a mixture of 1- and 2-(1H,1H,2H,2H-perfluorodecyl)-
1,3-cyclopentadiene.!® The obtained mixture of isomeric adducts (Fig. 2G & 2H)
has been characterized by helium-3 NMR spectroscopy. The spectrum shows
two signals, at -9.44 and -9.54 ppm, respectively. The authors have tried to obtain
multiple Diels-Alder adducts, but the *He NMR spectrum of such a reaction
mixture shows no signal of a product or unreacted C,. It is probably caused by
the formation of complex mixture of many products and, in consequence it is
responsible for the absence of a distinct NMR signal. Other Diels-Alder adducts
studied have been prepared in the reaction of 9,10-dimethylanthracene (DMA)
with [60]fullerene.' The authors show that in the above reaction a mixture of
mono-, bis-, tris- and tetrakis-adducts has been obtained. The reaction studied is
areversible process. On the basis of *He NMR spectra the authors determine the
fractional concentrations of the above products at different temperatures. They
have identified 29 different species (see Table 2) and proved that higher (petnakis-,
hexakis- etc.) adducts are not formed in this reaction. On the basis of integrals
of *He NMR peaks, the distribution of C,, and C (DMA) as a function of C,/
DMA ratio was plotted and the equilibrium constants were determined. Having
performed measurements at different temperatures, the authors calculated the
free energy values of the processes studied. Similar experiments were conducted
for C,. Only formation of mono- and bis-adducts was confirmed. Also for this
system, stability constants and AG values were determined. The authors have
proposed the structure of C,-DMA monoadduct (Fig. 2I), but they have not
determined the structures of multiple adducts.
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Table 2. SHe NMR chemical shifis of 9,10-dimethylanthracene/fullerene Diels-Alder
multiple adducts

‘He NMR ‘He NMR

Adduct chemical shift Adduct chemical shift

C60 C7O C60 C70
Mono -9.77 -26.93 Tris-8 -13.65 -
Bis-1 -8.95 -24.73 Tris-9 -14.21 -
Bis-2 -10.44 -24.67 Tris-10 -15.44 -
Bis-3 -10.66 -24.59 Tris-11 -16.14 -
Bis-4 -11.29 - Tetrakis-1 -11.08 -
Bis-5 -12.83 - Tetrakis-2 -12.77 -
Bis-6 -12.84 - Tetrakis-3 -13.70 -
Tris-1 -10.93 - Tetrakis-4 -14.52 -
Tris-2 -11.42 - Tetrakis-5 -14.47 -
Tris-3 -11.43 - Tetrakis-6 -14.60 -
Tris-4 -11.54 - Tetrakis-7 -14.79 -
Tris-5 -12.08 - Tetrakis-8 -15.26 -
Tris-6 -13.42 - Tetrakis-9 -15.30 -
Tris-7 -13.42 - Tetrakis-10 -15.47 -

The epoxide of C, was first obtained by the Smith III group."® They have
reported the *He NMR values for both obtained isomeric epoxides (3E and 3F),
which are -27.8 and -25.8 ppm, respectively. The ratio of *He signals is the same
as that of °C signals obtained for helium-free C,, materials. This indicates that
the presence of endohedral helium does not influence the regioselectivity of
epoxide formation.

3D (-28.82 ppm) 3E (-28.7 ppm) 3F (-25.8 ppm)
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30 (-27.53 ppm)
Figure 3. Structures and *He NMR chemical shifts of [70]fullerene monoadducts

(-24.23 & -24.24 ppm; signals not assigned to definite isomer)

The multiple adduct formation in the reaction of C,, with carbenes and
ylides has been intensively studied by *He NMR.'® The cyclopropanation with
diethylmalonate gives seven isomeric bis-adducts, one monoadduct and one tris-
adduct (Bingel-Hirsch reaction). Each of them shows a separate signal in *He
NMR spectrum. Also the four major azomethine ylide bis-adducts (Prato adducts)
have been characterized by this method, together with previously known mono-
adduct. The assignments were made on the basis of '"H and *C NMR spectra
analysis. The results for these two groups of bis-adducts (and one tris-adduct)
are summarized in Fig 4. The data for monoadducts are given in Fig. 2A & 2J. As
shown, the cyclopropane derivatives are more similar to unperturbed C, because
of the considerable double bond character of cyclopropane bonds. The authors
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pointed out the applicability of the *He NMR for rapid determination of relative
yields and isomers ratio in fullerene chemistry. Further DFT studies by Wang et
al. have forced a reassignment of some signals and permitted elucidation of the
structure of some other Prato adducts.!” Also the assignment of Bingel adduct
has been partially changed.

-10.2 ppm

4J (-10.14 ppm) 4K (-12.36 ppm) 4L (-10.92 ppm)
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4M 4N 40
(not assigned; -12.33 ppm) (not assigned; -12.80 ppm) (not assigned; -8.80 ppm)

Figure 4. Structures and *He chemical shifts of Prato and Bingel-Hirsh bis-adducts as
well as one Bingel-Hirsh triadduct; normal font — assignments of Cross et al.,' italic —
assignments of Wang et al.'’

Another example of multiple substituted cyclopropane derivatives of C_, are
the water soluble amino-substituted fullerenes, obtained by Richardson et al.'®
These authors use the *He spectra for identification of products synthesized: a
monoadduct 2M (-8.045 ppm) and tris-adduct 5 (-11.966 ppm). The structures
are presented in Fig. 2M & 5.

BocHN

Figure 5. Structure of water soluble triadduct 5

Also the polyether fullerene multiple adducts were characterized by *He
NMR spectra.”” At first selective formation of e,e,e tris-adduct (Fig. 6A) in the
reaction of C , with macrocyclic malonate, consisting three malonyl units, was
confirmed on the basis of *He measurements. The addition of cyclic malonate
ester of triethylene glycol [2+2] to C gives only one, cis-bis-adduct (Fig. 6B).
For the reaction mixture of buckminsterfullerene with macrocyclic malonate
ester of triethylene glycol [3+3] only one signal of tris-adduct (Fig. 6C) was
observed in *He spectrum. Unfortunately, the UV spectrum of this compound
does not match to that of the previously obtained and characterized tris-adducts,
so the structure of the compound 6C is not known. The mono-adducts formed in
these reactions have not been identified.
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6C (-12.040 ppm)
Figure. 6. Structures and *He NMR chemical shifts for the [60]fullerene/macrocyclic
malonates adducts

*He NMR technique has been widely used for studying of the [2+2]
photocycloadditions of enones to fullerenes. Schuster et al. have reported the
NMR results obtained for photoadducts of C,; and 3-methyl-2-cyclohexenone
and 2-cycloheptenone.!! In both cases two peaks corresponding to products were
observed in helium-3 spectra. This effect was explained by the formation of a
mixture of cis- and trans-fused cycloadducts. The *He chemical shifts of these
products (about -9.3 ppm) indicate the addition to [6,6] bonds. The structures
of adducts and the helium NMR data are collected in Fig. 2N-Q. The reaction
between 3-methyl-2-cyclohexenone and C, has been studied by Rosental et al.*’
In this reaction 14 different regioisomers and diastereoisomers of monoadduct
may be formed. The HPLC analysis confirms the formation of 8 products (4
cis- and 4 trans-fused adducts). The *He NMR spectrum of the reaction mixture
shows four pairs of peaks, two at -24 ppm and two at -27 ppm. This indicates
the addition to [6,6] bonds only. The assignments of the cis/trans isomers signals
were made after acid-catalyzed epimerization of less stable trans isomers to cis-
adducts. The structures and 6 *He values are presented in Fig. 3G-N.

Nuclear magnetic resonance of endohedral helium atoms was used as a tool
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for determination of the structures of photoadducts of 1,3-dione trimethylsilyl
monoethers with fullerenes.?! The cycloadducts were obtained in the reaction of
1-trimethylsililoxy-5,5-dimethyl-1-cyclohexene-3-one with C,. Two isomeric
compounds were isolated after UV-Vis irradiation. One of them was characterized
by the *He NMR signal at -9.37 ppm — the value typical of adducts to [6,6]
bond. The second minor component was characterized by the chemical shift
value of -11.56 ppm. This frequency was not typical of any previously known
C,, fullerene derivatives. The structures proposed for the products obtained are
presented in Fig. 2R & 2S.

Also more complex molecules have been used as substrates for cycloaddition
to fullerenes reaction. Guo et al. have studied the reaction between some alkaloids
and C,.** The structures of two adducts obtained for scandine were determined
with support of *He NMR. The 8 *He values of one of the isolated compounds
are typical of [6,6] adducts (-9.09 ppm; Fig. 2U), while the value of the other one
is -11.09 ppm, which is outside of the range typical of the [6,6] as well as [6,5]
adducts. For this compound a new type of structure was proposed, described as
a bis-[6,6] closed junction (Fig. 2T).

Schuster et al. have used the *He NMR technique in studies of the fullerene-
porphyrin dyades.?® This method was used for confirmation of the formation of
1:1 pyrrolidine adducts (Fig. 2Y & 2Z). For the synthesized compounds only a
peak at about -9.7 to -10.0 ppm, typical of such structures, was observed. Small,
downfield shifted signal, obtained after prolonged accumulation (at -9.3 to -9.5
ppm) was assigned to a decomposition product, formed due to instability of the
diazo group.

A wide range of various multiple adducts has been studied by Riittimann et
al. to evaluate the relation between the structure and m-electron ring-current.?
They have obtained a series of [60]fullerene bis- to hexa-adducts (Fig. 7) and
a series of mono- to tetra-adducts of C, (Fig. 8 & 30), labelled by helium-3
isotope. The helium-3 chemical shifts are presented in Fig. 6, 7 and 30.

7A (bis; -11.45 ppm) 7B (tris; -10.35 ppm) 7C (tetrakis; -12.26 ppm)
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(pentakis C, ; -12.04 ppm)  (pentakis C; -11.84 ppm) (heksakis; -11.89 ppm)
Figure 7. Structures and incarcerated *He atom chemical shifts of the multiple-adducts of
[60]fullerene; R = CH,COOCH ,COOE

Although the general tendency observed for C series indicates the upfield
shift upon increasing number of substituents in the range 1-4, the shielding of
He atom is not enhanced by further functionalization. This observation was
surprising, because it was expected that in higher adducts the paramagnetic ring
currents of pentagons would vanish and localized benzoid rings with strong
diamagnetic currents would develop. These authors have rationalized that in
higher adducts the deshielding due to a reduction in diamagnetic ring currents
balances out the shielding caused by decreasing pentagonal ring currents and
increased number of localized benzoid rings. A comparison of two tris-adducts:
7B and 4H indicates that the benzoid substructure of 4H, which is absent in 7B,
causes diamagnetical shielding and upfield shift of the endohedral helium signal.
For adducts of C,  a monotonic increase in the *He chemical shift (deshielding)
upon increasing functionalization degree has been observed. Because in [70]
fullerene the addends are located mainly on the poles, functionalization
destroys the paramagnetic ring currents of the pentagonal rings on the poles (on
pyracyclene subunits) but leaves the diamagnetic current of biphenyl subunits in
the equatorial belt. Functionalization destroys also the diamagnetic ring currents
of corannulene subunits localized in the pole regions, which are expected to have
substantial contribution to total magnetic susceptibility of the C,  molecule.

8A (bis C,; -26.12 ppm) 8B (bis C, ; -26.44 ppm) 8C (bis C,; -26.27 ppm)
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(tris C; -23.64 ppm) (tetrakis C, ; -21.09 ppm) (terakis C,; -20.68 ppm)

Figure 8. Structures and incarcerated >He atom chemical shifts of the multiple-adducts
of [70]fullerene

SHe NMR of endohedral helium was used as a tool for studying isomers of
higher fullerenes. As follows from topological considerations, two C. isomers,
5 isomers of C_  and 23 isomers of C,, can exist. The first studies of *He nuclear
magnetic resonance of those molecules have been carried out by Saunders and
coworkers.!? After labelling the sample of higher fullerenes with helium-3, it
was separated into two fractions, the first enriched in C.; and the second one
containing mainly C,, isomers. The helium-3 NMR spectrum obtained for the
first of the fractions showed 7 signals: -18.72 (i), -18.58 (ii), -17.59 (iii), -16.90
(iv),-16.78 (v), -11.84 (vi) and -11.93 ppm (vii) (in 1-methylnaphthalene/CD,Cl,
4:1 mixture). The peaks were assigned on the basis of the sample composition,
established by MALDI MS and C NMR experiments as well as *He chemical
shifts calculated by Haddon & Pasquarello and Biihl & Thiel.>>?** The authors
have assigned the signal (i) to C_; fullerene. Because for C, only the isomer of
D,:1 symmetry is known to be stable (Fig. 9) and it has a closed-shell structure,
the authors recognize it as a C_, component of the studied mixture (the isomer
numbers are given according to Fowler et al.?”). Three major peaks observed in
the spectrum (iv, v and vii) were assigned to the isomers of C,; of the symmetry
were not assigned to definite fullerenes. The authors speculate that the signals at
-11.84 and -17.59 may come from the other two C. isomers, which are expected
to be higher in energy. On the basis of DFT calculations, Biihl and Wiillen have
assigned these three signals to C,:2 D,, (-11.84 ppm), C..:4 D, (-17.59) and
C.::5 D, (-18.58 ppm) respectively, but they have stressed that it is uncertain.”®
The structures of the isomers discussed are summarized in Fig. 9. The C,, fraction
shows eight peaks in the *He NMR spectrum: -8.96, -7.51/-7.55, -8.41/-8.37,
-9.61/-9.65, -10.50, -11.12 and -24.35 ppm (six signals form pairs of one intense
and one minor line). The most intense signal in this spectrum have been assigned
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to the major C,, isomer of the symmetry D,:22 (-8.96 ppm). Unfortunately, the
other signals have remained unidentified. The signal of the second major isomer
C,,:4 D,, has been assigned by Biihl and Wiillen as the line at -24.35 ppm on the
basis of DFT calculations.

The same system has been further investigated by Wang et al.*® They
have changed the assignments of some signals of C., fraction. They have also
remeasured & *He values for this system as well as C,, fraction. One signal not
given by Schuster et al.'? has been found in this study (-10.00 ppm). The signal at
-11.93 ppm, previously recognized as C_.:1 D, was now interpreted as C_.:3 C, .
Contrary, the chemical shift of C .:1 D, was given to be -17.59 ppm. They have
also left the isomers C_:4 D, and C_.:5 D, unassigned. Moreover, these authors
have claimed that C,:2 D,, isomer is not formed in experimental conditions.
They have identified six different isomers of C,, but they have not assigned
them to definite structures, except the previously recognized signal of C,:22 D,
isomer. The signal pair at -10.495/-10.577 was assigned to unidentified isomer
of C,,, while the peak at -13.05 ppm, present in one fraction, to C,,. Authors
have also proposed the explanation of the existence of pairs of the close signals
as evidence of formation of dihelium species (two He atoms inside one fullerene
capsule).

Chen et al.’® have calculated the endohedral chemical shifts for C, -C,,
fullerene isomers on the basis of DFT theory and have proposed some
assignments of the signals reported previously.'>?° They have assigned the signal
at-13.05 ppm to C,,:3 C, isomer, while the one at -10.58 ppm to C,:17 C,.

Wang and Wu have continued their theoretical studies on endohedral
helium-3 chemical shifts and have proposed further assignments of C,, fraction
signals.?! The existence of the following isomers was proposed (the underlined
chemical shift values have not been reported by Schuster et al.'> and come from
Wang et al.* paper): C,,:4 D,, (-24.35 ppm), C_,:11 C, (-7.50 ppm), C,,:14 C
(-11.11 ppm), C,:16 C, (-9.61 ppm), C,,:18 C, (-10.01 ppm), C,:22 D, (-8.96
ppm), C,,:23 D, , (-8.40 ppm), C,:24 D, (-13.05 ppm). They also assigned the
signal at -10.50 ppm to the He@C,,:3 C, isomer (in the previous paper of Chen
et al.*° the value of -13.05 ppm was assigned to the same species). The signals
at -10.58 and -14.15, found by Wang et al.* were correlated with C,:17 C, and
C,,:16 C, isomers, respectively, the only two stable C, fullerenes. See Fig. 9 for
structures.

The He@C,, system was also studied by Stépanek and coworkers.’2 They
have used DFT method to calculate chemical shifts of incarcerated helium atom
in various fullerenes and have compared the obtained values with experimental
ones. The computations well reproduced the shifts and confirmed the previous
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assignments. The minor components of the pairs of the signals (-7.55, -8.37 and
-9.65 ppm) were interpreted as corresponding to two helium atom containing

complexes.
Assignments made by different authors are summarized in Table 3.
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C,24D,
Figure 9. Structures of higher fullerenes

Table 3. Chemical shifts of helium-3 atom incarcerated by fullerenes

Assignments of *He NMR chemical shifts

Fullerene Saunders Biihl & Wang Chenet Wang&  Stépanek

et al.”” Wiillen?® etal.”? al.’° Wu! et al.?
C 1D, -18.718 -18.7 -18.703 -15.0 -18.703 -
-18.565
C2D,, n.s. -11.8 n.s. n.a. n.s. -
C1D, -11.928 - -17.575 -11.9 -11.914 -
-11.821
Cg2C,, -16.904 -16.9 -16.868 -16.9 -16.888 -
-16.766
C3C,, -16.778 -16.8 -11.914 -16.8 -17.575 -
C4D, - -18.6 n.a. - - -
C5D,, - -17.6 n.a. - - -
C,,:3C, - - - -13.05 -10.495 -
C,4D, - 244 n.o. -24.35 -24.35 -24.354
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C,i11C, - - - - 7502 -7.502
-7.539

C,:14 C, - - - - AL114 <1114

C,:16 Cg - - - - -9.605  -9.605
-9.647

C,i18C,, - - - - -10.006  -10.006

C,22D,  -8.962 -9.0 8957  -896  -8957  -8.957

C,:23D,, - - - - -g.ggg -8.404

C,;24D,, - - - - -13.046 -

C,:16 C, - - - - -14.149 -

C,17C, - - - -10.58  -10.577 -

n.s. — mentioned as not stable isomer and not present in the sample, n.a.- not assigned;
n.o. — signal not observed by authors, italic — 'He NMR chemical shifts for He,@C,
species

The incarceration of two helium atoms inside the fullerene cage has been
first reported by Khong et al.** after the publication by Laskin et al. on two
neon atoms encapsulation inside the cage of C,.** The procedure of formation
of 2:1 complex between noble gas and fullerene was similar to that of formation
of 1:1 incarcerand, but the procedure of the helium (or neon) labelling was
repeated four times. The formation of such species was first confirmed by
mass spectrometry. The *He NMR spectrum of the He @C, containing sample
consists of two signals, one of chemical shift typical of He@C.,, (-28.716 ppm)
and the second one, downfield shifted (-28.702 ppm). The intensity of the second
signal was about 10% of the parent one. The signal of the dihelium species had
been observed earlier, but it remained unassigned until Khong’s publication. The
small difference between the major and minor signals (0.014 ppm) eliminates
the possibility of the deshielded signal origin from the C, derivative, because
the chemical modifications of the fullerene cage cause more pronounced
changes in 8 values. For the helium-C, complexes, a very small gradient of
the magnetic field along the 5-fold axis of fullerene capsule is responsible for a
petite difference in chemical shifts between monohelium and dihelium species.
The authors have also shown the NMR results for modified (cyclopropanated)
C,,-dihelium complex. Because the functionalization of the C,  molecule on one
end on the cage alters the pi-ring current to produce a higher gradient inside the
C,, capsule, the difference between mono- and dihelium *He chemical shifts

122



APPLICATION OF NOBLE GAS NMR IN FULLERENE CHEMISTRY

for cyclopropanated C,; complexes should be higher. For the C, malonate
diethyl ester adduct (undefined isomer) the difference between these two helium
containing species was 0.11 ppm. For C, the presence of dihelium species
was not observed by NMR spectroscopy. It is probably due to fast dislocation
of helium atoms within ca. 0.75 A from the centre of the cage. Since the Ce
molecule has net low aromatic character, the magnetic field over most of the
cage volume is uniform, so it could be expected that He@C,, and He,@C, may
have very similar and undistinguishable chemical shifts. The existence of C, -
dihelium complex was confirmed for polyanion of C,; (see below).* Dihelium
complexes of higher fullerenes has been mentioned by Wang et al.” (see above).

Helium-3 NMR was employed in the studies of hydrogenated fullerenes.
The first samples studied were C, H, and C_ H,.""'® The first of them, obtained
from C, by hydroboration shows the *He 51gnal at -9.663 ppm. Its structure was
determined on the basis of 'H and *C NMR measurements as 1,2-C, H, (Fig.
10A). The further reduction produces a number of isomeric C, H, species, which
show at least six signals between -10.3 and -12.8 ppm. Unfortunately, the authors
have not assigned them to the definite structures. Further studies by Billups et al.
have proved the existence of six C,;H, isomers (5 *He: -9.3, -10.0, -10.9, -11.21,
-12.42, -12.48 ppm), obtained by reduction of C,, with anhydrous hydrazine.*®
One signal (-11.21 ppm) has been assigned to cis-/ isomer (1,2,16,17-C,H,).
The DFT calculations made by Wang et al. permitted the assignment to the other
signals of tetrahydro[60]fullerene (see Fig. 10B-F)."”

Wang et al. have obtained partially reduced C,; and C, molecules and
assigned the major signals in *He NMR spectra to definite isomers.”” The
hydrogenation of C ; with Zn(Cu)/H,O system yields a mixture of C_ H, species.
After HPLC separatlon the authors have obtained 1,2,18,22,23,36-C H, isomer
(6 *He -16.35 ppm) and a fraction containing a mixture of three compounds.
Repeated chromatography gives two products, one identified as 1,2,33,50-C, H
(-12.73 ppm) and a mixture of two hexahydrofullerenes: 1,2,33,41,42,50- C(0 6
(-15.31 ppm) and unidentified compounds of & *He equal to -14.24 ppm. The
same reduction procedure employed for helium labelled C,; fullerene gives a
mixture of He@C, H,, He@C, H, and He@C, H,. After HPLC separation, the
fractions obtained were studied with *He NMR. The only one formed isomer of
dihydro[70]fullerene — 1,2-C, H, shows the helium resonance at -27.18 ppm.
The major C, H, isomer, characterized by & *He of -25.33 ppm was recognized as
1,2,56,57- C7OH .- The tetrahydro[70]fullerene fraction contained also two minor
components, with helium-3 chemical shifts equal to -24.77 and -23.76 ppm. The
authors claim that one of them probably corresponds to 1,2,67,68-C_ H,. The *He

707 74"

signal of only one octahydroderivative formed, 7,19,23,27,33,37,44,53-C, H, is
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distinctly downfield shifted (-17.84 ppm) in comparison with those of the other
hydrogenated C, fullerenes. It is the effect of different mode of hydrogen atoms
arrangement around the fullerene molecule — all hydrogen atoms are added near
the equatorial line in 1,4 pattern, while for di- and tetrahydro ones they were
bonded near poles in 1,2 pattern. C, H, was also obtained. The major isomer
was 7,8,19,26,33,37,45,49,53,63-C, H,, (8 *He -17.17 ppm). The similarity
of the chemical shift to that of 7,19,23,27,33,37,44,53-C, H, is the effect of
similarity of their structures (see Fig. 10 for details).

1,2-C_H, (-9.66 ppm) 1,2,16,17-C_H 1,2,18,36-C_H

60" "2 60" "4 60" "4

(cis-1; -11.21 ppm) (e; -12.42 ppm)

1,2,55,60-C_H 1,2,51,52-C_H 1,2,33,50-C_H

60" "4 60" "4 60" 4

(trans-1;-9.30 ppm) (trans-2; -10.90 ppm) (trans-3; -12.48 ppm)

1,2,34,35-C_H 1,2,18,22,23,36-C,_ H, 1,2,33,41,42,50-C_H,

60" "4 60776

(trans-4; -10.00 ppm) (-16.35 ppm) (-15.31 ppm)
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1,2,56,57-C, H 1,2,67,68-C. H

70" 4 70" 4
(-25.53 ppm) (-23.76 or -24.77 ppm)

7,19,23,27,33,37,44,53-C, H, 7,8,19,26,33,37,45,49,53,63-C, H
(-17.84 ppm) (-17.17 ppm)
Figure 10. Structures of C,H and C,H (n = 2-10) studied by *He NMR method together
with endohedral helium NMR chemical shifts

The highly reduced fullerenes have been for the first time studied by Billups
et al.’® These authors obtained a mixture of He@C H , and He@C, H,, by
Birch reduction of He@C,, material and reported the *He NMR chemical shifts.
The spectrum of the first compound obtained shows the signal at -16.45 ppm,
while the second one gives two close peaks at -7.7 and -7.8 ppm. The higher
signal (-7.7 ppm) probably represents the isomer of D, , symmetry (Fig. 11). The
second one has not been assigned yet.

A detailed study of C, H, isomers has been conducted by Nossal et al.*” The
authors have obtained a mixture of isomers and identified the major components
by 'H, *C and *He NMR spectroscopy. After HPLC separation of the Birch
reduction product four fractions were collected: (i) C, H,, & C,H,, mixture
(broad signal in *He NMR between -3.20 and -4.0 ppm); (ii) C, H,, (broad signal
between -4.6 and -5.8 ppm); (iii) C, H,, (broad signal between -6.0 and -6.8
ppm); (iv) C, H,, & C H, mixture (broad signal between -7.6 and -8.4 ppm).
The authors claim that all fractions are the mixtures of isomers. Separation of
these products is practically impossible because of the products instability and

fast degradation in solution. After computation (DFT method) of chemical shifts
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of endohedral helium atoms for different possible isomers, the authors have
tried to propose the composition of each fraction. The chemical shifts in the
region -4.6 to -5.8 ppm are obtained for isomers of symmetry S,:3 (-4.7 ppm),
C,:6 (-5.1 ppm), S.:7 (-5.0 ppm) and C:8 (-4.9 ppm) therefore these isomers are
proposed as components of fraction (ii). The band (iii) includes of at least two
isomers on the basis of HPLC evidence. These isomers may be compounds of
symmetry D, :2 (-6.1 ppm), C,:9 (-6.8 ppm) and C,:11 (-6.3 ppm). The fourth
band (iv) major component is probably 7:5 isomer of C,H,, (computed *He
NMR chemical shifts -8.8; see Fig. 13 for structures) or C,:10 (-6.9 ppm). When
dihydroanthracene was used as reducing agent, three components were isolated
from the reaction mixture. The major fraction (II) was composed of two products,
giving sharp signals in the *He NMR spectrum (-8.014 and -8.139 ppm). They
are probably the same C, H, isomers as obtained by Billups et al.*® On the basis
of proton and carbon NMR spectra, the authors eliminate some of the possible
isomers (among them the one of D, symmetry, postulated by Billups), but they
conclude that the elucidation of final structure needs additional data. The third
isolated fraction (IIT) gives the *He NMR signal at -8.149 ppm but, because of a
small amount of the sample it was not studied by other methods.

Peera and co-workers have presented some *He NMR data for isomeric
hydrogenated [60]fullerene.** The high hydrogenated fullerene material was
prepared from C, H, by Bankeser reduction. The HPLC analysis of the obtained
mixture has shown that it contains C,H,, C H.., C H,, C,H, and C,H,,.
After fraction separation (i-v; v has been a mixture of two isomeric C_H, ), each
of them was analyzed by *He NMR spectroscopy. The authors have mentioned
three clusters of signals, near -6.4 ppm, -4.8 ppm and -3.0 ppm, respectively,
each composed of a few lines. The authors have attributed the first of them to the
isomers of C_H, and C_H., the second one to C_H., and C_H, and the third

60" 736 60" 7382 60" 738 60”40

oneto C H,,C, H, and C,H,,. Unfortunately, none of the signals observed has
been assigned to a definite structure.

An excellent review on 'H, *C and *He NMR spectroscopy of hydrogenated
fullerenes has been written by Hedenstrom et al.*!, while a general review on
synthetic and analytical aspects of fullerene hydrides has been prepared by
Nossal et al.*

Boltalina’s group has studied the fluorinated [60]fullerene by *He NMR
spectra.* The samples of fluorinated He@C,, were prepared by fluorination with
K PtF, and MnF, and their *He spectra were recorded. The helium-3 spectrum
of C,F . consists of an intense signal at -16.66 ppm and a small one at -16.76
ppm. The latter one is probably present due to some impurities, e.g. higher

fluorinated fullerenes or their oxides. The major component has been recognized
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as the isomer of C, symmetry (Fig. 11). The authors have pointed to a similarity
of the chemical shift of CF , to that of the hydrogenated analogue, published
carlier.’®* The *He NMR spectrum of C,F, sample consists of two signals:
-10.492 and -10.521 ppm. The products were identified on the basis of 2D °F

NMR spectroscopy as the isomers of 7 and C, symmetry (Fig. 11).

C H, S:3

607736 6"

a H
C H, T:5 C,H; S,:6 C,Hy 27

60" 736 60" 736 607736
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Figure 11. Structures of highly hydrogenated and highly fluorinated [60]fullerene (isomer
numbers given according to Nossal et al.*’ and Boltalina et al.*)

Helium-3 NMR spectroscopy has also been used for characterization of
[60]fullerene dimer (Fig. 12A) obtained by mechanochemical synthesis.* The
spectrum of this dimer shows, besides the signal corresponding to unreacted
He@C,,, an upfield shifted one (-8.81 ppm), which was attributed to the C_
dimer, containing helium atom in one cage, only. The authors compare the
observed shift with those obtained for other C,, adducts. They use also the
helium-3 NMR spectroscopy to prove the existence of equilibrium between C
and C,, under mechanosynthetic conditions (if the labelled C , and unlabelled
C,, were mixed together in high-speed vibration milling apparatus, the presence
of labelled C,, was confirmed in final sample). Further study on these dimers
reported by Fujiwara et al. has concerned the application of *He NMR method
for studying chemical modifications of C,, dimer.*® They have obtained a series
of monoadducts of diethyl bromomalonate to C,, dimer (C , ). Six fractions were
isolated and characterized by *He NMR spectra. Each of them contained two
isomers — one with the cyclopropane ring added to the cage containing helium
atom (Type A), and the other with a modification on “empty” capsule (Type B).
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The structures and chemical shifts are collected in Fig. 12. The authors have
clearly shown that the chemical changes in the “empty” part of the molecule
cause significant shifts of the helium atom encapsulated in second part of the
dimer. The variation in the chemical shifts of compounds of Type A is 1.8 ppm,
while that of Type B compounds is 0.14 ppm only. They prove also that the
reactivity of both, He-containing and empty capsules of the dimer have the same
reactivity (intensities of the *He signals of both isomers are the same).

11E (A: -10.41 ppm; B: -8.72 ppm) 11F (A: -9.50 ppm; B: -8.65 ppm)
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11G (A: -8.79 ppm; B: -8.66 ppm)

Figure 12. [60]Fullerene dimer and its isomeric Bingel-Hirsch monoadducts’ structures
and *He NMR chemical shifts of endohedral helium atom

Another intensely explored field of *He NMR application is the study of ionic
form of the fullerene ball. The first report of Shabtai*’ has concerned the chemical
shifts of hexaanions of He@C, and He@C, , obtained in the reaction of labelled
fullerene with lithium in THF containing corannulene. The experimental results
were compared with calculated ones. The spectrum of He@C, > showed a signal
at-48.7 ppm has been found, while He@C, * - a signal at 8.3 ppm. The reduction
of C,, converts it into the strongest shielding fullerene for endohedral helium.
This huge effect is related to strong diatropic ring currents in the pentagons and
hexagons of the C,* cage* and it proves the ability of electron delocalization
over the surface of a spheroid fullerene molecule. Contrary, the anion generation
of C, causes a strong deshielding, which indicates the reduction of aromaticity.

The same systems have also been studied by Sternfeld et al.*® As mentioned
above, the [60] or [70]fullerene molecules may incarcerate two helium atoms.
The authors studied the effects observed in *He NMR spectra of such species
upon hexaanion generation. For C, the difference in the *He NMR chemical
shifts between He@C, and He @C, was 10 times larger for anion than for the
neutral molecule and had the opposite sign (the He @C. * was found at 8.044,
while He@C, * at 8.198 ppm). Also for C > two signals were recorded, at
-49.173 (He, species) and -49.403 ppm (He species). For the neutral C,  molecule,
signals of both complexes had the same chemical shifts (see discussion above).
The reduction of C,, to hexaanion decreases strongly the internal magnetic
field at the centre of the cage, but this effect is less pronounced at sites between
the centre and the sphere surface. Therefore, the changes in the magnetic field
“filled” by one helium atom (located at the centre of the capsule) are different
from these for complexes containing two He atoms (which could not be located
at the centre and are closer to the surface). The C, * is probably anti-aromatic
in character. In consequence, the magnetic field gradient inside the cavity is
reversed to that in C,, so the changes observed upon ionisation of He@C., and

He, @C,, are different.
Another paper of Sternfeld group concerns the aromaticity of different
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fullerenes studied on the basis of changes in the helium-3 chemical shifts upon
reduction to polyanions.* Since the aromaticity of fullerene systems cannot be
deduced from resonance energies, the only way to get such information is by
measurements of magnetic properties. The magnetic field inside the fullerene
cage originates from its diamagnetism and it is related to ring currents in
molecular orbitals of fullerenes. The authors have decided to study changes in
aromaticity upon anion formation for higher fullerenes and to examine the shifts
of mono- and dihelium complexes anions. The results are summarized in Table
4. The authors conclude that the reduction increases the aromaticity of C_, D,
C,, and C,, while it decreases the aromatic character of two isomers of C, C, .
Analysis of the signals of He,@C_ and He,@C * enables concluding that in the
majority of high-aromatic fullerene anions the magnetic field is the highest near
the centre, while for less-aromatic anions the opposite effect occurs. The signals
of C,, hexaanions have not been assigned.

Table 4. Effect of hexaanion generation on the *He NMR chemical shifts of He@C, and
He,@C, complexes (after Sternfeld et al.”’)

Encapsulated helium atom *He NMR chemical shift [ppm]

Fullerene
He@C, He@C * He,@C, He,@C *
C, -6.40 -49.27 -6.40 -49.17
C, -28.82 8.20 -28.81 8.04
C,1D, -18.75 -20.62 -18.61 -20.55
C2C, -16.91 -10.02 -16.79 -
C, 1D, -11.94 -32.39 - -32.54
Cg3C,, -17.60 -13.50 -17.45 -22.06
C,, -7.53;-8.40; -22.12;-22.80 -7.57;-8.43; -22.06;
(isomers mixture) -8 99: -9 64 -9.68 -22.76

The fullerene carbocations have been studied by Birkett et al.*® The authors
report the shifts of helium labelled C,(4-FC H,),Cl and carbocation derived from
it: C,(4-FCH,)," as well as model compounds: 1,4-C,Ph,, 1,3,11,30-C, Ph,,
1,2,4,11,15,30-C, Cl, and C,Ph,Cl, used for determination of the effects of
chloro and aryl group on & *He values. The compound structures and chemical
shifts are presented in Fig. 13. The authors claim that a substituent (both Cl-
as well as Ar-) decreases the fullerene aromaticity because of formation of sp’
centres in fullerene sphere upon substitution. Chlorine groups decrease the
aromaticity (and helium-3 chemical shifts) because of reduction of p-character
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of adjacent carbon. The cation formed from C (4-FCH,),Cl in the reaction
with AICI, is less aromatic than the parent molecule. It has been explained by
increasing sp® character of carbon atoms of one of the pentagon rings.

F F
C,(4-FCH)," C,(4-FCH)CI C,Ph.Cl
(-12.61 ppm) (-15.04 ppm) (-15.14 ppm)

C,,Cl C_Ph C_Ph

60 60 2 60" 4

(-12.3 ppm) (-10.5 ppm) (-14.4 ppm)
Figure 13. Endohedral ’He chemical shifts and structures of fullerene carbocation, its
parent compound and model molecules

Another class of molecules, studied by *He NMR spectroscopy, are the
open-cage fullerenes. These molecules have the hole in the fullerene wall,
formed by chemical modification (the so-called “chemical surgery”). The first
example of *He NMR studies of these hosts has been published by Rubin et
al.’' The molecule studied by this group was obtained in the reaction of C,,
with 1,4-bis(2-diazophenyl)-1,4-butadiene (Fig. 14A). The obtained modified
fullerene had a 14-membered orifice in the wall. The authors have obtained
the complex with helium under mild conditions (4 atm, 100°C). The signal of
endohedral helium occurs at -10.10 ppm. By measuring of the intensity of *He
NMR signal at different temperatures it was possible to determine the activation
barrier of the process of helium escape from the capsule.

Stanisky and co-workers have studied the so-called Komatsu’s open-cage
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fullerene (KOCF; Fig. 14B).** It is the C,  molecule opened by the reaction with
substituted 1,2,4-triazine. The KOCF molecule has a 13-membered ring orifice
on the [60]fullerene capsule.’*3* At 2 atm and after heating in 80°C overnight, it
incarcerates helium to produce a mixture of free KOCF and He@KOCF, with
the fraction of “filled” molecules of over 0.01%. Higher incorporation can be
achieved at elevated pressure. The chemical shift measured for He@KOCF was
-11.86 ppm. The authors determined the rate of helium escape using *He NMR
spectroscopy, by integration of helium signal at constant time intervals and
upon sample heating. The equilibrium constant of the process was determined
by integration of *He signals of He@KOCF and He@C, which was used as a
standard at a known concentration. The authors have presented the equilibrium
constants for helium incorporation and rate constants for helium escape at
different temperatures as well as Arrhenius activation parameters for the escape
process. The calculations of endohedral helium-3 chemical shifts of opened
fullerenes (Rubin’s and Komatsu’s hosts) have been reported by Wang and Wu.?!

Figure 14. Structures of “opened” [60]fullerene molecules

Khong et al. have used *He NMR for controlling of the cyclopropanation
process of *He@C,, and *"H@C,, mixture by bromomalonic acid diethyl ester
(Fig. 2J).! They have shown that tritium labelled fullerene is significantly less
reactive than helium labelled one. When over 90% of He@C_, was converted to
products, most of tritium containing capsules remained unreacted. The conversion
of *He@C was determined from helium-3 NMR spectra. Also Frunzi et al. have
used *He NMR for determination of conversion of helium labelled C,;, during
studies of the reactivity differences between helium and hydrogen containing
fullerenes in reaction with 9,10-dimethylanthracene.*
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The first example of '?Xe NMR spectrum of incarcerated xenon has been
published by Syamala et al.* The signal of endohedral xenon has been found at
-8.89 ppm relative to xenon dissolved in benzene (i.e. 174.24 ppm in the [UPC
scale). The authors pointed out the high difference between the calculated and
experimental ?Xe NMR chemical shifts, contrary to the values for *He, which
were well reproduced by computation. This effect was explained by strong
interactions of 5p orbitals of xenon atom with m-electrons of fullerene. This
could be very effective for large Xe atom, while interactions of small helium
atom orbitals with n-system was very weak.

The interaction of xenon atom with delocalized electrons of fullerene
capsule should modify the C,; reactivity. It has been confirmed by Frunzi et
al.’ They have compared the activation parameters of formation of Diels-Alder
monoadduct of NG@C,, (NG — noble gas atom) and 9,10-dimethylanthracene
(DMA), determined from equilibrium constants of this process, measured by
SHe and '®Xe NMR spectroscopy. The differences in AH and AS were -0.5 (kJ
mol') and -1.6 (J mol! K), respectively. Additionally, the authors reported that
no multiple adducts of Xe@C,, and DMA were formed, even when the excess
of DMA was used, while for He@C, they found bis-, tris- and tetrakis-adducts.
The value of Xe@C,:DMA adduct '*Xe chemical shift is -5.6 ppm relative to
that of Xe dissolved in C.D,.

5. Experimental aspects of noble-gases NMR of fullerene complexes
Practically all common solvents are suitable for *He NMR spectroscopy.
Non-substituted fullerenes were usually measured in 1-methylnaphthalene/
CD,CIL, mixture (3:1 or 4:1), because of good solubility of these materials in
this solvent. Most data for substituted fullerene analogues have been obtained
in 1-methylnaphthalene/CD,Cl,, CDCI,, o-dichlorobenzene-d,, CS/CDCI, or
CS,/acetone-d,. All authors have pointed out the non-sensitivity of the chemical
shift of endohedral helium to solvent variation. An addition of 0.5-1 mg of
chromium(IIl) acetyloacetonate (Cr(acac),) per 1 ml of solvent as relaxation
agent is recommended. The spectra are usually referred to the signal of helium
dissolved in a solvent, saturated before spectra recording by bubbling of helium-3
gas (0.00 ppm). For the samples containing a few milligrams of the material
studied (with 0.1 % labelling ratio) usually 20 000 — 40 000 scans (20 — 40 h of
acquisition) are required to obtain a satisfactory signal to noise ratio.

6. Conclusion

Nuclear magnetic resonance of the noble gas atom incarcerated inside
fullerene molecule is an excellent tool for fullerene chemistry. The high sensitivity
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of helium-3 chemical shift to chemical modification of fullerene capsule makes
SHe NMR one of the best method for studying fullerene reactions. Despite some
experimental difficulties, it could be expected that this spectroscopic method
will become a routine tool in the chemistry of carbon clusters.
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Mass spectral analysis of synthetic polymers end groups
by MALDI MS (matrix-assisted laser desorption/ionization
mass spectrometry)
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Grunwaldzka 6, 60-780 Poznan, Poland

Mass spectrometry is a powerful tool for the analysis and structural
characterization of chemical compounds. However, its utility to the
macromolecules, including polymers, has been limited due to the low volatility
of these compounds and their low ability to be ionized. More extreme ionization
conditions lead to the destruction of the molecule so that the molecular mass
is impossible to estimate. The introduction of matrix-assisted laser desorption/
ionization (MALDI), as a gentle ionization technique, has enabled the ionization
and detection of intact large polymer molecules. Due to this technique it became
possible to obtain molecular ions of masses in the range of kiloDaltons (kDa) and
more. The first successful attempt has been made by Tanaka and co-workers!,
who used fine metal powder (Co) suspended in glycerol as a matrix and obtained
molecular ions of poly(ethylene glycol) i.e. PEG with molecular mass about
20 000 Da.

Another barrier in the macromolecule’s molecular mass determination was
a low mass range accessible for the mass analyzers. This problem has been
overcame through development of time-of-flight (ToF) analyzer.?

The further progress in polymer analysis by MALDI MS has been made
by Karas, Hillenkamp and co-workers,> who obtained MALDI mass spectra
of poly(ethylene glycol)s PEGs and poly(propylene glycol)s PPGs with well
resolved peaks of oligomers and achieved the highest mass range at that time,
i.e. over 80 000 Da for polystyrene PS70000.

The development in the area of polymer analysis by mass spectrometry
is very fast and the continuous improvement of instruments, progress in their
resolution ability and reduction of their cost at the same time make mass spectral
methods common and irreplaceable tool for analytic chemists. In contrast to other
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methods, which enable polymer molar mass determination and mass distribution
estimation very roughly, MALDI-TOF MS allows detailed mass characteristic
of the polymer sample investigated, even if the amount of substance available
is very small.*

The structure of polymer end group is very important subject in polymer
chemistry. The end-group type is often crucial for the polymer properties and
its change through the chemical modification implies change of the reactivity
and solubility of the compound®, its miscibility with other chemicals and acidic
or basic character, therefore reliable methods of end-group determination are
desirable. At an earlier time the polymer end-group determination has been
performed mainly by means of NMR and IR spectroscopy. These methods,
however, have one big disadvantage: the end-group signal is there proportional
to the end-group contribution in the entire mass of the molecule studied.
It means that as the molecular weight is getting higher, the end-group signal
decreases and becomes very low. Practically, for polymers with MW above a
few kiloDaltons, the recognition and analysis of end groups via NMR or IR turns
to be impossible. On the contrary, in MALDI-TOF all the signals noticeable in
the spectrum bear information about the masses of the end groups present. As
the polymerization degree increases, the intensity of the mass spectral signal
attributed to the end group is even enhanced. Moreover, mass spectral detectors
display high sensitivity and the sample amount needed for the analysis is very
small, sub-nanomolar. Thanks to these features the MALDI-TOF and MALDI-
CID (MALDI combined with collision-induced dissociation) mass spectra
often allow determination of type and structures of the end-groups present in
the polymer sample. These facts make MALDI-TOF mass spectrometry rapidly
developing and preferred, if not the standard method for polymer end-group
analysis.

The first applications of MALDI MS to the polymers with different end
groups appeared in 1996 ©3. Very interesting work considering polymer end
group analysis in Nylon6 (Figure 1) presented Montaudo et al.%,'°. The authors
designed and prepared samples of Nylon6 with various end groups and analyzed
their MALDI-TOF mass spectra.

H
NT(CHR)s— ¢ HN= (CH)s— G

O  Nylons  ©

Figure 1. Structure of Nylon 6
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They synthesized four samples of modified Nylon6, each terminated
by different end groups, i.e. diamino terminated (a), monoamino terminated
(monocapped) (b), amino-carboxy- terminated (c) and dicarboxy terminated
(d) oligomers. The measurements were made on MALI-TOF Bruker Reflex
mass spectrometer, equipped with nitrogen laser, using 2-(4-hydroxyphenylazo)
benzoic acid (HABA) as a matrix and trifluoroethanol (TFE) as a solvent. The
structures of end groups obtained are presented in the Scheme 1.

(a) H‘[ HN—(CH;)s— ﬁﬂ‘ HN—(CH,)¢—NH,
O |n

diamino-ended Ny6

(b) HJ[HN—(CHZ)S—fI:ﬂ~HN—(CHZ)Q—CH3
(0] n

monoamino-ended Ny6
(monocapped)

() H HN—(CH2)5—<”: OH
Oln
amino-carboxy-ended Ny6

(d) HOOC~(CH)—~C—HN—(CH,)s|-C—OH
o} o O

dicarboxy-ended Ny6
Scheme 1. Structures of end groups obtained in Nylon6.

Respective MALDI-TOF mass spectra’!? of resulting polymers are given in
Figure 2 as representative examples.

Nylon6 in reaction with diaminohexamethylene H,N-(CH,)-NH, yielded
oligomers bearing NH, groups at both chain ends. The structure of created
oligomers describes formula H-[NH(CH,),CO] NH(CH,) ,NH, with the repeat
unit [NH(CH,),CO] i.e. C;H NO, which have the mass 113,1 Da. The MALDI-
TOF mass spectrum of the diamino-terminated Ny6 displays sets of three intense
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peaks, marked as A, B and C (see inset in Fig. 2a), corresponding to protonated
(A), sodiated (B) and potassiated (C) species. The most intense peaks in the
mass spectrum (Fig. 2a) should be assigned to the sodiated species B:

H-[NH(CH,).CO] NH(CH,) NH,*-Na, (n-113.1+116+23), with n = 11-52.

Figure 2b displays mass spectrum of Ny6 submitted to the action of
decylamine C, H, NH,, which gave amino-terminated at one end oligomers with
general formula:

H[NH(CH,),CO] NH(CH,),CH,.

The MALDI spectrum (see inset in Fig. 2b) shows intense sodiated ions D and
less intense protonated ions C. The species marked as 1 and 2 correspond to
sodiated and potassiated ions of Ny6 cyclic oligomers, which can be consider as
oligomers without end group.

L‘—HN—(CHZ)S— C‘]J
Il In

o

The cyclic oligomers of Ny6 can be isolated from the original polymer used
through the extraction with hot methanol, giving the yield about 3%. The
MALDI mass spectrum of this fraction has been shown in Figure 3 (matrix
HABA, matrix signals in the spectrum indicated with a cross). The main peaks
in this spectrum correspond to the sodiated cyclic oligomers with n = 5, m/z
588.5 (5x113.1+23); n=6,m/z 701.6; n =7, m/z 814.7and n = 8, m/z 927.8. The
difference of m/z value between these peaks is 113.1, which corresponds to the
repeat unit mass.

The problem of polymer end groups analysis was thoroughly examined by
Jackson et al.!!, who tested several samples of polymers with the end groups
structure confirmed by NMR techniques.
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Figure 2. MALDI-TOF mass spectrum of Nylon6 reacted with diaminohexamethylene (a)
and decylamine (b)
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Figure 3. MALDI-TOF mass spectrum of Ny6 cyclic oligomers (fraction soluble in
methanol, matrix: HABA). Matrix signals indicated as x.

The authors have observed in the MALDI MS spectrum of poly(ethylene
terephthalate) fraction from the reaction vessel (Figure 4) that main intense ion
peaks [1+Na*] are accompanied by the set of analogous minor peaks labeled
1, 2 and 3 in the Fig.4. and the distance of these peaks from the main peaks is
constant. The main peaks [1+Na*] differ one from another of 192u, which is
consistent with the mass of repeat unit of polymer (PET) i.e. -[CO-C.H,-CO-
OCH,CH,0O]-, C,H,O,, 192 Da. The respective protonated ion 1 appears at the

874

m/z values 22u (M-Na+H) lower than [1+Na*].

HO o) 0 bis-hydroxy ended
}_@_{ 1 [M+Na]' 192n+85
+
4 o 1M+HT"  192n+63
OH
n

The minor satellite ions are attributed to the oligomers with other end groups,
namely ions 2 are consistent with sodiated oligomers, containing acid end on the
one side of polymer chain, and are seen 44u lower than [1+Na*].
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HTQ 0 single acid ended
} < > ( 2 [M+Na]" 192n+41
o) o)
OH
n

Ions 3 can be assigned as sodiated oligomers ions which possess di(ethylene
glycol) end group and therefore can be seen at m/z 44u higher than 1+Na*].

o) 0 di-ethylene glycol ended
HO >/,_©_/< 3 [M+Na]* 192n+129
(0] (0]
o/\/OH
n
mo: 1+ Na* 1+Na* 3

44 u
3 44 u 3

22 ul

Relative Intensity (%)
-~
S

1200 1300 1400 1500 m/z
Figure 4. UV-MALDI MS spectrum (expanded part in the m/z range 1150 — 1550) of the
final aliquot of PET (extract 6) from the reaction vessel. lon peaks 1, 2 and 3 represent
the variety of end groups.
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Interesting observation has been made that different polymers give various
responses in MALDI mass spectra, i.e. some of them yield very intense signal
and the other show very low ion abundances. The first possible explanation was
that the detector is not ideal and the problem will be solved with the introducing
of the new, more reliable detector, which will give a response independent of
mass value and molar mass distribution. The more detailed study has been made
to examine the MALDI mass spectral behavior of equimolar polymer mixtures,
containing Nylon 6 (Ny6) and hydroxyl-terminated polybutyleneterephthalate
(PBT) with comparable average molar masses and polydispersity. The authors
suspected that chemical nature of the polymer end group may have strong influence
on the ionization efficiency and therefore on the response observed. Positive and
negative ion MALDI-TOF mass spectra of the variety of polymer mixtures with
different end groups were recorded and analyzed.!? The representative example
can be an equimolar blend of Ph-Ny6-COOH (Nylon 6 with phenyl and carboxy]l
end groups) and HO-PBT-OH (PBT with hydroxyl groups on both ends), which
shows strong imbalance between these two components in the MALDI mass
spectra (Fig. 5). Figure 5 presents positive MALDI-TOF spectrum (enlarged
region 2250-2700 m/z) of Ph-Ny6-COOH (M, 2500) and HO-PBT-OH (M,
2300), mixture 1:1. All peaks denoted NA, NB and NB’ correspond to the Nylon
6 (NA — cyclic oligomers, NB = Ph-CO-[NH-(CH,),CO] -OH, NB’ — sodium
salt), only THC corresponds to HO-PBT-OH. The most intense peaks observed
in the spectrum are due to sodiated carboxyl-terminated Ny6 chains (NB
species), whereas PBT chains terminated with hydroxyl groups (THC species)
appear with very low intensity.

The study revealed that ionization efficiency in MALDI spectra of polymers
is strictly dependent of the end groups structure. The results obtained confirmed
the relevance of end groups in MALDI ion desorption mechanism.

Scrivens group'? applied orthogonal acceleration MALDI-ToF MS combined
with collision-induced dissociation (CID) to the analysis of commercially
available synthetic polymers: PMMAA, B, C, D and E - poly(methylmetacrylate),
PET - poly(ethylene terephthalate) and PEG - poly(ethylene glycol) with the
oligomers mass range 500-4500 Da. Most of the polymer samples had peak
average molecular weight Mp established by manufacturer through gel-
permeation chromatography (GPC). Among the PMMA samples there were ones
denoted as PMMA C, D and E, containing various end groups with structures
determined by means of nuclear magnetic resonance spectroscopy. Structural
and end-group information were obtained using LSIMS-MS/MS and MALDI-
CID and the results were compared in favor of MALDI, which gave much better
signal-to-noise ratios in the spectrum (higher sensitivity). In the MALDI-CID
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mass spectra of PMMA B 45-mer precursor ions [M+Na]" (Fig. 6) a series of
low-mass fragment ions (A, B and C) is clearly seen.

NB, NB,,
NB,,
15000
NB,,
NB,;
v NsBm NB,,
10000 :
NB’;y
NB’,,
5000 NAz NA,
THC,,
o
2250 2300 2350 2400 2450 2500 2650 2600 2650 2700

Mass (m/2)
Figure 5. Enlarged region of the MALDI-TOF mass spectrum of an equimolar mixture of
Ph-Ny6-COOH (M 2500) and HO-PBT-OH (M, 2300), positive mode.

CHjs
CHs
| H,C

CH, | mer PMMA 0
|C= HaCO
OCH3 C5H802
Exact Mass: 100,05
Mol. Wt.: 100,12

These ions are generated by the homolytic cleavage of the polymer chain
with Na* retention. The m/z values of the A (110+100n) and B (m/z 124+100n)
ions obtained are in the agreement with the polymer end groups masses.

Tons C (m/z 164+100n) are probably created from ions B (m/z 124+100n)
through the neutral loss of CO and CH,OH molecules.

Figure 7 a-c shows MALDI-CID spectra of the sodiated ion [M+Na]" of the
14-mer of PMMA C, D and E samples with different end groups. In the spectra
prevail peaks of low even m/z values. Series of ions A in all the spectra 7a, 7b
and 7c are identical with the A ions in the Fig. 6 for PMMA B and correlate
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with the m/z values (110+100n), where 100 is a repeat unit mass of poly(methyl
metacrylate) (C;H,O,). The end groups of PMMA B are —H (on both ends), so
the peaks A suit the hydrogen end groups. The other ion series — C (Fig. 7a),
D (Fig. 7b) and E (Fig. 7c) are created through the homolytic cleavage on the
opposite polymer chain end and indicate that PMMA C, D and E have three
different end groups. The fragmentation routes leading to these peaks are shown
in Scheme 1 for all three PMMA (C, D and E) types.

100 A
B B
B
= 8 A
:
® fol ]
™| B
100 H{mz\ H] Na g A
~ 80 Sl & w0
S ool B oo c i
E a (4 “5 A
c ¢ B
il I | “ I 1)
20 . H “ 100 300 500 00 900 1100 wvz
0 1 11 T

500 1000 1500 2000 2500 3000 3500 4000  m/z
Figure 6. MALDI-CID spectrum of the [M+Na]" ion of the 45-mer of PMMA B.
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100 o
~ 80 (b) g 28 CH, C}H Na
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Figure 7. (a-c). MALDI-CID spectra of the [M+Na]* ion of the 14-mer of (a)PMMA C,
(b) PMMA D, (c) PMMAE .
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Fragment ions resulting from polymer chain cleavage at the site adjacent to
the end group (Scheme 2) are observed as peaks at m/z 124 for PMMA D and
171 for PMMA E, respectively. However, the respective fragment ion at m/z 139
for PMMA C is not present in the spectrum (Fig. 7a), probably due to the weaker
interaction of the corresponding end group with sodium cation.

(+Na™)
239 339 (+Na™)
PMMA C k : 310 210 1o
CHj | ! CH, ! CH, ! CH, ! CHs
NC, | : : : | : | :
CH—CH, | ;-CH2—5| CH,—! | CH,— | CHy— H
T: c— ' T: E (|j: E (|):
OCH; OCH; OCH; OCH; OCH;
(+Na™)
124 224 324 +
T . 0. 210 "N agg
PMMAD | : : : i ]
5 (|;H3; ! CH, : |CH3 ; <|:H3 ! CHy
O@_E_CHZ | g_CH2_§| \JHz_i | CHz_i | CHQ—E H
T:O C|;=O H (|;=O E (|)=O E (|)=O
OCH; OCH, OCH;, OCH; OCH;
(+Na™)
A7 271 371 +
T 1T 20 210 (N 10
PMMAE | : i : E ]
: CHy ! | CHy ! CH, ! CH, ! CHs
HsC00G, 5 ; 5 | : | E
CH-—CH, ;-CH2—5| CH,— | CHy— | CHy H
C|)= C— H (|;=O E |C=O E Cc=—0
OCH; OCH; OCHj; OCH, OCH,

Scheme 2. CID fragmentation pathways of the [M+Na]+ ions of the 14-mers of PMMA
C DandE.
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Jackson et al."* analyzed also PET i.e. poly(ethylene terephthalate) oligomers
using MALDI-ToF MS and submitted sodiated molecular ion [M+Na]* of
the 6-mer of PET to MALDI-CID fragmentation. The spectrum obtained is
presented in Figure 8. The main series of fragment ions denoted as a is attributed
to the composition (237+192n), where 192 is a repeat unit mass and 237 is
HOCH,CH,CO®COOCH,CH, mass (¢ = phenyl).

192
4 A )
H™ \/\O
193 '
237
100 1300 =
- Lo w
HO—CH,-CHy—0—C- c-—o—cngvcuz—o}—;'
=801 °
Q\/
.%‘70_ a
2
=
° 60*Na+
E“i 50
o
40 -| o
30
X
20 1
B a o
L Lt |
0 L N leuI‘ l\ylllvllllL" .’l.l N s
100 200 300 400 500 600 700 800 900 1000 1100 m/z

Figure 8. MALDI-CID spectrum of the [M+Na]" ion of the 6-mer of PET A.

Another series of ions —  — is observed at m/z values (193+192n), which
is also consistent with the polymer structure presented in the spectrum Fig. 8. A
third series of ions, represented by peaks at m/z 149 and 341, differing by 192u
(repeat unit) as well and labeled as ¥, seems to be originated from a different end
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group (another structure of precursor ion).

The authors prognosed that the MALDI ionization technique may provide
useful data for determination of unknown end groups in more complex polymer
arrangements.
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Figure 9. MALDI-CID spectra of [M+Li]* precursor ions from (a) decamer (m/z 745)
of dihydroxyl end-capped PTMeG, (b) 22-mer (m/z 993) of dihydroxyl end-capped PEG,
(c) 22-mer (m/z 1609) of dihydroxyl end-capped PBG and proposed structures of product
ions(4, B, C, Y, Z series).

The matrix-assisted laser desorption/ionization collision-induced mass
spectrometry were also used to obtain information about end groups of a series
of polyethers', i. e. poly(ethylene glycol) (PEG), poly(butylene glycol) (PBG)
and poly(tetramethylene glycol) (PTMeG) as well as to gain insight in the
influence of initiating groups on these polymers mass spectra. The authors took
advantage of the high affinity of Li" ions to the polyethers and used lithiated
molecular ions [M+Li]" as precursor ions for collision-induced dissociation in
order to investigate the fragmentation routes of these ions and generate data
concerning the end groups. The [M+Li|" ions appeared the best precursors for
MS/MS experiments, because sodiated [M+Na]* ions generated daughter ions
of minor abundance and mainly bare Na* cations were seen in the MALDI-
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CID spectrum. The authors analyzed polyethers with hydroxyl groups at both
ends and compared the data obtained with those from previous work'>1%!”. The
MALDI-CID mass spectra for PEG and PTMeG [M+Li]+ precursor ions were
dominated by the three main series of ions: A , B _and C, where x — number
of monomer units in the product ions (see Figure 9 for the corresponding
spectra and proposed structures of precursor and daughter ions). The data are
in agreement with previously obtained by means of a quadrupole ion trap TOF
mass spectrometer!®,

As can be deduced from the spectra in Figure 9, three series of product
ions with the retained lithium cation are dominating in all the spectra (PTMeG,
PEG and PBG): A, alcohol ended; B_ vinyl mono-capped; and C, aldehyde
mono-capped. Only the spectrum of PBG differs from the others and displays
additionally Y and Z_series of daughter ions due to the ethyl side chain present
in the PBG molecules. The conclusion is that the presence of Y and/or Z_
ion series may be applied to the differentiation between a PBG and PTMeG
polymers.

Another problem analyzed by using MALDI-CID spectrometry was checking
the ability of this spectral method for end-group identification of commonly used
ethoxylates, initiated with alcohols containing alkyl groups of various lengths,
namely nonyl, decyl, undecyl, tridecyl and pentadecyl. The oligomers chosen
had the same number of moles (12) of ethylene oxide (EO) and different end-
group chain length on the initiating ends. (Figure 10). All the oligomers have
been ionized through Li complexation. As displayed in Figure 10, the [M+Li]"
ions and the corresponding fragment ions are shifted by multiples of 14 Th
(multiples of CH,) depending on the alcohol used as an initiator. The difference
in mass-to-charge ratios of ions from the A ’ series allow differentiation of the
alkyl chain length of the initiator.

The detailed methodology of the identification and analysis of homopolymer
end groups has been elaborated* using MALDI-TOF instrument of good resolving
power and examples of its applications to the linear polymers, polycaprolactone
and polystyrene have been given, concerning the polydisperse character of
polymers, the possibility of different end groups presence and different ionization
modes (different cations used to ionization of polymers). The relation between
observed masses in the spectrum, number of repeat units and summed masses of
end groups can be described by the equation [1]:
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M, =nM,)+M,,+M, [1]
where
M, —function describing each discrete mass within the polymer distribution,
M — mass of the polymer repeat unit,
n —number of polymer repeat units for each discrete signal observed,
M, ,—mass of the both end groups summed together,
M, —mass of the cationizing ion, for example H', Na*, K*or Ag".

The graphical depiction of this relationship is displayed in Figure 11. The
drawing can be interpreted as a graph of a linear function with the number of
repeat units, n, as the abscissa; the mass of observed signal [D] as the ordinate;
mass of repeat unit, M _, as the slope and the value (M, + M, ) as the intercept.

The main problem in determining an exact polymer’s end-group mass from
its mass spectrum is that we do not know the absolute number of repeat units,
n, corresponding to a given mass peak; therefore the abscissa are presented as
relative values (x rather than 7). This makes the position of the intercept (the
ordinate value for n = 0) is not certain and a series of possible values should be
considered. However, the knowledge about synthetic conditions and parameters,
catalyst and initiators as well as ionizing agents used can narrow the possibilities
to a single, most probable, solution. In order to calculate the end-group mass
M, , correctly, it is necessary to determine the other variables from Equation
[1], i.e. the mass of repeat unit M (from the distance between peaks in the
mass spectrum), the mass change due to the ionization process M,  (deduced
examining several differing counterions) and the value of n (although it cannot be
determined from the mass spectral data with absolute certainty, it can be deduced
through the elimination, on the basis of known polymerization procedures).

The mass spectral data analysis, however, must involve two mass regimes:
isotopically resolved and isotopically unresolved. The first one is applied to the
lower molecular weights, when isotopic signals are narrow and mass spectra
measured are in good agreement with theoretical ones (Figure 12 a and c). At
higher molecular weights the isotopic peaks are broadened (due to the natural
abundance of heavier isotopes, like C and '30) and (at the sufficiently high
molecular weight) they merge into one broad peak, differing from the well-
resolved peaks in the simulated MALDI spectrum (Figure 12 b and d). In this
case, for the masses above 7500 Da, mass spectra are isotopically unresolved
and the average mass values are used for calculations.
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Figure 10. MALDI-CID spectra of [M+Li]" ions from 12-mers of PEG, initiated by: a)
nonyl alcohol, b) decyl alcohol, ¢) undecyl alcohol, d) tridecyl alcohol, e) pentadecyl
alcohol (m/z range 450-800).
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Figure 11. Graphical illustration of the relationship between the observed mass spectrum
and Equation [1].*
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Figure 12. Simulated isotope distribution for (a) a polystyrene 10-mer and (b) a
polystyrene 100-mer in comparison with observed data for (c) the PS 10-mer and (d) the
PS 100-mer:*
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One of the important problems is the determination of ionization mode.
Most of polymers are ionized through the complexation with cation (hydrogen
or metal), so the M, value is equal to the mass of the cation added. Some
polymers, however, are prone to the elimination or fragmentation reactions
during the ionization. As an example may serve polystyrene (PS) obtained in
atom transfer radical polymerization, where the terminal repeat unit contains a
benzylic bromide. This polymer undergoes elimination of HBr to create a styryl
end group during the cationization with Ag*, yielding the [M+Ag-HBr]" species
observed'8. Therefore, the ionization mode should be first elucidated to establish
the M value which would be used in Equation [1]. This problem can be clarified
by examining the mass spectra generated by using different cationizing salts. For
example, the mass spectra of polycaprolactone samples, prepared with use of
different trifluoroacetate salts (Na*, K" and Ag") display that the polymer ionize
via the cation complexation (Figure 13).
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Figure 13. MALDI-TOF mass spectra of polycaprolactone using Na*, K* and Ag" cations
to yield the macromolecular ions. *

Only when we know M, , we can correct the series of masses observed in the
mass spectrum, MO bs® for the mass associated with the ionization process and
calculate the masses of neutral, un-ionized polymer “n-mers” as:

n-mer obs ion

which will transform Equation [1] to:
= H(Mm) + Mend [2]

n-mer

(The graphical representation of the correction is shown in Figure 14.)
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Figure 14. Correction of polymer distribution, taking into account the mode of ionization.
The line intercept represents the end-group mass. *

Further mathematical analysis performed using various methods allows
precise and accurate determination of the repeat unit mass, M_, as a slope of
linear function graph to the abscissa. The approaches applied involve three
techniques:

[1] the ‘arbitrary segment slope’, taking into account the mass difference between
two arbitrary, consecutive data points;

[2] the ‘average slope’, calculating the average mass difference across the entire
distribution;

[3] the linear regression (LR) slope, showing the linear trend through the data
set.

These three methods are depicted in Figure 15.
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Mi-mer = N(My) + Mend

slope = M,,

Mass [D]

X (x+1) (x+2) (x+3) (x+4) (x+5) (x+6)
Repeat Units [n]

Figure 15. Graphical depiction of the three described approaches for calculating the
repeat unit mass.”

The best method of the presented above seems to be the linear regression model
[3], which defines the general linear trend rather than the value based on two
data points only.

Once we finally know the values of variables M, and M , we can calculate
the residual mass, M _, in order to determine the mass of the end group. However,
because the absolute number of repeat units » for each data set remains still
unknown, multiple solutions are possible, i.e.:

= or

end res,

M +M ,or
res ru

M +2(M_,or
res ru)

M +3(M_,or
Ve(s ) ru)

Now the general knowledge of the reaction conditions will allow us to find the
correct solution, i.e. deduce the single end-group mass. It has been demonstrated
that this approach allows to calculate the mass of end groups with an accuracy of
0.3 Da for polymers with molecular mass up to 7500 Da. Above this molecular
weight, when peaks are isotopically unresolved, the resolution drops rapidly (to
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within ~3 Da), making it difficult to identify the unknown end groups, but in this
case MALDI mass spectrometry still provides valuable information to study the
transformation of known end groups.

Summary

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

The polymer end-group identification by means of MALDI mass
spectrometry has been a subject of many papers!®?’. All these studies confirm that
MALDI mass spectral technique offers a great capability for the determination
of end groups and tracking their synthetic modification.
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Chapter 9
Selected tripodal receptors for halide anions

Bogustawa teska
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

Introduction

Since many years the molecular recognition of anions by synthetic receptors
has been a rapidly expanding field of research. The mostly synthetic anion
receptors contain in their composition: macrocyclic polyamines, guanidines,
pyrroles [1-7], Lewis acids [8-11], calixarenes [12-14], amides [10, 15-20], urea
(or thiourea) molecules [10, 17-19, 21] in various combinations. When designing
a selective anion receptor must be taken into account the geometry and basicity
of the anion, and the type of solvent.

The topology of receptor is important in determining the overall receptor-ion
interactions. Tripodal receptors are a special class of acyclic ionophores, which
consist of multiarmed ligands with each arm bearing a functional group that
can coordinate with the target ion. Designing podand receptor (host) having the
possibility of complexation of anions (guests), subject to the same rules as set out
the synthesis of supramolecular podand compounds, which can form complexes
with cations or neutral molecules. The durability of host-guest connections
depends on complementarity, adjustment to the spatial receptor and the guest
interactions, ligand selectivity, etc. However, because the properties of anions
due to their spatial structure, ionic radius size, sensitivity to the environment
(pH), etc., it is a much harder task.

Tripodal receptors for anions. Why?

Anions are relatively large and therefore require a much larger receptors
than cations. The size of the smallest ionic radius of anions, fluoride ion (1.33 A)
is comparable to the radius of the cation of potassium ion (1.38 A). Chloride ion
(1.81 A) is larger than the cation cesium (1.70 A). Anions are characterized by
a variety of spatial structure, and therefore require especially designed receptor,
acting more selectively and selectively than the cationic receptor. Even the
relatively simple inorganic anions (NO,, PO,*, PF, SCN, or N,) have very
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different shapes have different geometry, from linear, flat with tetrahedral or
octahedral, up to even more complex structures present in the biological systems.
Furthermore, compared with cations, “in a similar size,” anions have higher
values of solvation free energy, which is why the receptors complexing anions
must overcome a significant energy barrier resulting from the interaction of the
reaction (Scheme 1). The anions are also more sensitive to the environment (pH)
in which they are located. Even a small change in pH of the system in which
there are anions, can cause loss of charge by anions, by joining the proton.

spherical linear
F,Cl,Br, I N3, CN, SCN’, OH'

tetrahedral octahedral
PO,*, VO,*-, SO, > Fe(CN)s*, Co(CN)s>
Mo0,, Se0,>, MnO,

Scheme 1. Structural diversity of anions [23]

Why the use of tripodal receptors in anion complex chemistry is so
important? The answer is not so easy, but the main features of tripodal receptors
for anions are:

» sufficient number of positively charged or neutral electron-deficient

groups in the ligand to serve as a place of interaction;
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*  receptors with a flexible tripodal structure have a strong affinity for the
trigonal oxoanions, such as carbonate, phosphate and chlorate, because
the geometry and orientation of the molecules of the host to create a
stable host-guest complex;

* the classical mechanism of complexation can also be used. The
interactions are based on non-covalent interactions, which include
electrostatic  interactions, hydrogen bonding, hydrophobicity,
coordination to metal ions, and the combination of these interactions
[16, 24].

Scheme 2 shows different types of tripodal receptor interaction modes

toward anions.

One of the most interesting group of tripodal receptors are ligands for halide
anions. The first redox active anion receptors based on the rest of the cobalt was
proposed in 1989 [25]. Cyclic voltammetry results showed that the receptor 1
(Fig.1) [26] complexes anion very good. Complexes of anionic guest effectively
stabilizes the positively charged cobalt center, making it difficult to reduce. The
complexation process of chloride ions by receptor 1 induced a cathodic shift of
30 mV.

A - the direct interactions - non-covalent: hydrogen bonding, hydrophobic effect:

Q

O ligand
@ anion

B - indicator displacement:

(O CN,Ph et

@ indicator
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C - electrostatic interactions with the metal complex:

O ©

O ligand O C, N, Ph, etc.
@ anion @ metal ion

Scheme 2. Different types of the interaction of tripodal receptors with anions: directly
using noncovalent interaction, viz. hydrogen bonds or hydrophobic effect (a) or indicator
displacement (b) or electrostatic interaction with metal complex (c) [24].

/\ N/\ 0

: HN
(0]

NH

HN 0
(0]
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PFg

Figure 1. Receptor 1 [24, 26]

These preliminary anion coordination studies have revealed that relatively
simple, easily prepared, acyclic cobalt derivatives containing amide N-H
groups can coordinate and electrochemically recognize anionic guest species
via the cooperative binding forces of mutual electrostatic attraction between
the positively charged host and anionic guest, and favorable amide N-H anion
hydrogen bonding interactions [26].

The group of Japanese researchers [27] received a tripodal receptor
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2, containing three imidazolium groups that coordinate anions through a
combination of hydrogen bonds and electrostatic interactions (Fig. 2).

oy
A=l

Tripodal receptor 2 preorganized is more than for halide coordination
compounds model (receptors 3 or 4, Fig 3.) resulting in more permanent stability

in acetonitrile-d..
/(\N _nhBu
Y
H

R

Figure 2. Receptor 2

nBu i
S
RH ‘<<Nﬂ\
/

nBu
Figure 3. The receptors 3 (R=CH,) and 4 (R=H)

These results agree with those Anslyn and co-workers [28], who studied the
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number of similarly preorganized tripodal anion receptors containing different
anion coordination group Fig. 4.

Figure 4. Analogue receptor to receptor 3 [28]

At the paper Beer and co-workers [29] presented a synthesis of his work
and studies on the receptor 5 (tren-baseed), which is characterized by the amide-
containing anion-binding cavity linked to three cation binding benzo-15-crown-5

(Fig. 5).

(\ 0 0 0/>
.
C\JJ L L’\j D

Figure 5. Receptor 5 [29]
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This receptor is highly effective extracts of sodium pertechnetate from
simulated aqueous nuclear waste streams. In the absence of cobound cations, the
anion affinity for the receptor was significantly reduced. In this case, pertechnetate
anions are probably related to both hydrogen bonds and electrostatic interactions.

Another example of a tripodal ligands binding halide anions are described
macrobicyclic azaphanes (receptors 6 and 7) exhibit remarkable strong, selective
fluoridebinding capacity, comparable with the most effective bis (tren) cryptands,
although the anion is bound only via only three NH groups coupled with three
CH hydrogen bond donors. Lower internal affinity CH donors is compensated
by a high degree of preorganization exhibited by azacyclophane (receptor 6).
Receptor 6 is prepared via a tripod-tripod cyclization reaction between 1,3,5-tris-
bromomethyl-benzene and an aliphatic tripodal hexatosylated polyamine,
followed by the reduction of the resulting bicyclic tosylamine. The tosylamine
crystals structures (receptor 7) and four macrobicyclic polyammonium halides
of receptor 6 are reported. X-ray studies showed the formation of 1:1 complexes,
including fluoride, chloride, bromide and iodide. In Scheme 3 the encapsulation
of (a) a chloride anion in the crystal structure of receptor 66HCI4.5H,0 and (b,
¢) bromide in receptor 6 7HBr3H,0, two conformationally different independent
molecules is presented. An additional NH* - Br hydrogen bond in each case is
formed because the cryptand is heptaprotonated with N_. - Br distances of
3.169(12) A and 3.187(14) A. Disordered H atoms on C46 not shown. (d) Iodide
anion in the crystal structure of receptor 6 2HI4HI,. Smaller “bite”angles are
observed as a result of the positioning of the encapsulated iodide further away
from the apical nitrogen atom [30]. (Scheme 3).

Potentiometric titration showed very high binding constants for fluoride and
chloride F-/Cl- selectivity of more than five log units. The final geometry of
the anion cryptates largely depends on the optimization of NH and CH ... anion
interactions coupled with unfavorable anion-D repulsion for larger anions.

Anion binding by synthetic receptors are widely attention due to emerging
applications in the remediation of waste and research aimed at understanding
biological structure and function [31-33]. Some of these are triamines, such as
1,3,5-tris(aminomethyl)benzene [34-38] and tris (2-aminoethyl)-amine (TREN)
[39] proved to be workhorse scaffolds to drudge tripodal anion receptors. The
popularity of these scaffolds due to simple, modular synthetic modification
of their primary amino groups in the strong hydrogen bond donors such as
secondary amines, amides [40-44], ureas [45,46] and thioureas [47].
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Scheme 3. The encapsulation of (a) a chloride anion in the crystal structure of receptor
6(6HCI4.5H,0) and (b, c) bromide in receptor 6(7HBr3H,0), two conformational
different independent molecules [30]

Gavette and co-workers [33] have presented the use of a tris-(aminomethyl)
phosphine oxide as a scaffold for the neutral ditopic tripodal receptor 8 (Scheme
4). This synthesised receptor 8 shows a greater enhancement in the binding of
bromide over chloride and iodide in the presence of ca. 1 equiv. of a lithium
source, while sodium has little to no effect on anion association.
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Scheme 4. Synthesis of ditopic receptor 8 using as starting material O-(benzotriazole-
1-yl)-N,N,NO,NO-tetramethyluronium hexafluorophosphate (HBTU) and Hunigs base
(DIPEA) [34].

Determination of association constants of lithium and sodium by receptor
8 X are currently underway as are investigations into possible cooperative
effects of other positively charged species on anion binding. "H NMR spectra of
methylene resonances of receptor 8 with 0.1 and 10 equiv. of Li*; receptor 8 with
excess iodide, bromide and chloride; and complex receptor 8 Li* with excess
iodide, bromide and chloride are presented (Scheme 5).

The example of the others use of tripodal colorimetric anion is receptor 9
(Fig. 6), that shows a good selective recognition ability and color change for
F- by multiple hydrogen-bonding interactions, with an obvious change in the
absorption spectra, while it shows no recognition ability for Cl,, Br or I- [48].
The association constants for these anions follow the order: F->> AcO->> CI,,
Br, I. Since the complexation of F- by ligand 9 induces a visible colour change,
it is promising as a component in optode membranes for colorimetric detection
of fluoride ions.
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Scheme 5. "H NMR spectra of methylene resonances of (a) receptor 8 (Rec 8) with 0.1
and 10 equiv. of Li+; (b) receptor 8 (Rec 8) with excess iodide, bromide and chloride; (c)
complex receptor 8 (Rec 8) Li* with excess iodide, bromide and chloride [33].
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Figure 6. Receptor 9 [48]

The next presented receptor 10 (Fig. 7) is characterized by analogue structure
to the receptor 9 (Fig. 6).
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The its tripodal Cu(Il) complex with has intriguing optical anion sensing
properties [49]. This receptor has a cavity with two distinct anion binding
sites—the vacant site on the Lewis acidic Cu(II) centre, and the three favourably
arranged nitrophenylurea fragments. On titration with up to one equivalent of
azide or dihydrogen phosphate in DMSO solution the Cu(II) d—d bands in the
region 600-900 nm increased markedly in intensity. This indicates that the anion
is binding at the metal centre. On their own halide anions were found to give only
1:1 complexes (with the halide bound at the Cu(Il) centre) [49, 50]. In recent
years the use of tripodal receptors as the off-on signalling chemical sensor for
halide anions was observed. The receptor 11 is a good example of fluorescent
sensor (Fig.8), that its structure was developed by incorporating a naphthalene
ring into the preorganised benzene-based tripodal receptor with arms comprising
benzoimidazolium hydrogen bonding moieties [51].

P H
N
NN
|\.-.
=N
H H
+
[N
NI
/

Figure 8. Receptor 11 [51]

A new fluorescent “off—on” signaling chemical sensor with high selectivity
for chloride anion through a guest-induced conformational switching process
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was achieved by using a positively charged tripodal receptor with naphthyl
groups attached to the benzoimidazolium arms. This new type of hydrogen
binding between a halide anion and the benzoimidazolium is very intriguing in
comparison with many other types of hydrogen bonding [51-53]. The host falls
into the category of the fluorophore—spacer—receptor model and could act as a
simple PET sensor. The presence of more than one naphthyl group allows the
excited naphthyl unit to associate with the ground state of a second fluorophore
to produce an intramolecular excimer through the anion-bonding induced
conformational changes (Scheme 6) [51].

(Out) OFF () ON

Scheme 6. The receptor 11 as fluorescent sensor [51]

In the presence of a specific anion conformational template, the hydrogen
bonds between the arms and the anion induce the tripodal receptor 11 to display
a cone conformation with all three positively charged arms oriented in the same
direction (in) bringing the three naphthalene lumophores into close proximity
with one another, leading to excimer fluorescence ( on state). In the absence of
the template anion, the electrostatic interactions between the benzoimidazolium
groups of receptor 11 destabilise the cone conformation of the podand and lead
to the spread out conformation (out), in which the three naphthyl lumophores
are separated from each other and no excimer fluorescence will be observed ( off
state). This receptor is promising for the development of a luminescence sensor
for chloride ions.

Conclusion

In the years 2001-2011 there were over 5000 publications on cyclic anion
receptors, while only about 80 papers relate to the tripodal receptors complexing
anions (Scopus Datebase).
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In recent years, a definite increase in interest in these tripodal receptors,
not only as sensors for halides. The presented work has sought to provide an
overview of current progress in the design and evaluation of synthetic receptors
based on a tripodal platform for halide ions. New methods of synthesis are
constantly introduced and improved electrochemical and optical sensors are
being explored. Interest to many chemists of organic compounds in the tripodal
host has led to the development of many new receptors interesting, I hope that
they will occur more and more new examples.
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Chapter 10
Biological and chemical properties of semduramicin

Radostaw Pankiewicz and Bogustawa t.¢ska
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

Ionophorous antibiotics are a wide class of natural and artificial metal cation
carrier bioactive molecules. The most interesting feature of this group is the
ability to complex ions and transport them through the natural and artificial
membranes. lonophores are host molecules that bind ionic quests and transport
them across a membrane, such as a bulk organic phase or phospholipid bilayer
[1]. This antibiotics can transport and regulate the concentrations of the main
biological cations such as lithium, sodium, potassium, calcium [2] and some
anions (CI') or neutral molecules (NH,). The molecule of ionophore contains
a lipophilic skeleton and hydrophilic groups (~OH, C=0, C-O-C). Thanks to
this structure, the ionophore can induce conformational changes upon complex
formation that involve the ion capture in a hydrophilic. The ionophore molecule
is soluble in a hydrophobic or membrane phase. lonophore can release (or
dissolve) a charged ion inside the lipid membrane. The ionophore as a host
compound captures the quest ion at the aqueous — hydrophobic phase interface.
The mechanism of the ion transportation is as follows. The host (ionophore)
molecule dissolved in the hydrophobic phase captures the ion at the interface
and then the complex diffuses in the lipid membrane. When the complex reaches
the other side of the membrane, the host opens and the ion is released into the
water phase. The empty host diffuses back to the other side of the membrane
and the cycle is repeated until reaching equilibrium. Many classification systems
of the ionophores have been proposed, but the most appropriate is that dividing
this group into two subclasses of cyclic and noncyclic ionophores. Many of
them show preferences in forming complexes, e.g. lasalocid forms complexes
with Na' ions four orders of magnitude more stable than with K* cations. These
features are useful for molecular recognition and make basis for development of
ion receptors and ion-selective electrodes.
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1. Structure and chemical properties of semduramycin

Semduramicin is a noncyclic, polyether ionophore. In its structure we can
distinguish four six-membered pyrane rings and three five-membered furan
rings (Fig.1). Its chemical properties is determined by one carboxylic group and
four hydroxyl group. Carbon atom No. 13 is a spiro atom.

Figure 1. Structure of semduramicin\

Thanks to this properties semduramicin is able to dynamically adjust to the
cation to form a complex. The obtained structure, like in many other polyether
ionophores, is a pseudo-ring. This structure is formed thanks to the formation of
hydrogen bond of head-to-tail type between the carboxyl group and the hydroxyl
group attached to the last pyrane ring. Study of this structure is difficult because
of problems with getting the crystalline form of semduramycin. Only quantum-
mechanical simulations enable visualization of the structures of the complexes
(Fig.2) and determine their structural parameters. This is characteristics ionophore
structure, hydrophilic groups are directed inside to the cation. Hydrophobic alkyl
groups are directed outside, creating lipophilic “surface” of the molecule.

Semduramicin is naturally occurred from Actinomadura roseorufa as
sodium salt [3]. It is crystalline, non-volatile, white solid, m.p. 170°C. Molecular
weight: 895 Da.

Semi-empirical calculations (PM5) and the geometric optimization were
performed using the Scigress 2.1.0 program [4].
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Figure 2. Calculated by PMS5 method complex semduramicin with potassium cation [5]

The DFT calculations were performed using the GAUSSIAN 03 package
[6]. The geometries were optimized according to Becke’s three parameters
hybrid method with the Lee, Yang and Parr correlation functional (B3LYP) [7].
The *C NMR chemical shifts was calculated using GIAO method using the
same base set [5]. The *C NMR data was collected in Table 1. The theoretical
values are in good correlation with the experimental data obtained by Sharp
and coworkers [8]. In known literature there are no complete 13C NMR data of
semduramicin.

Hydrolysis of semduramicin in water solutions was determined in pH 5, 6,
7, 8 and 9 aqueous buffers [9]. Semduramicin sodium hydrolyses under acidic
conditions with a half-life of 11-36 days, reaction is faster at lower pH. In neutral
conditions, it is moderately stable, half-life 90 days. Half-life is prolonged
to 77-115 days in alkaline conditions. Sharp obtained additional evidence of
hydrolysis from control samples (dark) from photolysis experiments where the
only degradation path is via hydrolysis. Data were obtained at 34°C and were
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13.7 days (pH=06), 31.2 days (pH=7) and 17.4 days (pH=9).

Table 1. "C NMR chemical shifts [0, (ppm)]

Atom No. Theoretical Experimental Atom No. Theoretical ~ Experimental

data data data data

1 157.48 24 82.29

2 47.19 25 77.77

3 94.82 26 35.44

4 51.37 27 36.43

5 75.61 74.9 28 40.61

6 81.58 82.1 29 94.41

7 70.64 66.9 30 27.26

8 40.33 31 21.25

9 65.52 32 26.02

10 37.12 33 97.41

11 70.04 34 34.17

12 38.72 35 26.98 27.0

13 103.46 36 78.22 80.0

14 42.87 37 72.50 74.7

15 39.19 38 23.57

16 86.34 39 52.66 56.9

17 83.75 40 29.05

18 35.23 41 25.77

19 39.10 42 17.39

20 84.92 43 17.02

21 91.10 44 57.80 59.1

22 78.22 45 18.29

23 39.30

2. Biological properties
2.1. Coccidiosis

Coccidiosis is a parasitic disease of animals (cattle, poultry, rabbits,
pigeons), caused by protozoa living in the intestinal epithelium. This disease
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occurs wherever animals are kept in small areas, contaminated by coccidial
oocysts. Coccidiosis are in the form of intestinal and liver. They are caused by
Coccidia - parasite that lives in the intestinal epithelium. Coccidiosis exacerbated
the poor conditions in the industrial farming and animal husbandry. Pathogen
are protozoa belonging to the order Coccidia, Eimeria. There are seven main
affecting poultry species (E. acervulina, brunetti, mitis, necatrix, praecox, tenella
and maxima), five other species specific to turkeys (such as E. meleagrimitis)
and six to rabbits (eg, E. stiedae) [10].

Historically, the poultry showed the greatest susceptibility to coccidiosis
due to the intensive nature of most of the poultry industry. In poultry, coccidiosis
is caused by Eimeria spp oocysts., of which eight species are causing serious
clinical illness. Further 22 species cause less severe clinical effects. Symptoms
of coccidiosis in poultry may be one or more of the following: bloody diarrhea,
high mortality, reduced feed and water consumption, emaciation and loss of
egg production. Most of the economic loss that is associated with coccidiosis
is incurred prior to diagnosis. This makes prevention more important than
treatment [11].

Coccidiostats are an important group of chemotherapeutic agents used
in animal production, especially poultry. They are used in the prevention
of coccidiosis, a disease which is the major health and economic problem.
Currently, the administration considered the most effective way of coccidiostats
for combating this disease. Wide range of available drugs is to prevent and treat
coccidiosis. The first drugs used to treat coccidiosis were sulphonamides. Then
replace them such as: clopidol, bacitracin and methylbenzoquate, nicarbazin,
toltrazuril and diclazuril, robenidine, halofuginone, amprolium and ethopabate.
Currently, the most commonly used compounds are carboxylic acid ionophores
[10-12].

Over the last 40 years coccidiosis in farmed animals has been controlled
by adding substances to feed and since 1970 the Community regulates and
authorizes coccidiostats as feed additives under Directive 70/524/EEC of 23
November 1970 concerning additives in feeding-stuffs. The Directive was
fully reviewed in 2003 and Regulation (EC) No 1831/2003 represented a major
overhaul of the existing EU legislation on feed additives [12].

In animals, in whom prophylactic coccidiostats used, they are delivered
in the form of feed additives. Broilers get them through the whole period of
fattening before slaughter subject to a grace period. For chickens reared for
laying coccidiostats used to produce the time of natural immunity against
coccidiosis - usually for 12 - 16 weeks of age.

Currently there are 11 different coccidiostats which have been granted 28
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different authorizations for different species and under certain conditions the
application. The products are currently authorized for chickens, turkeys and
rabbits. These coccidiostats can be divided into two main types. In the first group
are ionophores, that should be the following six substances: monensin sodium,
lasalocid sodium, maduramicin ammonium, narasin, salinomycin sodium and
semduramicin sodium. The second group are four other synthetic products,
which do not have ionophoric properties: decoquinate (a compound belonging
to the chemical group quinolones), robenidine hydrochloride (chemical group
guanidines), halofuginone (chemical group quinazolinones) and diclazuril
(chemical group benzene acetonitriles) and nicarbazin. At present, none of the
EU histomonostats are not admitted or used as feed additives. All coccidiostats
have been subjected to safety assessment carried out by EFSA or by the Scientific
Committee on Animal Nutrition [10-12].

The use of coccidiostats as feed additives is associated with lower than
for the control of veterinary drugs during their manufacture and distribution.
Feed additives in the form of prefixes containing a large (of the order g / kg)
concentrations of coccidiostat can be bought by farmers and their own mixed
with feed.

The commercial production index is a method of controlling coccidiosis in
addition of coccidiostats to the feed at the authorized level and to compliance
with recommended hygiene requirements. In general, coccidiostats should be
administered lifelong animal (for chickens for fattening) in order to protection
against re-infection, that is pervasive effect coccidiosis in the oocyst stag [12].

Availability and continued use of prophylactic coccidiostats contributed
significantly to the development of poultry production with a high level of health
and welfare. The introduction of the first ionophore coccidiostat (monensin) in
the seventies of the twentieth century was a significant achievement in the control
of coccidiosis. Earlier outbreaks were common, and its treatment or prevention
more difficult, since were available only to non-ionophoric coccidiostats, much
less effective due to the rapid development of parasite resistance.

Semduramicin, this is one of ionophores used succefully as veterinary
premix used against coccidiosis, that disrupts the function of cell membranes
and as a consequence of this action adversely affects, this action has a
negative effect on the development of coccidiosis. The product is registered as
commercial name AVIAX contains semduramicin (mycelial) at 50 g/kg, is to
be used for the control of coccidiosis (the disease caused by coccidia) in broiler
chickens. The premix (AVIAX, AVIAX II) is used in two forms, crystalline and
mycelial. The crystalline semduramicin has been purified from the mycelial
form, which remains associated with the mycelium mass of fungi, from that
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is produced. Semduramicin is currently registered for use as an anticoccidial
in Peru, Argentina, Brazil, Mexico, Malaysia, Singapore, Venezuela, Saudi
Arabia, Algeria, Chile, Uruguay, Ecuador, Colombia. Korea, Poland, Bolivia,
Guatemala, Nicaragua, El Salvador, Panama, USA, Dominican Republic, Costa
Rica, Kenya, Japan, Turkey, Indonesia, Canada, South Africa, New Zealand and
Honduras [9].

2.2. Assessment of semduramicin toxicology

Semduramicin characterized by a large, acute oral and inhalation toxicity,
slightly irritating to eyes and damaged skin, but it does not irritate the skin intact
and does not cause skin sensitization. In studies conducted in dogs and rats
after administration of multiple semduramicin found that muscle degeneration
occurring after the diet is secondary to its effect on cell membranes. Although
the dosage of semduramicin caused damage the peripheral nervous system and
affects the sight of dogs, similar effects were not reported in rodents. And in the
case of rats it was found that semduramicin may induce cancer or have an impact
on birth defects. Metabolism studies indicate that semduramicin is absorbed
after oral dosing and metabolized to a small extent [9-12].

Four weeks and 3 - month studies in rats and dogs, and studies of
reproduction and fertility in rats with mycelial semduramicin, showed no
significant differences in toxicity between the mycelial and crystalline forms
semduramicin. Based on the evaluation of toxicity and probable residue levels,
it was concluded that no adverse effects on human health.

Toxicological database for semduramicin conducted using animals, are quite
extensive. When interpreting the data, it should be noted that toxicity tests were
conducted generally at doses that are high in comparison with those that would
cause problems in humans. The use of high doses increases the likelihood that
potentially significant toxic effects will be identified. Toxicity tests should also
indicate dose levels at which the specific toxic effects are unlikely.

These doses as No-Observable-Effect-Level (NOEL - the highest
concentration or amount of a substance to cause no detectable alteration of
morphology, functional capacity, growth development or life span of the most
sensitive test organism) are used to develop acceptable limits for dietary or
other approaches, in which adverse health effects in humans would be expected.
Studies have been conducted for both forms semduramicin (crystaline and
mycelial). Metabolism studies indicate that semduramicin is absorbed after oral
dosing and accumulates in the liver. Identified metabolites in the liver, feces and
bile were closely related to semduramicin. Table 2 indicates the total residue
figures in the different tissues and organs during the withdrawal period for
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chicken. Both studies showed that the highest residue levels were found in the
liver, the total residues being about four times higher than in the fat, the next
highest concentration. Therefore the liver is the target tissue [9].

Table 2. Total residues of semduramicin—"*C in chicken tissues fed a 25 ppm supplemented
feed for 7 days (expressed as mg equivalent semduramicin / kg tissue, mean value n= 6)

[10]

Time (hrs) Liver Kidneys Muscle Fat Skin (+ Fat)
6 0.273 0.051 0.015 0.074 0.057
12 0.112 0.027 0.007 0.027 0.022
24 0.058 0.012 0.003 0.015 0.015
48 0.031 0.006 0.002 0.011 0.011
120 0.019 0.004 0.001 0.010 0.009

In laboratory toxicity on animals were carried out in different species
in various periods and with relevant endpoints. In acute toxicity studies,
semduramicin been classified as toxic to rats and mice (oral) LD, values from
5 to 100 mg/kg and very toxic by inhalation (inhalation) of 67 mg/m’ LC, (rat).
No evidence was found for eye irritation or skin a rabbit. In beagle dogs, toxicity
tests conducted for five weeks, six months and one year, recorded data, which
would indicate muscle damage, but without apparent effect on the heart. The
lowest NOAEL (No-observed-adverse-cffect-level) was 0.3 mg/kg/day. Studies
in rats have shown a marginal and non-specific effects (reduced protein and
sodium concentration) at 0.25 mg / kg / day in a two year toxicity/carcinogenicity
study and there was no evidence for carcinogenicity. Thus, the overall lowest
NOAEL was set at 0.125 mg/kg. Results from studies in rats and rabbits have
not shown significant deleterious effects on reproduction, NOAEL is 0.5 mg/kg/
day based on maternal fetal /fetotoxicity [10, 14, 15].

Are therefore need to worry about some danger for the consumer? What
is the metabolic fate of semduramicin in chickens for fattening? Does this use
result in the presence of residues in meat? If so, what is the qualitative and
quantitative composition of these residues? In summary, these studies the lowest
NOAEL of 0.125 mg/kg body weight was established in the two year rat study.
Applying a safety factor of 100 this results in an ADI (the daily intake of a
chemical, which, during an entire lifetime, appears to be without appreciable risk
to the health of the consumer) of 1.25 pg/kg body weight (i.e. 0.075 mg/day for
a 60 kg person) [10, 14, 15].

However there is a risk for the user primarily on the ,,ground” inhalation
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because semdurmicin shows a significant inhalation toxicity (LC,, in rats is 67
mg/m?). Therefore, additional precautions (mask) are still recommended [10-
15].

The genotoxicity studies were performed. For example, Ames/S.
typhimurium tests with semduramicin and urine of semduramicin treated
mice, with and without metabolic activation, respectively, were both negative,
although no toxicity was seen. In a number of genotoxicity studies conducted
with semduramicin sodium, or mycelial semduramicin, there was no evidence to
suggest that semduramicin damages genetic material. All of these tests produced
consistently negative results and therefore the compound is considered to be
nongenotoxic [9-12].

2.3. Environmental assessment

Analyzing toxicity of feed additives containing semduramicin worth
considering, what are the nature and the persistence of the excreted products
derived from semduramicin and can these products be prejudicial to the
environment? The use of semduramicin sodium is not expected to have a
significant impact on the environment when used as directed. The potential
exists for some adverse effects where contaminated manure is applied to very
sandy soils either through leaching to groundwater or through collection of run-
off water in small bodies of water.

Semduramicin sodium is rapidly hydrolyzed in acidic media, but is relatively
stable under neutral and alkaline. This compound is immobile in soils with low
sand content, but is more mobile, as the sand content increases. The binding
semduramicin sodium is associated more strongly with the mineral fraction of
soils, compared with the organic fraction. Semduramicin is slightly toxic to fish
and daphnia, algae, however, is not toxic to earthworms and soil microorganisms,
but moderately toxic to the growth of seedlings. The ecotoxicity of semduramicin
sodium suggests that the greatest area of concern is to plants and freshwater
algae. It is used as a feed additive for chickens for fattening, so it can be released
into the environment. Fortunately Semduramicin expected concentration in
the environment, both in soil and in water, is much lower than concentrations
shown to be toxic to soil bacteria, earthworms, plants and various species of fish,
daphnia and algae. Semduramicin potentially suitable for groundwater leaching
in soils very sandy, especially if the water table is shallow.

Mixing producing feed, also involved in the mixing prefixes coccidiostat
in feed, are not as rigorously controlled as producing medicated feed mixing.
Mistakes during the production and administration of feed containing
coccidiostats have a large impact on the levels of residues of these substances
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in food of animal origin. The relatively high percentage of samples of eggs and
poultry tissues containing coccidiostats is a serious problem in many European
Union countries [10-13].

In order to protect the health of consumers introduced maximum limits for
feed contaminants coccidiostats which are supposed to be free from this type
of feed additives [16-18]. The principle that such a feed may not contain more
than 1% or 3% of the highest concentrations permitted for use in feed for target
animals (Table 3).

Table 3. Acceptable levels of coccidiostats in feed in the European Community - the
declared content in feed for target animals (List of the authorised additives, 2004) and
maximum limits (ML) in feed for animals other than target [16-18]

ML - equine species,

turkeys, laying birds ML - other animal
and chickens reared for  species (3% the highest
laying (1% the highest  concentrations permitted

Coccidiostat concentrations permitted  for use in feed for target
for use in feed for target animals) [mg/kg]
animals) [mg/kg]

Decoquinate 0.4 1.2
Diclazuril 0.01 0.03
Halofuginone hydrobromide 0.03 0.09
Lasalocid sodium 1.25 3.75
Maduramicin ammonium alpha 0.05 0.15
Monensin sodium 1.25 3.75
Narasin 0.7 2.1
Nicarbazin 0.5 1.5
Robenidine hydrochloride 0.7 2.1
Salinomycin sodium 0.7 2.1
Semduramicin sodium 0.25 0.75

The introduction of these regulations is the joint responsibility of feed
manufacturers for food safety in the field of residues of coccidiostats. For the first
time in an official document because it was cross-contamination as a cause of
residues of coccidiostats and set out clearly what level of contamination of feed
will not (should not) result in illegal residues in food. Finely feed should develop
procedures for assessing the degree of cross-contamination and implement
remedial measures to prevent transmission of the next generation of coccidiostats
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to the feed lot. Frequently the removal of active substances used in production
lines are called. cleaning compound. Checking the contents of coccidiostats
in compound cleaning and proper disposal is therefore necessary to meet the
requirements for acceptable levels of contamination of feed coccidiostats. Both
the official laboratories and quality control laboratories in the feed labels must
as soon as possible to develop and validate methods for the determination of
coccidiostats in feed at levels required by law [10-12].

A very important point was the development and validation of methods the
determination of coccidiostats in feed at levels required by law. In the case of the
most commonly used coccidiostats ionophoric not should this be a problem due
to very low values of ML and the availability of relatively cheap methods using
chromatography with post-column liquid chromatography with derivatization.

For some chemical coccidiostats, whose values are much lower ML, the
determination as low concentrations in the feed is possible by using only a very
sensitive and selective methods such as liquid chromatography coupled mass
spectrometry. There are many scientific studies showing this problem [16, 19].

2.4. Methods for determining contamination of feed coccidiostats

In the case of methods for the determination of coccidiostats in feed for
target animals are the most important parameters of the method accuracy and
precision, allowing to obtain reliable quantitative results. When determining the
most important pollutants is high sensitivity of the method, because for some
coccidiostats introduced maximum limits are very low.

For some compounds, the methods described in the regulation or in national
standards can be relatively easily and quickly adapted to the determination of
lower concentrations. This includes coccidiostats ionophoric. Any modification
of the procedure, allowing for lower detection limit, however, requires a full
validation of the method.

Using a simple modification of existing methods is not always possible. In
some cases it is necessary to use other, much more sensitive analytical techniques.
In this case the technique of choice is liquid chromatography coupled with mass
spectrometry. An additional advantage of LC-MS technique is its versatility,
it allows the simultaneous determination of virtually all of coccidiostats (both
chemical and ionophoric) [20-27].

An excellent example is the use of liquid chromatography single quadrupole
mass spectrometry (LC-MS) as a method for the determination of the feed
additive semduramicin in poultry feed (Fig. 3). This method was developed and
single-laboratory validated and was selected as a real case scenario to outline the
different steps that may be needed whenever the standardisation of an analytical
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method in the field of methods of analysis for animal feeding stuffs is attempted.
In this manuscript [27] the main achievements reached within the development
and the single laboratory validation of an analytical method for the determination
of semduramicin in feeding stuffs are detailed.

The method has been successfully validated for the determination of
semduramicin concentrations ranging between half of the minimum authorized
concentration (10mgkg™) to twice of the maximum authorized concentration
(50mgkg—1). A good relative standard deviation for repeatability (RSDr) varying
from 2.8 to 3.2% has been obtained whereas the relative standard deviation for
intermediate precision (RSDInt.) ranged from 3.7 to 7.3%.

3. Conclusion

Coccidiostats authorized for use in animal feed are not used for treating
humans. Safety of the coccidiostats that are currently authorized, has been
recently undergo a comprehensive evaluation, mainly by the European EN 7
EN Food Safety Authority (EFSA). This evaluation includes the lack of harm
to animals, consumers and users, as well as for the environment. The fact that
Regulation (EC) No 1831/2003 regulates the determination of the highest residue
limits (MRLs) for residues of the additive the appropriate food of animal origin
means that thanks to a specific Over the past few years, the MRLs currently
exist more efficient and transparent than prior methods of controlling the use of
coccidiostats in feed.

In accordance with Regulation (EC) No 183/2005 of the European
Parliament and Council of 12 January 2005 laying down requirements
for feed hygiene, establishments manufacturing or placing on the market
coccidiostats, histomonostats, premixtures and compound feedingstuffs
containing these additives are approved by the competent authority for this
activity. These provisions mean in practice that, in principle, farmers wishing
to use coccidiostats and histomonostats will obtain only ready-to-use mix
complete or complementary feedingstuffs produced by approved manufacturers
of compound feed. For example in Sweden, in force surveillance programs to
detect the increase in antimicrobial resistance antimicrobial, associated with the
use of coccidiostats as feed additives for which no date has not been observed
signs of such an increase in resistance [12].
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Figure 3. Chromatograms of semduramicin along with the other five ionopohore
coccidiostats in poultry feed plus the internal standard used for quantification (nigericin).
Standard mixture of the seven compounds at equivalent concentration in acetonitrile.
Selected ion monitoring (SIM) of the respective molecular ammonium adducts. Mobile
phase NH4COOH 20mM:MeOH (10:90); flow rate 0.25 ml min—1; probe temperature
375°C; cone voltage 80V; needle voltage 2.7 kV [27].
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Molecular receptors are defined as molecules or molecular complexes that are
able to recognize and bind specific chemical groups or molecules and respond to these
interactions, for example, by changing conformation. Protein macromolecules (cellular
receptors) and other polymeric compounds (natural or synthetic nanoscale macrocyclic
structures) able to covalently bind various substrates with formed complexes usually act
as the molecular receptors.

In this paper, the salts of humic acid (HA) were considered as promising natural
compounds having properties of molecular receptors. It has been known that these are
nano-sized (4-16 nm) polymeric aromatic polyoxipolycarboxylic acids, able to come into
ionic and donor-acceptor interactions, form hydrogen bonds, and participate in redox and
sorption processes. The presence of both hydrophobic and hydrophilic fragments in the
structure of these macromolecules forms surface-active properties of the HA salts. The
Diagram of elementary units of the macromolecules of HA has been shown in Figure 1.

a b
H OH

COOH COOH COOH B COOH
O-CH;CH-HC— HO R éy CaHuiOs ‘O
Ho Qi D—QN/ oMo L 0 ooH
OH o <: }
N
d : ;

OH

Figure 1. Diagram of elementary units of humic acids according to Orlov-Chukov (a)
and Stevenson (b).
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It has been known that humic acids from peat and brown coal have
an expressed biological activity (hepatoprotective, antihypoxic, antitoxic
properties, etc.) [1, 2]. High biological activity of humic substances is related
to their signified affinity to biological membranes, the participation in ion
transport, the influence on enzyme activity, and others [3-5]. Biological activity
of humic acids is associated with the presence of carboxyl and hydroxyl groups
in macromolecules. The high ability of low molecular weight fractions of humic
acids to stimulate the ATPase activity of plasmatic membranes and induce
increasing passive membrane penetrability for protons has been proven in [6].

Affinity to biological membranes of humic substances is defined by their
surface activity. The adsorption isotherms of salts of native and sulfonated humic
acids at the liquid-gas interface have been shown in Figure 2.

207 Msy, mg/m? &/
1 M, mN/m *q SH 92*,,—“'12/12

0,01 0,1 1 10
CSH! gll

Figure 2. The dependence of the equilibrium surface pressure (Il = v, -, y, - surface
tension of the solvent, y - surface tension of the surfactant solution) of aqueous solutions
of native (1) and sulfonated (2) sodium humate (SH) and calculated II values for native
SH (curve 1), I'y, adsorption for the monolayer (curve 2) and bilayer adsorption (curve
2 *) on the concentration SH.

The equilibrium adsorption characteristics of humic acid salts were
investigated by Du Noiy rings (Tensiometer TE-1, Lauda, Germany) at
(20.0+0.1)°C. The equilibrium surface tension was described by a model of
a nonideal two-dimensional solution of the protein [7]. Experimental and
calculated dependences are in good agreement.

Dilatation rheological properties of surface layers of the salts of humic acids
were studied by oscillating drop shape (Tensiometer PAT 2P SINTERFACE
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Technologies, Germany). Dilatation E modulus characterizes the viscoelastic
properties of the surface layers of surfactants. The E module is expressed by a
complex number, and includes the real and imaginary components. The real part
of E_(elasticity) reflects the accumulation of energy, and the imaginary part E. -
loss of energy in the surface layer due to the relaxation processes [8, 9].

It was shown that bilayer adsorption model better describes the experimental
dependence E=f(II) and (in contrast to the monolayer) reflects its experimental
form. This is shown by comparison of £ values with the value of the limiting
(high frequency) elastic modulus E; = —dy/dInT; (Figure 3).

190) E, mN/m - A

807
607

40]

M, mN/m

Figure 3. The E dependence on surface pressure for native sodium humates (1) and
sulfonated sodium humates (2) according to data of the present work. The dependence for
[-casein (3) and f-lactoglobulin (4) according to [7, 10]. Curves 1, 2 - the limit modulus
of elasticity for: I - monolayer adsorption: 2 - bilayer adsorption.

The dependence E=f(11) for the SH takes an intermediate position between
the globular B-lactoglobulin and flexible chain B-casein. This is consistent with
the peculiarities of the molecular structure of salts of humic acids.

Such behavior of humic acids salts and proteins at the liquid-gas interface
can be regarded as a possibility to apply humic compounds as cell receptors.

One of the main properties of the compounds with the receptor properties is
a “molecular recognition”. It has the ability to form reversible complexes “host-
guest” at the expense of intermolecular forces.

We have studied the possibility to form complexes “guest-host” between
macroanions humicacid (“host”)and cationic surfactant cetyltrimethylammonium
bromide (CTAB) - “guest”.
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Rheological properties of the surface layers of CTAB mixtures and the
SH salts at the liquid-gas interface are shown in Figure 4. High E_values of
SH/CTAB solutions indicate the formation of a highly ordered structure of the
adsorbed layer that has been conditioned by the possibility to form R-COO-
CTA" complexes. The value of E_decreases in the CTAB concentration range
from C, to C, while E, — increases. This might be due to the formation and
collapse of the SH/CTAB aggregates of different configurations.

The possible formation of R-COO- - CTA" complexes has been demonstrated
by the potentiometric method (Figure 5), and aggregates of SH-CTAB — by the
colorimetric method (at A = 430 nm) — Figure 6.

In the potentiometric titration of an aqueous solution of sodium humate by
the CTAB solution, an equilibrium pH decrease is due to the interaction of the
CTA" cation with the carboxyl groups of sodium humate.

As can be seen from Figure 6, mixing SH/CTAB ratio leads to the formation
of soluble and insoluble aggregates. Depending on the ratio of components in a
mixture of HN-CTAB soluble (C.;,,<C, u C_,,,>C,) and insoluble aggregates
(C,<C,.;,5=<C,) can be formed. The solubility of aggregates depends on the pH
medium.

Figure 7 is an illustration of the possible configurations of the SH-CTAB
complexes as a function of CTAB concentration according to the data of [11].
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Figure 4. Elastic modulus E, (1) and viscosity modulus E, (2) mixtures of SH/CTAB as a
function of the CTAB concentration, Cg,, = 0.06 wt.%.
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Figure 5. Curves of potentiometric titration of a sodium humate solution by the CTAB
solution, CSH =0.06 %.
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Figure 6. The ratio of the optical density of solutions of SH/CTAB and D mixtures,
to an optical density of the initial solution SH, D, depending on the CTAB and pH
concentration:

1-pH=11.5,
2-pH =4.0.
C,,=0.6gl
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HA dispersed in 0.1 M NaOH
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Figure 7. Illustration of possible configurations between humic acids (HA) and CTAB
complexes under various experimental conditions.

It is known that the pharmacological response develops as a result of the
interaction of the drug and the receptor. This interaction should be determined
by the molecular entity of the drug and the receptor [12].

We considered the possibility of the interaction between humic acid
macroanions (molecular receptor), and medicinal substance as an example of
B vitamins (B, and B,) by methods of calorimetric and potentiometric titration.
The formation of polymer-drug complexes may be a promising fact to develop
systems with a controlled release of drugs in the body [13].

Macromolecules of the humic acids contain carboxyl and hydroxyl groups
capable of dissociation. Humic acids are assigned to weak polyelectrolytes.
The dissociation constants of humic acids from brown coal were determined by
potentiometric titration: for the carboxyl groups of K = 1.58x10* (pK = 3.8), for
OH - K =3.16x10" (pK = 8.5). The number of functional groups in mg/eq: for
the COOH-groups - 2.35 and for OH-groups - 1.23. The number of groups per
macromolecule of sodium humate makes: -COOH = 50, -OH = 25.

The interaction in a sodium humate — vitamin system was determined by
calorimetric titration, by measuring the amount of heat (Q, J), being evolved in
a cell filled with a sodium humate solution while adding a solution of vitamins
[14]. The structural formula of B, and B vitamins have been shown below.
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Analysis of the calorimetric titration curves (Figure 8a) indicates the
possibility of the interaction of one SH molecule with a large number of (n)
vitamin molecules. The ratio of SH:Vitamin can reach 1:40 for B vitamin
and 1:25 for B, vitamin. The n value should be related to a number of active
carboxyl groups (-COO") in the SH macromolecule. As it follows from the data
of potentiometric titration, a number of functional groups capable of dissociation
is:

-COOH = 50, -OH = 25 per SH macromolecule.

Curves of potentiometric titration of 1 % solution of sodium humate by 5%
solutions of B vitamins have been shown in Figure 8b. Reduction of the pH of
the SH solution in relation to vitamins concentration indicates the interaction
between molecules of vitamins and SH macromolecules. This interaction should
take place between the charged groups of humic acid macroanions and positively
charged groups of vitamins molecules.

This means that not all functional groups in the sodium humate
macromolecules take part in the same reaction with the molecules of vitamins.
It is known that humic substances can aggregate in solution [15]. The scheme
of the association between the fragments of humic acids molecules according
to Ghosh and Schnitzer has been shown in Figure 9 (according to [16]). The
association of humic substances in solution may lead to the formation of large
aggregates of macromolecules. This is determined by the ability of the humic
substances macromolecules to structural transitions such as expanded chain —
statistical coil.

Changes in the structure and aggregation of the macromolecules of humic
compounds have been associated with the degree of dissociation of their
functional groups (-COOH and -OH). As a result of aggregation, a part of
functional groups is screened by fragments of SH molecules and is not sterically
available for interaction.
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Figure 8. Calorimetric curves (a) and potentiometric curves (b) titration of 1.0 % solution
of sodium humate (1, 2) and 0.0005 M NaOH (3, 4) by 5% solution of vitamins: 1, 3 - B,

2,4-B,

OH C|JH COOH CIJH
R1 C=0--mmemee HO C—0
‘ OH
HOOC C=0-- HO—(E' Rs
R
(9] |

o
o—x
oO—

T

i

o]

I

o—=
77
o |
I
@]
|
Q=
@]
T

HO—C C|)H ----------------------- 0]

Figure 9. The scheme of the association between the fragments of the macromolecules of
humic acids by Ghosh and Schnitzer [16].
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Organic phosphates have been widely used in plastic industry as flame
retardants and plasticizers, in metal industry for extraction of rare-earth metal
from mineral raw materials, in nuclear industry as the extarctants in the Purex
process for the recovery of uranium and plutonium from spent nuclear fuel, in
medicine.

Polyphosphates as drug carrier

Though, organic phosphates cannot be used as molecular receptors by
themselves, however, recently Cheng and co-workers have reported that star-
shaped block copolymer of poly-(e-caprolactone) (PCL) and poly(ethyl ethylene
phosphate) (PEEP) can be used as receptor of drug molecule [1]. Previously
was shown that biodegradable and biocompatible amphiphilic copolymers may
be used as drug carriers [2-6]. This is possible as a result of self-assembling of
the amphiphilic polymers into micelle in aqueous solution. The micelle core
consists from aliphatic polyester which is working like reservoir for insoluble
hydrophobic compounds. The hydrophilic shell is forming from ethylene glycol
units and prevents the aggregations of micelles and prolongs their circulation.
Such amphiphilic star-shaped polymers with linear hydrophilic arms are
attractive because it may completely or partially overcome the problem of
thermodynamic instability associated with micelles assembled from linear block
copolymers following systemic injection. Owing to their particular architecture,
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star-shaped polymers are expected to exhibit different properties compared to
their linear counterparts.

Star-shaped block copolymers of poly-(g-caprolactone) and poly(ethyl
ethylene phosphate) were obtained in two stage using the “core-first” approach
(Scheme 1):

*  ssPCL were prepared through ring-opening polymerization at heating of
e-caprolactone in bulk using pentaerythritol as an initiator and Sn(Oct),
as the catalyst;

*  Block copolymerization was carried out in THF at 25°C using ssPCL
as macroinitiator for ring-opening polymerization of EEP and Sn(Oct),
as the catalyst.

OH \
\
OH 0/\ . Y
Sn(Oct)Z

H
(0] 1.0
—w0 OnH Y =w0 v P ~" 07
(6]

Scheme 1. Synthesis pathway of ssPCL—PEEP copolymers

The ssPCL-PEEP acceptor properties were explored in drug carrying
experiments. Paclitaxel (PTX) was chosen for this researching in reasons of its
hydrophobic property and high anti-cancer activity [7]. For loading PTX into
the hydrophobic core of ssPCL-PEEP micelles was used a dialysis method.
Experimental data is given in Table 1. The drug loading contents (DLC) were
between 1.6 and 3.5%, depending on the composition of copolymers, while the
drug loading efficiencies (DLE) were between 16 and 35%. The ssPCL-PEEP
showed much higher DLE in comparison with analogous values for the linear
counterparts (around 15%).

The drug release behavior was demonstrated by plotting the accumulative
release percentages of drug versus time (Fig. 1). The observed dramatic release
of drug at the beginning is explained by the diffusion of PTX located close to
the surface of particles. In contrast to the linear counterpart a drug release rate is
much slower in case of the copolymers and a sustained release lasting for about
2 weeks.

Polymer structure was found to be correlative to the drug release kinetics.
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For example, ssPCL,,-PEEP  micelles gave a faster release, while PTX release
from ssPCL-PEEP, micelles was slower. It is also observed that about 25-55%
of loaded PTX were not released from the micelles in the test duration, which
may be associated with the hydrophobic core of micelles, as observed by other

groups [8].
Table 1. Effect of copolymer composition on CMC values, drug loading contents and drug
loading efficiency
Diameter of Diameter of
. micelles before  micelles after DLC  DLE
Sample CMCELYD  prXloading  PTX loading (%) (%)
(nm) (nm)
ssPCL,,-PEEP 1.1041073 108.0+4.0 225.0+8.9 1.62  16.19
ssPCL-PEEP,. 1584107 45.142.3 1140431 264 2638
ssPCL,,-PEEP,, 2.384103 76.2+2.4 95.4+8.7 346  34.59
ssPCL,,-PEEP 3.874103 66.8+4.0 80.6+6.0 2.09 20.88
ssPCL,-PEEP, 6.934910* 37.4+0.1 107.0+£1.7 2.79  27.86
ssPCL,-PEEP,,  5.74410* 61.4+0.7 119.040.6 252  25.08
ssPCL,-PEEP_ 1.03910° 70.6+0.5 90.5+0.4 2.63  26.28
100
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Figure 1. Release profile of PTX from ssPCL-PEEP micelles in phosphate buffer saline

at 37°C
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Common methods for the synthesis of phosphate (phosphonate) polyesters
have a number of disadvantages and the necessity to use expensive anhydrous
organic solvents, only one of them. However, there are several techniques which
provide possibility of obtaining polyphosphates (polyphosphonates) in mild
conditions and without using toxic solvents, such methods will be discussed
further.

Phase-transfer catalysis

The most developed among them is phase transfer catalysis (PTC). This
term was introduced by Starks in 1971 in order to explain the crucial role of
tetraalkylammonium or phosphonium salts (Q*X") in the reactions between two
substances located in different immiscible phases [9]. In a PTC reaction, an
added phase transfer catalyst is capable of transferring hydrophilic reactant from
aqueous phase into an organic phase where it can normally encounter and react
under an activated state with the hydrophobic reactant (Scheme 2).

"X +R-Y—=R-X + QTY"

Q Q
| j| aqueous phase
[

] organic phase
QX +Y =— X+ Q'Y
Scheme 2. Mechanism of PTC reaction

Nowadays, PTC appears to be a prime synthetic tool, being appreciated not
only in various fields of organic chemistry but also among widespread industrial
applications because of its advantages:

«  Elimination of dangerous, inconvenient, and expensive reactants;

*  High reactivity and selectivity of the active species;

*  High yield and purity of products;

*  Simplicity of the procedure;

+  Low investment cost;

*  Low energy consumption;

e Minimization of industrial waste;

»  Elimination of organic solvents (when organic reactants are liquid).

Millich and Carraher studied in details the effects of reaction time, molar
ratio of the monomers, and phase transfer catalyst on the yield and viscosity
of a hydroquinone (HQ)/phenylphosphonic dichloride (PPD) polymer [10-12].
Later, Millich and Imai reported about the effect of phase transfer catalyst on the
interfacial polycondensation of bisphenol A (BPA) with PPD [13-14].

Richards et al. researched the factors affecting the polymerization of
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BPA with other dichlorides, such as ethylphosphonic dichloride (EPD), ethyl
dichlorophosphate (EOP) and phenyl dichlorophosphate (POP) [15]. Tetrabutyl
ammonium bromide (TBAB), cetyl trimethyl ammonium bromide (CTMAB),
cetyl trimethyl ammonium chloride (CTMAC), and 18-crown-6 ether (CE) were
tested as phase-transfer catalysts (Table 2). Triethylamine (TEA), NaOH, KOH,
pyridine, and 4-dimethyl-aminopyridine (DMAP) were used as acid acceptors.

Table 2. Results of PTC polycondensation of various PD with BPA

PD B Catalyst Base M, n,,5dg!
EOP BPA CE KOH 27.000 0.0777

EP BPA CE KOH 21.000 0.0954
POP BPA CE KOH 24.000 0.0835

PP BPA CE KOH 40.000 0.2086

“ The inherent viscosities 1, were determined for solutions in chloroform, at 32°C

Results of the kinetic studies indicated that the longer chains had fully
polymerized in less than 10 min. Extended reaction times had no significant
effect on CE trials and were actually detrimental to polymerizations using
CTMAC. Also, while all four PTC produced polymers of similar M averages,
the molecular weight distributions differed considerably in nature. Polymers
obtained with CTMAC consistently exhibited a bimodal distribution — a fraction
of long polymer chains separated from a fraction consisting mainly of oligomers.
Using of TBAB and CTMAB gave a much less pronounced division of the two
fractions (chains of intermediate length were present in greater amounts). In
addition, CTMAB was more effective than CTMAC and CE to producing long
polymer chains (M > 100,000).

The efficiency of used PTC depended on the base utilized to ionize the diol
and acceptor the acid. The polymer with high molecular weight wasn’t obtained
in the synthesis with combinations of quaternary ammonium catalysts (TBAB,
CTMAC, CTMAB) and TEA (or pyridine).In contrast, both NaOH and KOH
were successfully used with the quaternary ammonium PTC for obtaining long
chain polymer, with the KOH yielding better results. As one would expect, the
size of alkali ion have strong influence on the molecular weight in reaction
catalyzed by CE.

Inverse phase transfer catalysis

A new type of PTC was found by Mathias and Vaidya [16]. In contrast to
the normal and reversed PTC methodologies, in which the chemical reaction
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takes place in the organic phase, in inverse phase transfer catalysis (IPTC) the
hydrophobic reactants transferring from the organic phase into the aqueous
phase for reaction with a second reactant. Originally various cyclodextrines were
utilized as the catalysts for providing IPTC processes. Also, the transition metal
complexes, calix-[n]-arenes, surfactants, tetraalkilammonium salts and pyridine
derivatives were used as catalysts in different reactions [17].

Due to complexity of interfacial polycondensation IPTC reaction of diphenyl
chlorophosphate (dPOP) with various sodium phenolates (4-nitrophenolate
(p-NP), 2-nitrophenolate (o-NP), 4-chlorophenolate (p-CIP), 4-propionyl-
phenolate (p-Pr(O)P), 4-(benzoyloxy)phenolate (p-BzOP)) was initially
studied. 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 derivatives (4-methylpyridine-1-oxide (MPNO),
4-methoxy-pyridine-1-oxide (MOPNO), 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.

The general mechanism of pyridine derivatives catalyzed reaction consists
of three stages (Scheme3):

e ion intermediate formation from pyridine and phosphorus compound;

*  pyridinium salt transferring from organic phase to aqueous layer;

*  phosphoric ester formation and pyridine (reactivation, reclaiming,

reclamation, recovery, recuperation, regeneration, revivification) in
result of reaction between phenolate anion and ion intermediate.

®0P0Ph+0 ®0+ PhOPON />
R 0

‘ I | H,0

] CH,Cl,

]
— (0] (I)I W
1l
~0-Ny ) +PhO-P-Cl === PhO—P—O-N{ />

OPh OPh

Scheme 3. Synthesis pathway of phosphate esters catalyzed by pyridinium-1-oxide in two-
phase system water-dichloromethane

4| 4'

The phosphates were synthesized according to the following procedure:
0.03 mol of sodium phenolate was dissolved in 30 ml aqueous solution of K,CO,
(0.4 g) and 0.0005 mol catalyst was added. To this solution, 0.03 mol dPOP
in 30 ml CH,Cl, were added, maintaining the temperature at 20°C; then the
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mixture was stirred (500 rpm) for 30 min at 20°C. All obtained phosphoric esters
were characterized by IR, 'H NMR and 3'P NMR, and the spectral data were in
accordance with the proposed structures.

Kinetic studies were carried out for reaction of dPOP with p-NP. Concentration
of diphenyl 4-nitrophenyl phosphate was monitored by measuring optical density
of IR peak at 1340 cm™! corresponding to the symmetric stretching vibration of
nitro group. The result of experiments showed that reaction rate and product
yield increase in the series of catalysts: MPNO < MOPNO < MorphPNO <
DMAPNO (Table 3). Also was demonstrated that logarithm of the rate constant
of ionic intermediates formation (k) is linearly dependent on the pyridine-1-
oxides basicity (pK_, ) (Figure 2).

BH+

Table 3. Results of IPTC reaction of dPOP with sodium 4-nitrophenolate

Catalyst Base T, °C k_, 1-mol'-s! Yield, %
MPNO KZCO3 20 0.0518+0.012 50
MOPNO K,CO, 20 0.1326+0.0008 60
MorphPNO K,CO, 20 1.078+0.025 81
DMAPNO K,CO, 20 3.62+0.11 86
3 .
2.5 -
o
1A
3
[=
— 1 J
L
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0 -
* R==10.9929
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DKBH+

Figure 2. Relationship between logarithm of the effective rate constant and the pyridine-
1-oxides basicity
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IPTC polycondensation of various phosphonic(phosphoric) dichloride’s
(PD) with bisphenols (B) was described by Iliescu at. el. [18-21] (Table 4). Methyl
dichlorophosphate (MOP), POP, p-chlorphenyl dichlorophosphate (p-CIPOP),
PPD were used as phosphorus monomers. 4,4’-methylenediphenol (BHF), 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 4. Results of IPTC polycondensation of various phosphonic(phosphoric) dichlorides
with bisphenols

PD B Catalyst Base T, °C Yield, %  m,,,dl-g’
PPD BPA DMAP NaOH 15 86.5 0.40°
PPD BPA DMAP NaOH -12 93.1 0.63*
PPD BPA DMAP NaOH -12 92.9 0.64°
PPD BPA DMAP NaOH -12 92.9 0.64°
PPD BPA DMAP NaOH -12 93.0 0.64*
PPD BrBPA DMAP NaOH 15 65.5 0.32°
PPD DHB DMAP NaOH 15 80.8 0.45°
PPD HPM DMAP NaOH 15 60.0 0.25°
PPD BPZ PNO NaOH 0 60.0 0.36°
PPD BPZ PNO Ba(OH), 0 75.2 0.52°

p-CIPOP HPM DMAP NaOH 15 68.5 0.28°
POP BPA DMAP NaOH 15 78.5 0.35%
POP BrBPA DMAP NaOH 15 63.5 0.30°
POP DHB DMAP NaOH 15 80.2 0.42°
MOP BPA DMAP NaOH 15 92.0 0.65°

“ The inherent viscosities n,, were determined for solutions of 0.5 g/100 ml, in
tetrachloroethane, at 30°C

" The inherent viscosities n,, were determined for solutions of 0.25 g/100 ml, in
dichloroethane, at 25°C

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 [19]. 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:
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e monomer molar ratio PD:B =1:1;

*  base concentration = 1.1M;

e reaction temperature = -12°C;

Furthermore, the advantage of using barium hydroxide compared to sodium
alkali was shown [20]. 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.

Vapor-liquid polycondensation

The liquid-vapor interfacial polycondensation (VLP) was exploited
by Sokolov in synthesis of polyamides [22-25]. This system utilizes pairs
of highly reactive reagents with one of the reagents in the vapor state and
the other in solution. Ilia and co-workers have studied in detail feasibility of
organophosphorus polymer synthesis by this technique [26-32].

Since PD is more volatile than B they are employed in the vapor phase
mixed with nitrogen. Benefits of this method are that reaction proceeds without
the using neither catalysts nor organic solvents. In the other hand, the stream of
nitrogen protects the system from oxygen, provides agitation, transport of vapor
of PD and controls the rate of reaction.

A series of polyphosphonates and polyphosphates were synthesized by
base promoted VLP of various PD (methylphosphonic dichloride (MPD),
cyclohexylphosphonic dichloride (CHPD), PPD, cyclohexyl dichlorophosphate
(CHOP), POP, p-cresyl dichlorophosphate (p-CrOP), p-methoxyphenyl
dichlorophosphate (p-MPOP), p-bromophenyl dichlorophosphate
(p-BrPOP), p-nitrophenyl dichlorophosphate (p-NPOP), MOP, EOP and
propyl dichlorophosphate (PrOP)) with different B (HQ, BPA, 4,4'-biphenol
(BP), 1,5-naphtalenediol (ND), 4,4’-(naphthalene-1,5-diyl)diphenol
(NBP), 4,4’-(propane-2,2-diyl)bis(2,3,5,6-tetra-chlorophenol) (CIBPA) and
4,4'-sulfonyldiphenol (BPS)). Result of these experiments showed in Table 5.

Optimal values for control factors were found:

e monomer molar ratio PD:B =2.7:1;

e base concentration = 1.1M;

e depending on PD and B the optimum temperature of flask with PD
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varies from 60 to 90°C;

* temperature of flask with aqueous solution 40-50°C;

e time of reaction = 60 minute, since for the reaction time over 60 minutes

occurs significant degradation of the polymer.

Thus, the VLP represent a simple and green synthetic methodology for
polyphosphate and polyphosphonate obtaining by the reaction in an aqueous
medium, without the use of other solvents or a catalyst. The main disadvantage
of this method is high consumption of PD in comparisons to PTC and IPTC
techniques. However, the simplification of reaction protocols is an important
concept in designing new clean methodologies.

Table 5. Results of VLP of various phosphonic(phosphoric) dichlorides with bisphenols

PD B T,°C  Yield, % M, M, q b dlg!
CHPD __ HQ 70 72 9.800  14.400 0.90
CHPD __ BPA 70 85 9300 13.500 0.95
CHPD BP 70 75 19.800 _ 35.800 1.80
CHPD __ ND 70 80 29300 56.800 230
CHPD SD 70 48 8500 12.100 0.75
MPD HQ 65 2 0.15
MPD __ BPA 65 28 0.18
MPD BP 65 32 0.45
MPD ND 65 44 0.48
MPD SD 65 24 0.16

PPD HQ 80 65 9.100 _ 13.800 0.98

PPD BPA 80 70 8800 13.750 110

PPD BP 80 62 25300 41.600 1.93

PPD ND 80 73 35000 58.900 2.50
PPD SD 80 54 8650 11.940 1.02
POP HQ 65 55 4.500 5.460 0.35
POP BPA 65 60 4200 4.980 0.48
POP BPA 85 92 4250 7.600 038
POP BP 65 70 5.590 6.300 0.40
POP BP 85 90 5760 11.780 0.45
POP ND 65 75 6.500 6.800 0.65
POP sD 65 80 4.750 5.300 0.42
POP __ CIBPA 85 75 3.450 6.570 031
CHOP __ BPA 85 88 2.550 5.100 0.28
MOP __ BPA 85 80 1.050 1.840 0.22
EOP BPA 85 82 1100 2.100 0.23
PrOP____ BPA 85 85 1150 2.200 0.24

@ Temperature of flask with PD

b The inherent viscosities 1,, were determined for solutions of 0.5 g/100 ml, in
tetrachloroethane, at 30°C
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Conclusion

In this chapter, a review of modern methods for the synthesis of
organophosphorus polymers and their use as molecular receptors is presented.
The development of PTC, IPTC and VLP have followed the scientific trend that
a successful application frequently stimulates further research that in turn leads
to more applications and improved processes. No doubt, numerous novel ways
of using these techniques wait for discovery and exploration. Already, PTC
has grown to become a very important and widely applied technique not only
at laboratories but also in chemical industry. IPTC and VLC also have all the
necessary tools to gain further wide use.
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1. Introduction

Industrial processes for the manufacture of one o more kinds of commercial
products from waste materials should be optimized in the context of the
anthropogenic impact of organic wastes on the environment and its consequences
[1-3]. The processing of organic wastes remains a problem of considerable
current interest mainly because of an increase in the amount of wastes and waste
accumulation, although progress was made toward the solution of this problem.
The major portion of currently used methods for the processing of organic
wastes resulted from a long evolution of engineering solutions and technologies,
and they are characterized by relatively favorable energy and environmental
characteristics [4]. First, among them are thermal methods such as pyrolysis,
gasification, and combustion [5]. At the same time, certain limitations imposed
on processes for the thermal treatment of organic wastes should be taken
into consideration. All of these processes are characterized by relatively low
selectivity: solid, gaseous, and liquid products of complex composition, which
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essentially depend on the starting material, are simultaneously obtained in any
versions of these processes [5, 6]. Moreover, organic wastes are often chemically
heterogeneous complex multicomponent systems with various physicochemical
properties. Therefore, the behavior of the organic matter of various wastes cannot
be described based on the thermolysis of high-molecular- weight compounds
because of the complex structure of this organic matter and various interactions
occurring in the course of waste processing [7, 8]. Thermogravimetry is widely
used to obtain reliable information [9—14]. In this case, the main concepts of
the process mechanism of the thermolysis of carboncontaining wastes are based
on simplified assumptions, which are not always consistent with a real set of
complex chemical reactions that occur in the systems. However, the experimental
data make it possible to compare process parameters such as the temperature,
heating rate, and nature/composition of carbon-containing wastes [13—15].
Note that a theory that provides an opportunity to make reliable conclusions
concerning the structure of wastes, to unambiguously predict the course of
thermolysis processes, and to determine the composition of (or ratio between)
by-products based on the ultimate and proximate analyses of organic wastes is
currently not available. The organic matter of carbon-containing wastes consists
of thermodynamically unstable formations, which undergo deep conversion on
heating [16].

Table 1. Thermolysis of the sunflower husks—D coal binary system with and without alkali
metal carbonate eutectic Mixture of sunflower husks + D coal

Total
Maximum temperatures of the main peaks of individual component decomposition weight
loss, %
Sunflower husks, 7/ - 130 - 275 305 390 - -
Decoal, T, 101 132 - - - 400 429 527
Weight loss (WL, ) for the thermolysis of individual components, %
Sunflower husks, WI,. - 424 - 1885 487 473 - - 32.69
D coal WL 165 121 - - - 1.66 2.64 037 7.54
Sunflower husks + D coal, WI,. 1.65 545 - 1885 4.87 639 2.64 037 40.23
Maximum temperatures (T) of the main peaks of decomposition and weight loss (WL, ) in the
thermolysis of the sunflower husks + D coal binary system
T(°C) V'max 114 130 - 277 297 404 - 478 3940
Weight loss (WL, ).% 1.97 5.05 1726 3.10 10.34 1.68
WL /WL, .- 1.19 093 - 092 0.64 162 - 454 098

Mixture of sunflower husks + D coal + eutectic additives
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Total
Maximum temperatures of the main peaks of individual component decomposition weight
loss, %
Maximum temperatures of the main peaks of individual component decomposition (7', ), °C)
Sunflower husks + eutectic, T - - 140 - 227 275 360 425 -
D coal + eutectic, T, - 125 - 219 - 400 408 470
Weight loss (WI. K/Na]) for the thermolysis of individual components, %
Sunflower husks + eutectic, WI,. K/Na - 227 - 475 1289 6.57 0.70 - 27.18
D coal + eutectic, WI Na - 238 - 051 - 069 434 191 9383
Sunflower husks + D coal + eutectic, WI,. K/Na - 465 - 526 1289 726 504 191 37.01
Maximum temperatures (7, ) of the main peaks of decomposition and weight loss
(WL, K/Na) in the thermolysis of the sunflower husks—D coal binary system+eutectic
T(°C) V'max 141 - 236 272 357 412 468 4144
Weight loss (WL, )% 5.75 638 1053 6.70 5.12 6.94
WL, K/Na/ WL, .. K/Na - 124 - 121 0.82 092 102 363 112
WL, K/Na/WL_ - 114 - 037 340 065 - 413 105
WL, K/Na/WL, - 085 - 028 265 114 191 516 092
/ WL, K/Na/WI - 134 - 133 128 057 - 080 114

WL, K/Na/WL

expt theor

Therefore, in most cases, the thermolysis of each particular waste material is
experimentally studied to determine the effect of process parameters on the
composition and yield of products. Thus, new experimental data and knowledge
of the thermolysis processes of individual kinds of organic wastes make it
possible to program the behaviors of multicomponent systems in accordance
with specific requirements imposed on a thermolysis process.

Table 2. Thermolysis of the AKKhZ— sunflower husks binary system with and without
alkali metal carbonate eutectic Mixture of AKKhZ and sunflower husks

Maximum temperatures of the main peaks of individual component decomposition \Jeoizlllt
loss, %
AKKhWZ, T - 120 145 282 - 360 -
Sunflower husks, 7/ - 130 - 275 305 390 -
Weight loss (WT) for the thermolysis of individual components, %
AKKhZ, WL, .. - 749 329 1131 - 028 - 22.37
Sunflower husks, WE,. - 424 - 1885 487 473 - 32.69
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Total
Maximum temperatures of the main peaks of individual component decomposition weight
loss, %
AKKhZ + sunflower husks, WE,. - 1173 329 30.16 487 501 - 55.06
Maximum temperatures (T) of the main peaks of decomposition and weight loss (WL, ) in
the thermolysis of the AKKhZ—sunflower husks binary system
T(°C) V'max - 120 - 246 315 365 435 51.44
Weight loss (WL, )% 537 27.09 4.67 821 6.10
WL /WL. - 046 - 090 096 1.64 - 0.93
Mixture of AKKhZ and sunflower husks + eutectic additives
Maximum temperatures of the main peaks of individual component decomposition (7' ) °C)
AKKhZ + eutectic, T/, - 110 190 260 - - -
Sunflower husks + eutectic, 7/ - 138 - 227 275 360 425
Weight loss (WLj. K/Na) for the thermolysis of individual components, %
AKKhZ + eutectic, WL or K/Na - 1028 0.12 1061 - - - 21.01
Sunflower husks + eutectic, WI K/Na - 227 - 475 12.89 6.57 0.70 27.18
AKKhZ + sunflower husks + eutectic, WI K/Na - 1255 0.12 1536 12.89 6.57 0.70 48.19
Maximum temperatures (T) of the main peaks of decomposition and weight loss (WLW K/Na)
in the thermolysis of the AKKhZ—sunflower husks binary system+eutectic
T(°C) V'max - 133 - 248 288 415 429 50.97
Weight loss (WL ).% 18.61 1541 10.86 5.05 1.05
WL, K/Na/ WL, .. K/Na - 148 - 100 084 0.77 150 1.09
WL, K/Na/WL_ - 347 - 057 233 062 017 0.99
WL, K/Na/WL, - 107 0.04 051 265 131 - 0.88
WL, K/Na/WL_ /WL, .. K/Na/WL, - 324 - 112 088 047 - 1.13

A choice of thermolysis process conditions (temperature, heating rate,
chemical reagent additives, etc.) makes it possible to optimize the process
as a whole, to make this process more economically feasible, and to utilize a

wide

range (in terms of chemical composition and nature) of waste materials,

including nonutilizable or rejectable waste [1, 2]. Moreover, the process can be
selectively directed toward the production of specified gas, liquid, or solid by-
products by properly choosing the process conditions.

The aim of this work was to study the conversion of individual structural
fragments as the constituents of complex multicomponent organic carbon-
containing products in the course of the thermolysis of D-grade (long-flame)

coal,

refinery waste, coal-processing waste, and biomass. (or ratio between)
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by-products based on the ultimate and proximate analyses of organic wastes is
currently not available. The organic matter of carbon-containing wastes consists
of thermodynamically unstable formations, which undergo deep conversion
on heating [16]. Therefore, in most cases, the thermolysis of each particular
waste material is experimentally studied to determine the effect of process
parameters on the composition and yield of products. Thus, new experimental
data and knowledge of the thermolysis processes of individual kinds of organic
wastes make it possible to program the behaviors of multicomponent systems
in accordance with specific requirements imposed on a thermolysis process. A
choice of thermolysis process conditions (temperature, heating rate, chemical
reagent additives, etc.) makes it possible to optimize the process as a whole,
to make this process more economically feasible, and to utilize a wide range
(in terms of chemical composition and nature) of waste materials, including
nonutilizable or rejectable waste [1, 2]. Moreover, the process can be selectively
directed toward the production of specified gas, liquid, or solid by-products by
properly choosing the process conditions. The aim of this work was to study
the conversion of individual structural fragments as the constituents of complex
multicomponent organic carbon-containing products in the course of the
thermolysis of D-grade (long-flame) coal, refinery waste, coal-processing waste,
and biomass.

2. Experimental

The D-grade coal and particular types of solid and liquid organic wastes
(biomass, refinery waste, and sludge) were used as test materials.

Long-flame coal. The D-grade coal from the L1 bed in the Lidievka coalmine
(Donetsk Basin) was used in this study. The sampling and fractionation of coal
were performed in accordance with DSTU (Technical Specifications) 4096-2002
requirements. To decrease the ash content of the coal samples, samples with particle
sizes of 0.25-0.50 and 0.50—-1.00 mm with no visible rock inclusions were taken
for the experiments. Table 1 summarizes the proximate and ultimate analyses of the
samples. The test samples predried at 105° were used.

Waste biomass. Sunflower husks from the AO KARGIL oil mill (Donetsk,
Ukraine) were studied. The initial moisture content of the sunflower husks was ~10
wt %. The biomass samples were prepulverized and dried in a drying oven at 105° C
to a moisture content of 6.1 wt %. Then, the powder was sieved to remove a fraction
(about 7 wt %) with particle sizes smaller than 0.450 mm because of a high ash
content of these particles. This procedure allowed us to decrease the ash content by
35%, as compared with the initial value. According to published data [17], sunflower
husks contain cellulose, hemicellulose, and lignin fragments (to 27, 18, and 27 wt
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% on a daf basis, respectively). Table 1 summarizes the proximate and ultimate
analyses of the samples. The sunflower husk fractions predried at 105 °C were used.
Table 2 summarizes the composition of ash according to AO KARGIL data.

Table 3. Thermolysis of the AKKhZ—D coal binary system with and without alkali metal
carbonate eutectic Mixture of AKKhZ and D coal

Total
Maximum temperatures of the main peaks of individual component decomposition weight
loss, %
AKKNWZ, T, - 120 145 282 - 360 - -
Deoal, T, 101 132 - - - 400 429 527
Weight loss (WI) for the thermolysis of individual components, %
AKKhZ, WL, - 7.49 329 1131 - 0.28 - - 22.37
D coal, WL;j 1.65 121 - - - 166 264 037 753
AKKhZ + D coal, WL, 1.65 8.70 329 1131 - 194 264 037 2990
Maximum temperatures (T) of the main peaks of decomposition and weight loss (WL, ) in the
thermolysis of the AKKhZ— D coal binary system
T(°C) V'max - 124 151 291 - 404 439 530 49.42
Weight loss (WLHP'),% 786  11.16 1446 823 388 382 165
Mixture of AKKhZ and D coal + eutectic additives
Maximum temperatures of the main peaks of individual component decomposition (7, °C)
AKKhZ + eutectic, T, - - 110 190 260 - - - -
D coal + eutectic, T, - 125 219 - 400 408 470 -
Weight loss (WI K/Na) for the thermolysis of individual components. %
AKKhZ + eutectic, WI,. K/Na - 1028  0.12 1061 - - - - 21.01
D coal + eutectic, WIR K/Na npeak 238 0.51 1061 069 434 191 Na) 9.83
_ i 191 30.85
AKKhZ + D coal + cutectic, WLKNa ACKMZ™ 1267 063 "™ 060 434 0
Maximum temperatures (T) of the of decc  wnposit system weight loss K/
mai in the thermolysis of the A D coal binary 4- (tW
ic
eutec
T(°C) - 129 0.19 265 312 410 452 557  29.99
V' max 8.40 923 057 464 659 056 097
Weight loss (WL ),% 0.66 087 083 107 345 015 06l
WL_ K/Na/ WLh"‘ K/NaWL_ K/ 1.07 0.64 0.56 1.70 1.03
Na/WL WL K/Na/WL p]_ 1.46 0.94 224 072 0.59
K/Na/ ﬁxpl ) r:th_/Na/ L] theor ~expt 073 0.68 025 236
expt’_theor theor

Sludge from a sludge pond in a by-product coke plant.The sludge pond of the
Avdeevka by-product coke plant (AKKhZ) is a natural dammed pit; about 15—
20 000 tons of chemical waste was accumulated in this pond under a 2-m sheet
of water in the course of plant operation. The chemical waste is water-bearing
black mass that mainly consists of high-molecular-weight coke by-products
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including fly ash and irregular suspended solids. Because of this, it is difficult to
study the Analysis of liquid carbon-containing wastes (spent petroleum product
mixtures and AKKhZ sludge) main characteristics of the waste in order to make
recommendations for waste disposal or utilization. In this study, sludge from
AKKhZ sludge ponds was used. The AKKhZ tar sample was taken from a sludge
pond at a depth of 4.5 m.

Refinery waste. The oil-handling point of the Odessa port is the largest
oil-loading terminal in Ukraine; this terminal with petroleum storage depots
is responsible for the transshipment of all kinds of exported and imported
petroleum products (the capacities of the port for petroleum, mazut, diesel fuel,
and gasoline are 200000, 120000, 120000, and 25000 tons, respectively). To
1000 m 3 of petroleum products is annually concentrated at the oil-handling point
of the Odessa port; these petroleum products are collected upon cleaning oil and
mazut tanks. According to GOST (State Standard) 21 046-86.: Spent Petroleum
Products; General Specifications [18], these petroleum products are classified as
spent petroleum product mixtures. The spent petroleum product mixtures from
the Odessa port are highly dispersed emulsions (heavy petroleum fractions with
5-6% Emulsol, 0.3% soda, and to 50% tap water), which are accumulated and
stored in special settling reservoirs, where water is separated by gravity from the
organic components of spent petroleum product mixtures, which are concentrated
at the top of the reservoir. Table 1 summarizes the ultimate and proximate
analyses of the liquid wastes (spent petroleum product mixtures and AKKhZ
sludge) used in this work. The liquid waste samples taken from the petroleum and
mazut reservoirs of the Odessa port and the AKKhZ sludge pond were analyzed
without sample preparation. Table 3 summarizes the characteristics of liquid
wastes, including data on the direct distillation and fractionation of bitumen
by successive solvent extraction. The degrees of aromaticity of the test liquid
wastes were determined by HI NMR-spectroscopic analysis on a Bruker AS250
instrument with a working frequency of 300 MHz using deuterated chloroform as
a solvent and tetramethylsilane as an internal standard. The following integration
ranges were used: hydrogen at aromatic carbon (Har), 9—6 ppm; hydrogen of
methyl groups bound to an aromatic ring (Ha—2), 4.5-3.5 ppm; hydrogen bound
to a-carbon atoms (Ha), 3.5-2 ppm; hydrogen bound to a-carbon atoms (Ha),
2-1 ppm; and hydrogen bound tod-carbon atoms (Ha), 1-0.5 ppm. Based on
the experimental data, the spent petroleum product mixtures (14% H ar, 1%
Ho-2, 56% Ha, 23% Ha, and 6% Ha) can be tentatively ascribed to aliphatic
petroleum waste. The main structure components are long unbranched (or weakly
branched) hydrocarbons (to 79%) and a small fraction (to 14%) of aromatics,
whereas the AKKhZ sludge can also be tentatively ascribed to aromatic tar waste
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(the aromatic carbon content of this waste is as high as 26% on a total carbon
basis: 26% Har, 4% Ho—2, 23% Ha, 28% Hoa, and 19% Ha). Preparation of a
eutectic catalyst for thermolysis. To study the effect of alkali metal additives on
the thermolysis of particular solid and liquid organic carboncontaining products,
we used an undoubted advantage of the binary eutectics of alkali metal salts—
low melting points. We expected that the eutectics would occur as melts in the
main temperature range of the thermolysis process, whereas pure salts would
be only in a solid state, and they would not reach the same degree of dispersion
on the surface of the organic matter of carboncontaining products. The eutectic
catalyst was prepared as a fusion of a finely divided binary mixture of sodium
and potassium carbonates containing 29% Na,CO, and 71% K,CO,. According
to the published phase diagrams, the eutectic melting temperature of this mixture
is 350°C [19]. The mixture was prepared in a muffle furnace in an atmosphere
of air at a temperature higher than the corresponding eutectic melting point of
K/Na carbonates by approximately 100°C. After cooling, the solid mixture was
crushed and thoroughly ground to fine powder in an agate mortar. The melting
point of the prepared eutectic catalyst was additionally measured by differential
scanning calorimetry (DSC 220°C), and it was consistent with published data
[19]. To improve the dispersion of the catalyst in the pores and on the surfaces of
the carbon matrices of individual waste components (to obtain a more uniform
distribution), we used the impregnation method in the preparation of individual
product components for the study of the process of thermolysis with catalyst
additives. A sample of the finely dispersed powder of the eutectic salt (accurately
weighed to within 0.0005g) was dissolved in water. Then, the solution (or a
suspension, if the eutectic dissolved incompletely) was added to a solid sample
component (pulverized and predried) in a proportion of ~0.5-0.6 ml per gram
of the carboncontaining product; the resulting mixture was shaken on a shaker
(180 rpm; 20 min) to ensure the good mixing of the solution/suspension with
the component, then dried to constant weight (at 105°C for at least 12 h), and
cooled to room temperature away from the atmosphere in order to exclude the
adsorption of water vapor. After cooling, the impregnated mixture was crushed
and thoroughly ground in an agate mortar. In the case of liquid refinery and coal-
processing wastes (spent petroleum product mixtures and AKKhZ sludge), the
powdered eutectic catalyst was added to the waste and the mixture with a liquid
component was prepared in accordance with the above procedure. The catalyst
was added in an amount of 3.3 wt % per each particular individual component
of carbon-containing wastes.

Investigation techniques. The individual types of organic carbon-containing
products were studied by thermogravimetry under conditions of linear
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temperature programming from 20 to 950°C at a heating rate of 10 K/min in
an atmosphere of flue gases in order to implement the interaction of primary
solid, liquid, and gaseous products in the course of the thermolysis process. The
thermogravimetric studies were preformed on a Q1500D Paulik—Paulik—Erdei
derivatograph under the following experimental conditions: sample weight, 0.03
g; analytical grinding; ceramic crucible with a cap 15 mm in height and 5 mm in
diameter. The treatment of thermal analysis curves involved the analysis of TG,
DTG, and DTA thermograms. The sample weight loss at a specified temperature
was determined in accordance with the TG curve. The rate of weight loss was
determined from the DTG curve, and the maximum temperatures of endo or
exo effects were determined from the DTA curve in accordance with standard
procedures [20]. The curves of weight loss (TG curves) and weight loss rate
(DTG curves) were converted in terms of an 1-g initial sample and expressed as
temperature dependences, which are illustrated by curves given in Section 3. The
temperatures (7max) corresponding to the maximum rates of weight losses were
determined based on the DTG curves. In this work, the weight loss was identical
to the yield of volatile products, whereas the weigh loss rate was equivalent to
the rate of formation of volatile substances on heating. The thermogravimetric
analysis of individual components (sunflower husks, AKKhZ sludge, spent
petroleum product mixtures, and D-grade coal) and their mixtures with catalyst
additives (binary eutectic mixtures of alkali metal carbonates) was performed.
Simulation of analytical peak groups using the SCIENTIST software. In the
structural analysis of complex materials based on, for example, spectroscopic
data, the deconvolution of a spectral profile into individual bands should be used
because of the occurrence of a great number of broad strongly overlapping bands
in the spectra. The resulting spectroscopic characteristics are used to construct/
reproduce the structural models of initial materials [21]. It was noted that the
correctly used deconvolution of primary spectra can be more informative for
the structural analysis of complex multicomponent materials than, for example,
the spectroscopy of individual structure components of the initial material [21].
In this work, we used the SCIENTIST 3.0 (Micro- Math) software [22] for the
analysis of primary thermoanalytical data. This software allowed us to separate/
choose a required number of deconvolution peaks in a multiplet and to optimize
their parameters (deconvolution intensity, halfwidth, and T maxposition) until
a minimum standard deviation between fit and real curves at each point. The
resulting model of conversion is a set of N elementary peaks, each of them is
characterized by the following four parameters: maximum position, intensity,
width, and the fraction of a Lorentzian contour (band shape). The superposition
of N elementary bands is a spectral function that approximates the experimental
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curve. We used the uniform system of alteration (modification and combination)
of base peak functions to obtain the most universal phenomenological models
of analytical signals. The total number of four-parameter models can be as high
as a thousand. In this work, we used a tested procedure for the discrimination of
models from a system of models and the construction of the most appropriate
models to describe the group of analytical peaks in thermogravimetric data (TG
and DTG peaks). To solve this problem, the detailed characteristics of peak
properties were taken into consideration for both a preliminary study of the shape
variation range of a particular group of analytical peaks and an a priori evaluation
of model parameters in the approximation of a particular experimental signal. At
a preliminary stage, we compared characterization techniques for the groups
of experimental signals. In this work, we used the following parameters of
analytical signal series: weight loss rate, weigh loss, T max of thermal degradation,
heating rate, and thermolysis temperature ranges. To evaluate signal parameters,
we used the primary processing of a signal (smoothing and baseline correction).
Then, the signal parameters were evaluated using the SCIENTIST software
in accordance with the above procedure. The ranges of variation, the average
values of parameters, and the corresponding standard deviations were found
for each series of signals. Based on the range of parameter variations, a group
of phenomenological models was chosen to optimally describe the range of
variation of experimental peaks. Next, the individual peaks were approximated
in series; based on this approximation, a final conclusion was made concerning
the most adequate models for this group of peaks.

3. Results and discussion

Table 4 summarizes the initial thermogravimetric data obtained in the range
of temperatures to 950 °C for the thermolysis of all of the individual components
with and without eutectic alkali metal salt additives. Based on the preliminary
analysis of the experimental data, we can formulate hypotheses on the character of
thermolysis of the components: we can recognize individual temperature ranges
of decomposition and calculate total weight losses upon decomposition for these
ranges. In a number of cases, we can recognize individual decomposition peaks
and calculate maximum rates of weigh losses for these peaks (Table 4). However,
we cannot make a conclusion concerning the individual structural fragments (the
nature and total amount of structural fragments) of initial materials and obtain
quantitative data on thermal degradation (the separation of individual weight loss
peaks for each individual structural component and the temperature ranges of the
appearance of these peaks). Thus, the following peaks can be recognized in the
thermolysis of the initial materials: two peaks of water (with Tmax of 100°C)
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and the main decomposition of organic matter (with 7imax of 400°C) for D coal;
two peaks of water (with 7max of 125°C) and the main decomposition of organic
matter (with 7max of 305°C) for sunflower husks; three peaks of water (with
Tmax of 125°C) and the main decomposition of organic matter (two peaks with
Tmax of 335 and 415°C) for spent petroleum product mixtures; and two peaks of
water (with Tmax of 120°C) and the main decomposition (with 7max of 280°C)
for the AKKhZ sludge. Based on an analysis of initial thermogravimetric data,
we cannot draw even general conclusions on the effect of carbonate additives on
the thermolysis of the components (not to mention the effect of carbonates on
the thermolysis of individual structural fragments in the starting materials). For
the thermolysis of the starting materials in the presence of carbonates, we can
recognize only particular regions of thermolysis: two peaks of water (with 7max
of 120°C) and the main decomposition of organic matter (with 7max of 400°C)
for D coal; two peaks of water (with 7max of 140°C) and the main decomposition
of organic matter (with 7max of 385°C) for sunflower husks; two peaks of water
(with Tmax of 105°C) and the main decomposition of organic matter (with 7max
of 410°C) for spent petroleum product mixtures; and two peaks of water (with
Tmax of 125°C) and the main decomposition (with 7max of 270°C) for the
AKKhZ sludge. In the subsequent representation of the results, we used only
the data obtained by a new methodological approach based on the following
propositions: (1) the separation (based on the deconvolution of thermograms)
of the thermal degradation of components into individual constituents; (2) the
correlation of the resulting individual weight loss peaks (based on published
data and the analysis of structural fragments by other techniques such as direct
distillation, solvent extraction, and NMR spectroscopy) with the particular
structural fragments of the initial carbon-containing components: sunflower
husks, spent petroleum product mixtures, AKKhZ sludge, and D coal; (3)
the qualitative (yield/temperature and composition/ nature) and qualitative
(composition/nature) analysis of the dynamics of conversion of each individual
structural fragment in the course of cothermolysis in complex solid and liquid
organic carbon-containing products. On this basis, two conclusions can be made
concerning (1) the composition of the individual structural fragments of the
organic matter of the initial carboncontaining products and (2) the effect of alkali
metal carbonates on the thermolysis of these products.

Thermolysis of sunflower husks. The results of TG-DTG analyses
demonstrated that two peaks due to the main decomposition of biomass
appeared in the thermolysis of sunflower husks (Table 4). Although the peaks
are somewhat overlapping, they can be separated and characterized with the
use of the proposed approach (Figs. 1a, 1b; Table 5). The experimental data for
the thermolysis of sunflower husks are fully consistent with current concepts of
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the thermolysis of biomass [23-25]. The deconvolution afforded three peaks,
which were unambiguously attributed to the decompo- sition of cellulose,
hemicellulose, and lignin as the constituents of sunflower husks at 240-290,
260-350, and 280-450°C, respectively (Fig. 1a; Table 5).

Table 4. Thermolysis of the spent petroleum product mixtures—sunflower husks binary
system with and without alkali metal carbonate eutectic

Mixture of spent petroleum product mixtures and sunflower husks

Total
Maximum temperatures of the main peaks of individual component decomposition .
(T °C) weight
max® loss, %
Spent petroleum product mixtures, 7, . 125 - 283 337 - 412
Sunflower husks, 7, - - 130 - 275 305 390 -
Weight loss (WL, ) for the thermolysis of individual components, %
Spent petroleum product mixtures, WI - 1546 - 116 2.87 - 6.34 2583
Sunflower husks, WI - 424 - 1885 487 473 - 32.69
Spent petroleum product mixtures + sunflower - 1970 - 2001 7.74 473 634 5852
husks, WI
Maximum temperatures (7, ) of the main peaks of decomposition and weight loss (WL,,) in the
thermolysis of the spent petroleum product mixtures— sunflower husks binary system
T(°C) V'max - 120 - 271 310 392 425 6155
Weight loss (WL,,).% 16.42 2213 856 1235 2.07
WL,/ WLy - 083 - LII L1l 261 033 105
Mixture of spent petroleum product mixtures and sunflower husks + eutectic additives
Maximum temperatures of the main peaks of individual component decomposition (7, ) °C)
Spent petroleum product mixtures + eutectic, 7, - 105 - - 320 385 415
Sunflower husks + eutectic, 7 - 140 - 227 275 360 425
Weight loss (WL, K/Na) the thermolysis of individual components, %
Spent petroleum product mixtures + eutectic, WL. K/Na - 21.13 - - 550 7.01 671 4035
Sunflower husks + eutectic, WL,. K/Na - 227 - 475 1289 657 0.70 2718
Spent petroleum product mixtures + sunflower husks + - 2340 - 475 1839 1358 741  67.53
eutectic, WL K/Na
Maximum temperatures (7, ) of the main peaks of decomposition and weight loss (WLW K/Na) in the
thermolysis of the spent petroleum product mixtures— sunflower husks binary system + eutectic
T(°C) V'max 120 161 248 275 372 415 5144
Weight loss (WL, ).% T 1654 144 373 1677 838 8.17
WL, K/Na/ WL,, .. K/Na - 071 - 079 091 062 LI0 076
WL, K/Na/WL, | . 101 - 017 196 068 395 084
WL, KNa/WL,,, - L19 - 024 238 287 117 115
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Figure 1. Thermolysis of sunflower husks (a) without additives and (b) with eutectic salt
additives.

The interaction of components during the pyrolysis of biomass was not
detected; the biomass components behaved independently of each other. Upon
the addition of the eutectic catalyst (Fig. 1b; Table 5), the decomposition of a
cellulose fragment of biomass came into play at lower temperatures (by about
50°C); however, it occurred much less intensely (the weight loss was 9.5%
against 37.7% with no carbonate added). The decomposition of hemicellulose
was considerably accelerated (the weight loss was 25.8% against 9.7%),
although it also occurred at lower temperatures. A trend of this kind was also
observed in a lignin fragment; however, the degree of decomposition increased
less significantly. In general, the thermolysis of biomass with carbonate additives
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was inhibited and the total weight loss was 54.4% against a weight loss of 65.4%
for sunflower husks in the absence of alkali metal carbonate additives (Table 5).
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Figure 2. Thermolysis of D coal (a) without additives and (b) with eutectic salt additives.

Thermolysis of D-grade coal. The experimental data for the thermolysis of
D coal are also fully consistent with the published concepts of the thermolysis of
coal [7, 16, 26-28]. On heating to 120°C, physically bound water and, probably,
adsorbed gases (carbon dioxide, methane, and air components [16, 26]) were
released; then, water bound in the coal structure was released (a peak with 7max
of 125°C) (Figs. 2a, 2b). The thermal degradation of the organic matter of D
coal can be tentatively subdivided into the degradation of individual structural
fragments in the organic matter of coal (OMC): OMC 1 exhibited a medium-
intensity peak with 7max of 400°C, OMC 2 exhibited an intense peak with 7max
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0f 425°C, and OMC 3 exhibited a low-intensity peak with Tmax of 570°C (Fig.
2a, Table 5). In general, the thermal transformations of the OMC came into play
at temperatures of about 325°C with the release of an amount of water and carbon
dioxide, which resulted from the cleavage of chemical bonds at the terminal
sites of coal macromolecules [7, 26]. Deep changes in the internal structure
of organic matter did not occur. At temperatures higher than 350°C, the main
degradation of the OMC came into play. Macromolecules decomposed to form
short-lived free radicals, which underwent recombination and converted into
stable systems [7, 26]. The deep decomposition of the OMC and the release of
products (tars) that are liquid under ordinary conditions were complete at about
550°C. The character of OMC degradation changed upon the addition of alkali
metal carbonates (Fig. 2b, Table 5): structural fragment OMC 1 decomposed
less intensely, whereas the degradation of OMC 2 and OMC 3 occurred more
intensely. This effect was most pronounced in OMC 3; the thermal degradation
of this fragment increased by a factor of ~5 and occurred at lower temperatures
(by approximately 50-60°C).

Table 5. Thermolysis of the spent petroleum product mixtures—D coal binary system with
and without alkali metal carbonate eutectic

Mixture of spent petroleum product mixtures and sunflower husks

Maximum temperatures of the main peaks of individual component decomposition thal
o ) weight
(T °C) V'max
loss, %
Spent petroleum product mixtures, T - 125 - 283 337 412 - -
Decoal, T, 101 132 - - - 400 429 527
Weight loss (WI,.) for the thermolysis of individual components, %
Spent petroleum product mixtures, WI - 1546 - 1.16 287 6.34 - - 2583
D coal, WLtheo,. 1.65 121 — — — 166 264 037 753
Spent petroleum product mixtures + D coal, WI 1.65 1667 - 1.16 287 8.00 2.64 037 33.36
Maximum temperatures (T ) of the main peaks of decomposition and weight loss (WL, in the thermolysis of
the spent petroleum product mixtures—D coal binary system
T(°C) V'max 125 173 357 415 490 520 39.57
Weight loss (WL l),% 10.78  1.59 9.74 1375 2.14 157
expl
WL__ /WL, - 065 - - 339 172 081 422 1.19

‘expt ‘theo”"

Mixture of spent petroleum product mixtures and D coal + eutectic additives

Maximum temperatures of the main peaks of individual component decomposition (T, _, °C)

Spent petroleum product mixtures + eutectic, T - 105 - - 320 385 415 -

D coal + eutectic, T - 125 219 - - 400 408 470

max
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Mixture of spent petroleum product mixtures and sunflower husks

Total

Maximum temperatures of the main peaks of individual component decomposition .
N ) weight
(T °C) V'max
loss, %
Weight loss (WL, K/Na) the thermolysis of individual components, %
Spent petroleum product mixtures + eutectic, WI. K/Na - 2113 - - 550 701 671 - 4035
D coal + eutectic, WI,. K/Na - 238 051 - - 069 434 191 983
Spent petroleum product mixtures + D coal + eutectic, — 2340 051 — 550 7.70 1005 191 49.07
WL, KNa

Maximum temperatures (T ) of the main peaks of decomposition and weight loss (WL, K/Na) in the
thermolysis of the spent petroleum product mixtures— D coal binary system + eutectic

T(°C) V'max 119 151 295 400 420 51.29
Weight loss (WL_),% 1127 5.62 585 1928 925

expt/?
WL, K/Na/ WL, r.. K/Na - 048 1102 - 106 250 092 - 102
WL KNa/WL_ - 105 353 - 060 140 432 - 129
WL, K/Na/ WL, - 140 - - 192 096 380 516 147

theor theor

The character of OMC degradation also considerably changed in the region
of low temperatures (150— 220°C), where the initial peak of decomposition was
observed in the presence of catalytic additives. For example, this peak appeared
in the degradation of coalprocessing waste (AKKhZ sludge); it was likely
due to the thermal decomposition of the coal structure, which mainly affected
external polar groups. In general, the thermolysis of coal occurred somewhat
more intensely upon the addition of the eutectic catalyst; the temperature range
of decomposition changed only slightly (Fig. 2b, Table 5). The total weight
loss remained almost unchanged, and it was 15.8% against 14.3% for D coal
in the absence of alkali carbonate salt additives. A change in the character of
water release is obvious: in the presence of carbonates, a peak due to the release
of physically bound water was absent, whereas the intensity of a neighboring
peak due to chemically bound water increased. In this case, the total weight loss
due to the release of free and bound water remained almost unchanged in the
thermolysis of D coal both with and without carbonates; it was 5-6%.

Thermolysis of AKKhZ sludge. As a result of deconvolution, the following
four main regions of the thermal degradation of the AKKhZ sludge can be
recognized (Fig. 3a, Table 5): a peak with 7max of 120°C and a total weight
loss to 15%, which corresponds to the release of bound water and, probably,
light hydrocarbon constituents of the AKKhZ sludge, and three peaks due to the
main decomposition of the organic matter of the coalprocessing waste (a low-
temperature broad peak due to the onset of decomposition with 7max of 145°C
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and a total weight loss of 6.6%, a medium-temperature intense peak with 7max
of ~280°C and a total weight loss to 22.6%, and a weakly pronounced high-
temperature peak with Tmax of 360°C and a weight loss of 0.55%). According
to additional experimental data on the thermolysis of the AKKhZ sludge (Table
3), the direct distillation of this waste resulted in the removal of naphthalene
(to 10.8 vol %) in the temperature range of 100—120°C with an amount of light
oil (to 13.9 vol %), whose density is lower than the density of water, and an
amount of water (to 7.7 vol %). On further heating, an oil fraction (24—34 vol %)
with a boiling temperature of 120-170°C and an additional amount of water (to
16%) were boiled out. According to chromatographic analysis data, the distilled
oil was a mixture of heavy hydrocarbons and their oxidation products with a
predominant naphthalene content (to 50%). The chromatogram also contained
signals from the derivatives of naphthalene, quinoline, biphenyl, anthracene,
etc. Thus, according to the experimental data, under conditions of the direct
distillation of the AKKhZ waste in the temperature range of 120-170°C, to
23.9 vol % water, 10.8 vol % naphthalene, 13.9 vol % light hydrocarbons, and
24-34% oil (Table 3) were released. The distillation residue was 18-26%; in
principle, it can serve as a binder in various technologies, in particular, in the
manufacture of activated carbon. In this case, note that, on heating the distilling
tank to 300°C, the temperature of exhaust gases was no higher than 170°C,
which suggests the occurrence of thermal degradation processes in the course of
distillation. Upon the successive extraction of the distillation residue, a portion
of the organic components of bitumen passed into solution (Table 3): a heptane-
soluble fraction (mainly containing malthenes) to 42% and a toluene-soluble
fraction (partially containing malthene and asphaltene tars) to 36%. The residue
undissolved in toluene (to 22%) was deposited at the bottom and on the walls of
a flask as a spongelike coke-like mass. After the distillation of water to a residual
value of 5— 7%, a homogenecous fluid mass was formed.

Upon evaporation for 30 min to remove 19 wt %, ahomogeneous viscous fluid
mass was formed. Upon evaporation to constant weight (weight loss of ~58%),
a brittle solid substance (heavy coal-tar products) was formed. The character of
decomposition of the AKKhZ waste dramatically changed in the presence of the
eutectic of alkali metal carbonates (Fig. 3b, Table 5). Apart from an individual
low-temperature step (an intense peak with 7max of 110°C and a total weight
loss of ~21%) of the decomposition of light hydrocarbons, the release of water,
and, probably, naphthalene derivatives, thermolysis in the medium-temperature
region occurred in a single step with 7max of 260°C and a weigh loss of 21.2%.
In this case, the temperature range of the main decomposition shifted by ~20°C
to the lowtemperature region. The total weight loss in the thermal degradation
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of the AKKhZ sludge was almost independent of catalyst additives, and it was
42-44% (Table 4).
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Figure 3. Thermolysis of the AKKhZ sludge (a) without additives and (b) with eutectic

salt additives.

Figure 4. Thermolysis of spent petroleum product mixtures (a) without additives and (b)

with eutectic salt additives.
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Thermolysis of spent petroleum product mixtures. In the decomposition of
spent petroleum product mixtures, two regions are also recognized: a region
of the removal of water as the constituent of oily waste, where an intense peak
occurs and the weight loss is greater than 30%, which is fully consistent with
the nature of this waste as a suspension of petroleum products with water, and
a higher temperature region (as compared with the thermal degradation of the
AKKhZ sludge) of the main decomposition of the organic matter of the spent
petroleum product mixture components. After deconvolution, three main peaks
can be recognized (Fig. 4a, Table 5): two lower intensity peaks of the onset of
decomposition in the medium temperature region (250-350°C) with the total
weight loss of 8.0% and a third peak of main decomposition with a weight loss
of 12.7%. On the addition of the eutectic catalyst, the thermolysis of the spent
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petroleum product mixtures occurred much more intensely (Fig. 4b, Table 5).
The release of water as a waste constituent occurred at a lower temperature
and was more intense (the weight loss was 42.6 against 30.9% in the absence
of additives). The temperature ranges of the main peaks remained almost
unchanged. The medium-temperature (250-350°C) onset of decomposition
occurred somewhat more intensely (the weight loss was 11.0% as compared
with 8.0%); in this case, its character somewhat changed: an intense peak with
Tmax of 320°C appeared in place of two medium-intensity peaks. The character
of the hightemperature decomposition remained almost unchanged (the
weight loss was 13.4% as compared with 12.7%). Considerable changes were
associated with the appearance of an additional intense decomposition peak
with Tmax of 385°C; for this structural fragment, the weight loss was 14.0%.
Thus, the total weight loss considerably changed (because of the more intense
separation of water and the decomposition of an additional structural constituent
of spent petroleum product mixtures) and was 80.7 against 51.65% for the spent
petroleum product mixture component in the absence of alkali metal carbonate
additives. The experimental data on the decomposition of spent petroleum
product mixtures are fully consistent with published data, according to which
the thermolysis of individual fractions, such as malthenes and asphaltenes, are
recognized in the thermolysis of petroleum waste [29, 30]. Saturated compounds,
aromatics, and tars were chromatographically separated from the fraction
of malthenes [30]. The stability of fractions increased in the order saturated
hydrocarbons, aromatics, tars, and asphaltenes. According to the experimental
data on direct distillation (Table 3), the first fraction (to 46.0 vol %) of water
(to 33.0%) and light hydrocarbons (to 13%) can be separated in the temperature
range of 63—99°C. In the thermolysis of spent petroleum product mixtures (at a
heating rate of 10 K/min), the weight loss was 30.92%, which corresponds to the
release of water. With potassium carbonate and sodium carbonate additives, the
weight loss in this temperature range was much greater and amounted to 42.6%,
which supports (along with water) the thermolysis of light hydrocarbons as the
constituents of spent petroleum product mixtures. Over the temperature range
of 100-250°C (according to the experimental data on direct distillation in Table
3), the second fraction (to 8.1 vol %) can be separated; this fraction consists of
heavy hydrocarbons. A peak with 7Timax of 283°C, which, probably, corresponds
to the decomposition of heavy hydrocarbons (the weight loss for this structural
fragment was 2.31%), was observed in the experiment on thermolysis. Then, in
the course of thermolysis, the thermolysis of the direct distillation residue (42.6
vol %), which consisted of a liquid fraction (to 33.0%) with the density = 0.879
g/cm3 and tars (to 9.6%), occurred.
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Table 6. Generalized table of the main synergism effects in the cothermolysis of the binary
mixtures of biomass, petroleum-and coal-processing wastes, and D coal

System Effects in systems with no alkali metal carbonate additives, weight loss difference, % if
C, c, QC, r,’water
Sunflower husks - No effect 0
D coal
AKKhZ-sun- Change in the character +3.2 0 -6.3 -3.5
flower husks of AKKhZ Sunflower huskh,
AKKhZ-D coal +7.9 +6.3 OM1 0 No effect  +20
vlvnZ,  decomposition +3.50M3
Spent petroleum -4.3 0 +7.6 same +3.0
product mixtures-  Spent petroleum product Sunflower husks
sunflower husks mixtures, Spent petroleum product
mixtures, . hydrocarbons
Spent petroleum +6.9 0 +5.7 -7.5 +6.0
product mixtures- Spent petroleum product Spent petroleum product
D coal mixrureshwy hydrocarbons mixtures, . hydrocarbons
Spent petroleum product Spent petroleum product
mixtures_ hydrocarbons mixtures
OMC1
System Effects in systems with alkali metal carbonate additives, weight loss difference, % pc %
Sunflower husks- No effect 0
D coal
AKKhZ-sum- The same +6.1 +3.0
flower husks
AKKhZ-Dcoal 0 +4.7 0 -4.2 0
oMC2
Spent petroleum 0 0 -5.2 -5.2 -12.5
product mixtures Sunflower husks,
sunflower husks Spent petroleum product
mixms:«umﬂuca
Spent petroleum 0 +5.1 +11.6 -12.1 +2.0
product mixtures Vcoal  of Spent petroleum product Water
D coal decomposition  mixtures . hydrocarbons
MC1

Thus, the thermolysis of spent petroleum product mixtures at 300-500°C
can be simulated with a reaction scheme of three independent reactions, which
correspond to the thermal degradation of three pseudomacro components of the
malthene fraction of spent petroleum product mixtures (in this case, each particular
pseudo-macro component is a group of compounds with close bond energies,
which are responsible for such a behavior of the compounds in the course of
thermal degradation): (1) saturated compounds (a broad peak with 7max of 320-
332°C), for which the weight loss essentially depends on the additives of alkali
metal carbonates and amounted to 5.73—-11.01%; (2) the aromatic hydrocarbon
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constituents of spent petroleum product mixtures exhibited an intense peak with
Tmax of 385°C, which appeared only in the presence of alkali metal carbonates;
the weight loss was 14.01%; (3) tars exhibited a high-temperature peak with 7max
of 415°C, for which the weight loss was ~13.01%. In this region, the interaction
between asphaltenes and malthenes was observed in the course of thermolysis;
the thermal degradation of asphaltene tar occurred along with the thermolysis of
tar from the malthene fraction; the total weight loss for them varied from 12.58 to
13.42% (without and with carbonate additives, respectively). Thus, based on the
experimental results, we can make a general conclusion on the decomposition of
the test solid and liquid carbon-containing products under the specified conditions
of thermolysis. In general, in the thermolysis of individual components, the
following four regions of the thermal degradation of various structural fragments
as the constituents of sunflower husks, AKKhZ waste, spent petroleum product
mixtures, and the organic matter of D coal can be recognized: the region (105—
125°C) of the release of free or bound water and the decomposition of light
hydrocarbon fractions as the constituents of liquid wastes; the low-temperature
region (145-220°C) of the weakly intense onset of the decomposition of coal
(D) mainly involving outer polar groups and the intense onset of decomposition
of heavy hydrocarbon fractions and their oxidation products (the derivatives of
naphthalene, quinoline, biphenyl, anthracene, etc.) as the constituents of the coal-
processing waste (AKKhZ); the medium-temperature region (250-350°C) of the
intense main decomposition of the AKKhZ sludge (the pseudo-macro fragments
of malthene fractions and, partially, tars of asphaltene fractions), the cellulose and
hemicellulose fragments of biomass (sunflower husks), the onset of decomposition
of spent petroleum product mixtures (heavy fractions of unsaturated hydrocarbons
and saturated compounds from the malthene fraction); and the high-temperature
region (350—450°C) of the main decomposition of the organic matter of D coal, the
lignin fragment of sunflower husks, and the aromatic hydrocarbons of the malthene
fraction of spent petroleum product mixtures and malthene and asphaltene tars
from spent petroleum product mixtures (Table 5, Fig. 5).

The additives of alkali metal carbonates considerably affected the
process of thermolysis of individual components (Table 6, Fig. 6). Thus, the
temperature range of biomass decomposition considerably shifted (by ~50-
60°C) to the low- temperature region; the thermolysis was slowed down, and,
correspondingly, the yield of solid products increased by 11%. In this case, the
character of thermolysis of the structural fragments of biomass considerably
changed: the decomposition of cellulose occurred much less intensely, whereas,
on the contrary, the decomposition of hemicellulose and lignin accelerated.
The carbonate additives affected the character of thermolysis of the AKKhZ
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Figure 5. Schematic diagram of the main effects of the alkali metal eutectic on changes
in the peak positions (iTmax, °C) and weight losses (im, %) in the thermolysis of the
structural constituents of carbon-containing products.

sludge: in the low-temperature region of the decomposition of light and heavy
hydrocarbon fractions and their oxidation products, the process occurred much
more intensely (the weight loss increased by a factor of 1.4) in almost a single
step with 7imax of 110°C. In this case, the medium-temperature decomposition
of the organic matter of the AKKhZ sludge occurred at lower temperatures
(by ~20°C); however, the yield of the solid product remained unchanged.
The character of decomposition of spent petroleum product mixtures changed
considerably: additional structural fragments aromatic hydrocarbons from
the malthene fraction of spent petroleum product mixtures (an intense peak
with 7Tmax of 385°C), which did not underwent thermolysis in the absence of
catalytic additives were involved in thermolysis. It is also evident that free and
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bound water participated in thermolysis. The degree of thermal degradation of
spent petroleum product mixtures in the presence of carbonates considerably
increased (by about 30%) and amounted to 80.7% because of the occurrence
of processes of this type. Carbonate additives resulted in an insignificant
increase in the degree of thermal degradation of D coal. However, in this
case, the character of OMC decomposition considerably changed: a new peak
appeared in the region of low temperatures (150-220°C), which corresponds to
the degradation of external polar groups. The high-temperature decomposition
of the organic matter of D coal became more significant for the process of
thermolysis as a whole and occurred at higher temperatures (by ~50-60°C).
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Figure 6. (a) Peak positions (Tmax, °C) and weight losses (%) for the individual structural
fragments of the initial carbon-containing products. (b) Effect of carbonate additives.
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4. Conclusions

The experimental data and published concepts [23— 30] of the types of
transformations that occur in the thermolysis of biomass, waste petroleum
products, and coal-processing wastes provide unique theoretical prerequisites
for the recognition and description of the thermal degradation of individual
structural fragments in the test carbon-containing products: sunflower husks,
spent petroleum product mixtures, AKKhZ sludge, and D coal. As a result of the
analysis, we obtained a matrix of qualitative and quantitative data (Figs. 5, 6)
for each type of the carbon-containing products used in this study with reliable
information on the temperature ranges of decomposition for the particular
structural fragments of biomass, petroleum or coal-processing waste, and D
coal and on the quantitative degree of degradation at specified temperature and
heating rate. Additionally, we found the main effects of the catalytic additives on
the conversion of individual structural constituents of carbon-containing wastes
(Figs. 5, 7). We intend to further develop this study in order to determine the
main model reactions for the degradation of the individual structural constituents
of carbon-containing products and the reactions of these products with alkali
metal carbonates (and/or their conversion products) under the conditions of
thermolysis.
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Chapter 14
Hybrid inorganic-organic mesostructured thin films
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Grunwaldzka 6, 60-780 Poznan, Poland

Introduction

Considering the nature of the interactions existing between the organic and
inorganic part of the hybrid mesostructured thin films, these materials can be
classified into two different classes. First class corresponds to the doped systems
in which organic compounds, for example low molecular weight molecules,
oligomers or polymers, are simply embedded in the inorganic matrices. On the
contrary, the second class corresponds to the hybrid systems in which organic
and inorganic components are both connected through the stronger covalent or
iono-covalent chemical bonds. Additionally, it is crucial to have in mind that the
doped-materials (class I) involve mostly a host-guest relationship with included
species, whereas the functionalized ones (class II) imply a deeper relationship,
since supplementary organic compounds participate in this materials [1].

Despite all the potential applications of doped-mesostructured thin films
(class 1), such as: incorporation of dyes and fluorescence-based compounds;
synthesis of hybrid polymers-POMTFs (Periodic Organic-inorganic Mesoporous
Thin Films) or living cells encapsulation, the localization of the organic
components in the micellar part or/and in the opened pores of mesostructured
thin films may strongly limit their potential applications, mainly because of the
high tendency to leach the organic molecules. Thus, most often it is necessary
to graft the organic components to the matrix via stronger chemical bonds, like
covalent or iono-covalent ones. Due to this limitations only the second class of
the hybrid inorganic-organic mesostructured thin films is going to be discussed
herein.

Functionalized hybrid mesoporous thin films - grafting routes

Two grafting routes are commonly used to incorporate the organic
moieties into the structure of POMTFs: the “one-pot” synthesis and the post-
functionalization (Fig. /). The first one, i.e. “one-pot” synthesis, involves a
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co-condensation step that occurs between a functional organic precursor, in
general organosilane, and an inorganic precursor (typically TEOS or TMOS,
less frequently TMOs - Transition Metal Oxides), in the presence of the
template. In this case the mesostructuration process, meaning the formation
of mesostructures, and functionalization step take place at the same time. In
the second grafting method, namely the post-functionalization route, the
chemical modification occurs when mesostructuration and calcination steps are
already finished. Functionalization of these materials can be achieved via the
impregnation from the solution or via vapor treatment by means of chemical
bonds formation with silanol or M-OH groups that cover the pore surface of
the mesostructured thin film. The “one-pot” synthesis is dedicated mostly to
functionalize silica POMTFs, whereas the post-functionalization technique can
be successfully used with silica and TMOs matrices. Nevertheless, the “one-
pot” synthesis of the transition metal oxide, either via the use of organosilane
precursors or with applying a complexing/chelating agent, has been recently
reported [2].

Metrd alkoxides: simple, hybrid: or bridged

MORn SYOR)n
MXn (inorganie salt) , ) .
i.e. polyfunctional ligands R'-M(OR)s (RO):Si @il Si(OR)=

.f.

Surfactants, amphiphilic

block copolymers Mesophase formation

Functional F
group - F
\;'ﬂ
/
Grafting . , ..
group - G - g o

=5 =

| post-functionalization

,,one-pot” synthesis

Figure 1. Grafiing routes
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Despite the fact that mainly the post-functionalization technique is exploited
to modify properties of mesoporous molecular sieves (e.g. reviews [2, 3]), the
most frequent route leading to the functional POMTFs is the “one-pot” synthesis.
In fact, this approach allows to synthesize POMTFs bearing an enormous
choice of the organic functionalities (e.g. [4]). These functional groups can be
chemically inert, like alkyl chains or aromatic groups,as well as more reactive:
aminoalkyl, methacryloxypropyl, cyanoalkyl, etc.

The main features of the “one-pot” and post-functionalization grafting
routes are listed in the Table 1.

Table 1. “One-pot” synthesis versus post-functionalization [5]

“One-pot” synthesis Post-functionalization

Tailor surface-R-MX, interactions and

Tailor compatibility R-MX and MX .
n n reactivity

High pre-consolidation temperature
(calcination step possible) before
grafting, leading to a more stable

inorganic network

Network consolidation temperature
limited by the thermal stability of organic
groups

Localization of organic groups in the

pores and/or embedded in the framework, Organic groups grafted mostly on the
depending on the nature of the organic pore surface
groups
Important role of organic groups in the
mesostructuration process (e.g., polarity Mesostructure determined before the
determination, condensation catalyst, co- incorporation of the organic groups

surfactant, etc.)

Relatively homogeneous dispersion of

. Pore blocking possible
organic groups

Limited by diffusion and pore blocking

Limited by chemical compatibility offects

One-pot synthesis, one or more functions
in one synthesis, lower control of
dispersion

One post-grafting, one function,
successive functionalization possible

In general, the “one-pot” synthesis with a co-condensation step leads to
a more homogencous distribution (dispersion) of the organic functionalities
inside the mesoporous matrices together with a high level of the stoichiometry
control. The final materials exhibit only a small decrease of the pore sizes and
pore volume when comparing with their non-functionalized counterparts. The
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influence of the organic functions generally limits the organic/metal molar ratio,
often being restricted to 20%. However, higher loadings of organosilanes, namely
to 50% or even to 100%, may be achieved in the POMTFs synthesis either by a
careful control of hydrolysis-condensation steps or by using the hybrid bridged
silsesquioxanes [4, 5].

On the other hand, the post-functionalization route overcomes some
difficulties related to the “one-pot” synthesis. Since the mesostructuration and
grafting processes are two distinct steps, the direct influence of the organic
functionalities during the synthesis can be eliminated. Moreover, the thermal
treatment at high temperatures (> 500°C) favors the formation of more stable
matrices. That can be permitted only when organic functionalities are not present
in the synthesized material. Of course, the post-functionalization method has
also some drawbacks. It is worth mentioning that it often leads to a quite low
loading and an inhomogeneous distribution of the functional groups inside the
matrices. Furthermore, a decrease of the pore volume occurs quite often and
sometimes, in extreme cases, a complete closure of the pores may happen [4].
In addition, depending on the post-grafting (impregnation) conditions, the
inorganic network can partially suffer some damages derived from the capillary
stress or the chemical cleavage of M-O-M bonds. Recently, the vapor infiltration
treatment was successfully tested as an alternative route, leading to the materials
without reduced pore sizes and with an increased mechanical strength [5].

Although the majority of the functionalized mesostructured thin films are
obtained via “one-pot” and post-functionalization pathways, combined routes
have been also investigated. This combined approach may occur especially when
organosilanes are not commercially available. Instead of synthesizing the desired
organosilanes before the film synthesis, some authors elaborated the procedure
of obtaining hybrid thin films through co-condensation or post-functionalization
technique with an organosilane bearing a reactive function (typically amino [6]
thiol, [7] isocyano [8] groups). In this type of functionalization, after the removal
of surfactant, the post-modification step takes place. It involves the interaction
between the reactive function anchored into thin films and the organic molecules,
like fluorescein derivatives, ferrocenecarboxylic acid [6], azobenzene derivatives
[8] or o-cyclodextrin [7]. This combined approach connects the advantages
of both: “one-pot” and post-functionalization pathways, allowing to limit the
influence of organosilanes (often bulky) on the mesostructuration process and, at
the same time, to avoid the synthesis of a too intricate organosilanes.
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Functionalized hybrid mesoporous thin films — co-condensation or ,,one-
pot” synthesis

The “one-pot” synthesis has been almost exclusively used to synthesize
the silica-based hybrid mesostructured thin films via the co-condensation of
organosilanes with TEOS or TMOS. However, Soler-Illia et al. [9, 10] reported
the “one-pot” synthesis of highly ordered hybrid mesoporous thin films (M, (SiR)
O,) obtained by the co-condensation of organotrialkoxysilanes (R-Si(OEt),,
where R = propylamine, propylthiol and phenyl) with transition metal chlorides
(MC1, with M = Zr or Ti). Such a new mixed oxide hybrid framework allows
a further selective functionalization with metal chelating agents, leading to the
bifunctional materials.

Although the “one-pot” synthesis presents several advantages when
comparing to the post-grafting, it is perceived to be somehow more complicated.
Several difficulties exist in addition to the controlling of the main parameters
related to the EISA (evaporation-induced self assembly) process. For example,
the presence of organosilanes, that present different reaction rates and self-
assembling, can modify or even hinder the mesostructuration. Moreover, an
increased amount of organosilanes in the reaction mixture favors condensation
process to the cross-linking co-condensation reactions with the silica precursors.
As the consequence it leads to an inhomogeneous distribution of different
organic functionalities in the framework. In addition to that, the temperature
of the network consolidation step has to be adapted to the organic compounds
present inside the matrices.

Additionally, in some cases, the precursor may be insoluble, regardless
the hydrolysis time. To overcome this problem, a pre-hydrolysis step of the
organosilane in a weak acidic medium [11] and/or the use of a co-solvent are
required. However, the choice of the co-solvent is also restricted by virtue of the
limitations other than its dissolving properties. It has to be borne in mind that
the co-solvent must not only dissolve the desired organofunctional molecule, but
also has to be miscible with the starting sol without causing any organosilane
gelation. Furthermore, it cannot affect in any way neither the film optical quality
nor the mesostructuration. In addition, the co-solvent must present evaporation
ability close to that of ethanol and assure a proper wettability towards the coating
substrates. According to the literature, the most commonly employed co-solvent
is the tetrahydrofuran alone or in a mixture with ethanol.

As it was already mentioned, the majority of hybrid POMTFs are obtained
by the one step co-condensation process, where organosilanes and inorganic
precursors (TEOS/TMOS) are mixed simultaneously in the initial sol. However,
this one step co-condensation synthesis gives usually poorly organized hybrid
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POMTFs, especially at high loading of organosilanes. Thus, an approach leading
to well-ordered hybrid POMTFs with a high content of organosilanes has been
developed [12].

Alternative “one-pot” synthesis was highlighted by Matheron et al.[13, 14].
This synthesis pathway is based on a pre hydrolysis-condensation step of TEOS,
followed by the addition of organosilanes just prior the sol deposition. These
conditions considerably limit the condensation of organosilanes before the film
deposition and, in consequence, do not disrupt significantly the mesostructuration
process.

The most of the commonly used organosilanes are monosilylated
compounds, with a general formula: F-S-Si(OR),. Such molecules possess
two different groups, one carrying the functionality and the other being the
condensable groups. Both groups simultaneously interact with two different
regions of the mesostructure. The condensable —OR groups allow the formation
of chemical bonds between the molecule and the framework. Generally, the
localization of the functionality F is mainly governed by the ,,philicity” concept
(i.e.”like” dissolves ,,like” or similar). Therefore, it is important to stress, that
the localization of organosilanes is strongly governed by their physico-chemical
properties. Several factors have to be taken into account, such as: the hydrophilic/
hydrophobic balance of the organosilane molecule, the number of anchoring
functions (~OR),, the length and the nature of the spacing groups (S - groups
between the functionality F and the anchoring function —Si(OR),), the nature of
the functionality F (hydrophobic, hydrophilic, ionic, polar, nonpolar, aromatic,
etc.).

An increasing tendency is observed in the synthesis with probes presenting
multiple trialkoxysilane functionalities. They are mainly incorporated inside the
inorganic network, as was observed with multisilylated rare earth complexes
[15], or they can even compose the walls of the framework, as observed with
hybrid bridged silsesquioxanes [16], leading to the mesostructured thin films
with organosilanes concentrations as high as 100%.

It is worth mentioning, that mesoporosity can be introduced into the
materials’ structure by applying the synthesis that involves an appropriate
templating agent. Surfactant molecules are commonly used as structure directing
agents. In particular, their ability to form micelles is strongly demanded during
synthesis of mesoporous materials. It is generally agreed that two kinds of sites
are available when a molecule is solubilized inside surfactant micelles: one is
near the polar head and the other one lies between alkyl chains in the hydrophobic
core of the micelles [17]. It has been shown [18] that during the synthesis with
CTAB as a template, the first sites that are occupied by aromatic compounds
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lie near the polar head of the surfactant, probably due to specific interaction
between the © system and the quaternary ammonium ion [19]. Once the first sites
are saturated, the solubilization occurs in the hydrophobic part of the micelles,
inducing a decrease of the curvature of the micelles geometry and causing a
phase transition. However, the length and the nature of the spacing group (S)
in organosilane may somehow hinder the natural placement of the hydrophobic
functionality inside the micelles. For instance, with the same functionality
(i.e. phenyl group) and the same relative amount of probes, no variation of
mesophases was observed with the phenyltriethoxysilane, on the contrary to its
counterpart with the (2-phenylethyl)trimethoxysilane (Fig. 2) [20].

Two main solubilizing sites: one (1%') near the polar heads, the other (2”") inside the organic part

/0 — g /0 —S
OS5 : ~__Si(OMe), Q=S8

L*] L5]
a
swelling effect ‘|
Si

phase transition 215 mol%

@—Si[OEt)E

absence of spacing group hinders natural
placement of phenyl group

no phase transition

0-15 mol%

Figure. 2. Solubilization sites for phenyltriethoxysilane and (2-phenylethyl)
trimethoxysilane cases [4]

The changes in the lattice parameters, that occur with an increasing amount
of organosilanes, may be considered as a reliable indication of its preferential
localization at the ionic interface, particularly near the polar heads of the micelles
[20]. In the system CTAB-TEOS, the incorporation of a positively charged
organosilane, namely 2-(trimethoxysilyethyl)pyridinium, induced the formation
of a 2D-hexagonal phase (p6m), regardless of the loading ratio. However, the
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authors observed a progressive increase of the interplanar distances d(0 1) with
the increasing incorporation of the protonated ammonium functions (Fig. 3).
This observation also occurred with the other two positively charged groups
that were studied (i.e. 3-(2,4-dinitrophenylamino)propyltriethoxysilane and
3-aminopropyltriethoxysilane). These results could be primarily attributed to the
cationic character of the incorporated functions.

2D Hex p6m 1 mol% 8 mol% 15 mol%
d(01) =3.7nm d(01)=4.1 nm d(01)=4.5nm

Figure 3. Increase of d-spacing with the quantity of 2-(trimethoxysilyethyl)pyridinium

The addition of increasing amounts of dibenzoylmethane/quinizarine
derivatives for a fixed CTAB/silica molar ratio induces mesostructural evolutions
in thin films. The following sequence was observed: cubic phase (Pm3m) <
mixture of cubic (Pm3m) and 2D-hexagonal (p6m) < pure 2D-hexagonal phase
< lamellar phase (7able 2). Such phase transitions are explained in terms of
variation in the packing parameter g. The increase of the packing parameter can
be due to the solubilization of large species, preferentially in the hydrophobic
part of micelles during evaporation of solvents, leading to an increase of the total
volume that is associated to the surfactant chain. This mechanism is supported by
the UV-visible experiments performed on the hybrid thin films [21]. In this case,
the incorporation of the large species causes direct phase transitions without
modifications of the lattice parameters.

It worthy to add that co-solvent effect allows the formation of a mesophase
for conditions at which mesostructured thin films are not usually obtained (i.e.,
very low surfactant on silica ratio). The synthesis of mesoporous thin films with
10% mol of perfluoroalkylsilanes with long chains, typically tridecafluoro-
1,1,2,2-tetrahydrooctyltriethoxysilane and heptadecafluoro-1,1,2,2-tetrahydrode
cyltrimethoxysilane, have been accomplished with sol containing a molar ratio
CTACLI/Si as low as 0.004. It is remarkable to point out ( i.e. following the phase
diagram of CTAB/Si/H, O ternary system) that as a rule the lowest ratio CTAB/Si
leading to the formation of mesostructured thin films is equal to 0.10. Moreover
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for this last ratio, we could expect only a 3D hex mesophase (P6 /mmc), which is a
structure with a higher curvature of the micellar interface than the 2D-hexagonal
phase (p6m) observed with the addition of the perfluoroalkylsilanes [21]. This
result suggests that perfluoroalkylsilanes also act as a structure-directing agent
when the reactant was mixed with a small amount of surfactant. Unquestionably,
hydrolyzed perfluoroalkylsilanes carrying hydrophilic silanol head groups and
long hydrophobic perfluoroalkyl chains can be clearly amphiphilic molecules.

Table 2. Phase transition according to the changes in the packing parameter g

Packing parameter g

g =V/aytL where
a, = area of polar head;
ag 1 = length of the alkyl chain;
v = volume of the hydrophobic part
¥
Vv
g <1/3 1/3-1/2 1/2-2/3 ~1 >1
g
g Spherical Cylindrical 3D Vesicles, Lamellae, planar Inverse
=] micelles micelles flexible bilayers bilayers micelles
wn
= single chain : : . . . )
s single chain single chain double chain
g surfactantwitha s rffctant ith s rfaftant itha s rf:ctant and a double chain
€ lar head ul w u w U surfactant
§ arge po > asmall polar small polar head,  small polar head, ;14 4 small
—_ e.g. head
= ead, e.g. e.g. e.g.
2 C:ﬁ‘;'qﬂf“iﬁ?gzx CH,, NCH)X  CH(CH)NCH)-  CH,,(CH)NCH)X polar head,
E: (“E ” (n):’12-1§§"’ (n=8-18) (CH,), Gemini C,__, (1-20.22),C,,, g
N Acidic conditions
1]
% SBA-6 SBA-7 MCM-41 MCM-48 MCM-50 FDU-2
§ Basic conditions
SBA-1 SBA-2 SBA-3 SBA-4

Post-functionalization route

The other route leading to hybrid POMTFs consists of post-grafting organic
functions onto stabilized inorganic (mainly silica, titania, ITO or opal) network.
The difference of reactivity between silicaand TMOs implies to differentiate these
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two matrices towards post-functionalization. Indeed, grafting on silica matrices
involves covalent bonds due to condensation reactions with organosilanes
species which are also able to react on themselves. On the contrary, TMOs
matrices are functionalized via iono-covalent bonds with complexing/chelating
agents which can only react with inorganic matrices. Moreover, the strength of
bonds, from iono-covalent to covalent, influences dramatically the properties of
the resulting hybrid matrices in terms of diffusion, accessibility, homogeneity.
The grafting of silica could be considered as irreversible while functionalization
of TMOs is based on complexation equilibrium. Such differences render silica
matrices much more sensitive to pore blocking due to extensive condensation of
silica species. On the other hand, silica has shown a small hydrolytical stability
and chemical durability, which represent a serious treat for several applications,
whereas TMOs (e.g. titania) mesoporous films are much more water resistant
[22].

Outlook

Due to its well defined pore network and surface reactivity, mesoporous
silica thin films are especially widely studied for the absorption and separation
of the biological molecules. In particular, hybrid mesoporous silica thin films
has generated substantial interests [23-26]. Different mesoporous materials
were investigated in applications such as high surface area catalysis [27-30],
molecular sieves [31-34], gas sensors [35], opto-electronic devices [36-39] and
drug delivery [40-44]. However, up to now the main issue remains the control of
the morphology (pore size distribution, pore interconnectivity, etc). Additionally,
it should be pointed out that synthesis routes toward these materials are not
yet fully optimized and the synergy between sol-gel methods, supramolecular
templating, and new macroscale templating techniques is needed to resolve this
problem. Hierarchically ordered porous films present an enormous potential in
such diverse and modern scientific fields as lab-on-chip components, membranes,
heterogeneous catalysis and photocatalysis, drug carriers, (macro)molecule
sensing, cell and tissue culture/regeneration [45]. However, full exploitation in
such areas as development of robust, highly reproducible, and low-cost synthesis
methods has to be achieved.
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two—dimensional
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cetyltrimethylammonium bromide

cetyltrimethylammonium chloride

evaporation induced self-assembly

mesoporous molecular sieve, cubic structure, Fm3m
hexagonal

indium tin oxide
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Chapter 15
Terpyridine as molecular receptor in functional polymers

Szymon Jasiecki and Grzegorz Schroeder
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

Supramolecular chemistry has become one of the major field of present
chemical research since Lehn, Pedersen and Cram received the Nobel prize in
1987. Their studies in selective host-guest chemistry have become the concept
of supramolecular chemistry [1]. The basic processes in supramolecular
chemistry like self-recognition and self-assembly are based on the non-covalent
interactions. These interactions (hydrogen bonding, ligand-metal coordination,
n-m interactions) are weaker than covalent bonds and usually reversible. Inter-
and intramolecular non-covalent interactions are highly important for most
biological processes. Nature is therefore the model for artificial supramolecular
phenomena.

N-Heterocycles are generally known for their complexing ability toward
transition metal ions in their low oxidation states, such as iron(Il), cobalt(Il),
copper(Il), nickel(I), and ruthenium(Il). Effective formation and stability of
those complexes entitle these ligands to be molecular receptors for such metal
ions. These properties, initially utilized in analytical chemistry, gave rise metal
coordination to be used extensively in supramolecular chemistry. In particular,
chelating ligands based on pyridine are of interest, since they allow the
construction of defined supramolecular architectures and possess an increased
stability compared to hydrogen bonding.

The most important are 2-2’-bipyridine and 2,2’:6’,2”-terpyridine (Tpy),
which act as bidentate and tridentate chelating agents, respectively. Metal
complexes of terpyridine as well as bipyridine are widely discussed by Schubert
et al. [2-5]. Bypiridines were synthesized and utilized earlier than terpyridines
which was attributed to synthetic difficulties especially for substituted
terpyridines, necessarily to obtain building blocks. Terpyridines were first
discovered by Morgan and Burstall in the 1930s as a byproduct of pyridine
condensation with anhydrous FeCl, [6]. The structure of 2°:6”,2”-terpyridine and
its metal complex structure is presented in Fig. 1.
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The most common coordination geometry of terpyridine —metal complexes
is distorted octahedron. However the geometry depends on the nature of the
metal ion used and other geometries are obtained (square planar for Pt** or Pd**
[7]). The octahedral geometry requires the complex stoichiometry to be two
tridentate terpyridines for metal ion or one terpyridine with additional ligands
attached to the metal center.

Figure 1. 2,2°:6",2" terpyridine (left) and bis-terpyridine-metal octahedral complex
(right).

There are other than 2,2°:6°,2”-terpyridine-metal complexes forming
supramolecular assemblies reported, namely 3,2°:6°,3”-terpyridine [8] and
4,2°:6’ 4 -terpyridine [9,10] (Fig. 2). However, the coordination character of
those structures is different and is not discussed here. This review is devoted only
to 2,2°:6°,2”-terpyridine and its complexes, the ligand is therefore abbreviated
to terpyridine.

Figure 2. Structures of 3,2°:6°,3 "-terpyridine (left) and 4,2°:6°,4 "-terpyridine (vight).

4’-Functionalized terpyridines are versatile building blocks for
supramolecular assemblies and polymers. One of the most popular substrate for
functionalization is 4’-chloroterpyridine. Numeruos reactions are carried between
4’-chloroterpyridine and alcohols in polar, aprotic solvent (for example DMSO)
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using KOH or similar base (Fig. 3) [2]. The reaction of 4’-chloroterpyridine with
dihydroxy compounds produces telechelic bisterpyridine ligands, which can be
self-assembled with various transition metal ions.

Figure 3. General strategy for functionalization of 4 ’-chloroterpyridine.

Using functionalized terpyridine molecules, especially functionalized in 4’
position, systems containing two (dyads), three (triads), and more terpyridine-
metal complex units can be created (Fig. 4). The coordination of metal ion by
two terpyridine moieties from two separate molecules combine them together.
Building blocks containing two tepyridine groups within the molecule structure
lead to linear assemblies. Building blocks consisted of more terpyridine units
produce higher dimensionality of assemblies.

Figure 4. Schematic representation of a dyad [4].

Depending on the coordination metal ion employed, these assemblies can
be homonuclear or heteronuclear (the same or different metal ion). Building
blocks where two and more terpyridine moieties are conjugated produce grid-
type supramolecular structures (Figs. 5 and 6).
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Figure 5. Schematic representation of the self-assembly process of [2x2], [3x3]and [4x4]
grid-type architectures [11].

>3] (&3]
Figure 6. The self-assembly of a [3x3]grid (left) and a [2x3]grid (right) [11].
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CH,OH

Figure 7. Two approaches of the hexameric metallomacrocycle synthesis [13].

263



S. JASIECKI AND G. SCHROEDER

However, the structure obtained depends strongly on the ligand substituent,
the metal ion, the counterion, the solvent, and the reaction conditions [11].
More examples of grid-type assemblies are compiled in paper [4]. Another
type of oligomeric assemblies are macrocycles. Directed construction of such
frameworks can be obtained due to the desired angular tepyridine-based building
blocks [12-15] . An example of hexameric macrocycle consisted of equimolar
amount of bis-(terpyridinyl) ligand and coordination metal is presented in the
Fig. 7 [13]. This structure is acquired using two synthetic strategies. In the first
directed assembly of bismetalated and nonmetalated ligands occur, in the latter
self-assembly of nonmetalated monomers is obtained upon the addition of metal
ions. The identical structure was confirmed by TEM experiment.

An interesting illustration of assembly-disassembly process generating
macromolecular superstructure is presented in Figs. 5, 7 and 8 [15].

This reversible process of molecular imprinting mimics the natural
biosystems, especially for recognition process. The flexible 114-membered
macrocycle in the presence of Fe** ions gives purple-coloured inner macrocyclic
complex. Decomplexation occurs quantitatively upon potassium carbonate in
DMEF treatment. The metal free compound can be changed into complex again,
therefore is very attractive for high conversion complexation purposes.

The layer-by-layer method was applied for fabrication of self-assembled
Fe—TPBI (terpyridine-functionalized perylene bisimide Fe complex) multilayers
on gold substrate [16]. AFM measurements indicate that the assembled metal-
ligand chains grow approximately perpendicular to the gold surface. Time-
resolved spectroscopy measurements seem to indicate that the energy absorbed
by the multilayer is promptly dissipated to the gold surface by ultrafast processes
(Fig. 9).

An example of reversible functionalization of the surface utilizing click
chemistry of acetylene and azide groups is reported by Haensch et al. [17]. To the
azide terminated silane monolayer on the substrate, the acetylene functionalized
terpyridine-metal complex was covalently bonded (Fig. 10).

By the choice of the coordinating metal ion, different optical surface
properties could be obtained. A subsequent decomplexation with hydrochloric
acid gave the free ligand monolayer on the surface. This could be performed also
by the addition of a strong competing ligand as hydroxyethyl ethylenediamine
triacetic acid. However, in case of the silane monolayers its limited stability
toward basic environments does not allow this approach. Decomplexation
step allow a versatile method to reversibly functionalize surfaces. Terpyridine
containing polymers can be obtained by coordination of different transition
metal ions as cuprum(II) [18], lanthanides [19], and cadmium(II) [20].

264



TERPYRIDINE AS MOLECULAR RECEPTOR IN FUNCTIONAL POLYMERS

1. FeCl;, MeOH,

K,CO,,
Bk BME 2. NH,PF,, MeOH

Figure 8. Metalation and demetalation process of the hexameric macrocycle [15].
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Figure 9. Schematic representation of supramolecular self-assembled Fe-TPBI
multilayers formation [16].
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Figure 10. Schematic representation of the synthesis of the acetylene functionalized
Fe(ll) bis-terpyridine [17].
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Mixed ligand metal-organic complexes with 4’-(3-pyridyl)-2,2’:6”,2”-
terpyridine (pytpy) and diphenic acid (H,dpa) or 4,5-imidazoledicarboxylic acid
(H,IDC) have been reported [21, 22]. Different coordination modes refers also
to dpa* ligand and a one-dimensional helical chain is a one-dimesional double
layer chain. Additionaly n-7 interactions of aromatic rings in the terpyridine
molecules allow these structures to be extended into higher dimensionality. The
most significant difference between the two analogous complexes [Cd(HIDC)
(pytpy)] (1) and [Zn(HIDC)(pytpy)]-(H,0) (2) results from the pytpy ligand
different n-m interactions [22]. As a consequence the chains are connected into
3-D and 2-D supramolecular structures.

Another example of terpyridine-based polymer is polyimide with
5,5”-bis(bromomethyl)-terpyridine incorporated into the main chain [23]. Such
substituted terpyridine was polymerized with a designated aromatic diimide
resulting in a resin product insoluble in water (Fig. 11).

Figure 11. Scheme of synthesis of terpyridine-based polyimides [23].

The terpyridine-based polyimide polimer was fabricated and utilized
as a sorbent in solid-phase extraction (SPE) toward heavy metals. This type
extraction is resulted from insolubility of the material in water and is proceeded
due to the coordination of terpyridine moieties. Polymer is characterized with
high capability (8mg of metal/g of sorbent) and reusability. Adsorbed metal
ion can be extracted with inorganic diluted acid. There is also possibility to
gain selectivity toward metal ion changing pH. The pH influence at the metal
concentration of 1.5 x 10! moldm? after 24h is given in Fig. 12.

267



S. JASIECKI AND G. SCHROEDER

—pti=]5

=L
Cu Zn Fe Cal Ni Co Cr Mn

Figure 12. The pH dependency of simultaneous sorption of metals for the polyimide
polymer [23].

A group of macromolecular building blocks based on polyether chain
terminated with terpyridine molecules have been synthesized by Chiper et
al. [24]. The nature of poly(tetrhydrofurane), poly(2-ethyl-2-oxazoline) or
Pluronics chain used (Fig. 13) gives the possibility to synthesize metallo-
supramolecular chain extended polymers upon metal complex formation. The
properties of the obtained polymers depend on the metal ions and the counter
ions used. Additionally thermosensitive properties of the Pluronics provide
multiresponsive character of the these polymer structures.

Ditopic ligands containing terpyridine moieties form coordination polymers
with transition metal ions. Disregarding the counterions these polymers can be
treated as positively charged polyelectrolytes. Applying well-known layer-by-
layer electrostatic self-assembly method, ultrathin film on the planar substrate
utilizing these metallosupramolecular polyelectrolytes (MEPE) and poly(styrene)
sulfonate was formed (Fig.14) [25]. X-ray reflectommetry, elipsometry and
UV-Vis methods confirmed formation of Fe(Il)-MEPE/PSS and Ni(Il)-MEPE/
PSS films consisted of two monolayers per deposition. There is no metal ion
exchange observed for these monolayers.

The next example are thin films fabricated employing the coordinative self-
assembly [26-28]. The basic of this method is the synthesized polymer with
terpyridine moieties incorporated in side chains, which acts as a polytopic
ligand. The terpyridine groups allow immobilization of the polymer chain on the
surface, while they form complexes with metal ions (Fig. 15).
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Figure 13. Chemical structures of bis-terpyridine Pluronics® [24].
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Figure 14. Bis-terpyridine ligands as metallosupramolecular polymer formation [25].
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Figure 15. Top: Synthesis of polyiminofluorene-tpy a) and complex formation with zinc
cation b); Bottom: Zinc coordination-polymer network formation via sequential assembly
process on a solid substrate [26].

The structure of such fabricated thin film is rigid and porous comparable with
metal-organic frameworks. The application of arylene groups in the polymer chain
enables reversible oxidation processes, which depending on the potential applied
are indicated by color change. In this particular example the polyiminofluorene is
used and the color alters from yellow (neutral state) through red to blue (with the
potential ranging from 310mV to 560 mV) as the oxidation state increases. Spectro-
elctrochemical measurements indicate that the switching time at different potentials

270



TERPYRIDINE AS MOLECULAR RECEPTOR IN FUNCTIONAL POLYMERS

is up to 500 ms. This provides these coordinative thin films to be electrochromic and
fast-switching materials. Morphology study of this kind of films was carried using
scanning electron microscopy (SEM). The surface structure of thin film formed by
zinc and polyiminocarbazolylene complex (a) and a cross-section of functionalized
ITO glass substrate (b) after 12 dipping cycles show Maier [28]. The surface of
the film is smooth, with some aggregates, and the thickness is 47nm, three times
less than the indium-tin oxide coating, which is also visible in the picture. The film
thickness depends on the complex solubility and the stability constant.

Terpyridine-metal complex units might be used as a core of dendrimer
(especially for connecting dendrons) as well as can be incorporated in dendrimer
arms or terminal group. (Figs. 17 and 18).
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Figure 17. Terpyridine-Ru(ll) complexed carbosilane 3-rd generation terpyridine
dendrimer [29].

271



S. JASIECKI AND G. SCHROEDER

Figure 18. Star-shaped dendrimer with 18 Ru(Tpy), complexes [30].

In the first case, metal-complex based core enables a convenient approach for
convergent synthesis of dendrimers. Metal containing dendrimers are of special
interest because they can be potentially useful as catalysts or light-harvesting
units. The terpyridine groups on dendrimers accepted the ruthenium chloride
ions on the mild condition that resulted in the paramagnetic ruthenium complex.
subsequent addition of terpyridine to the ruthenium-terpyridine complex on
the dendritic periphery produced bis(terpyridine)ruthenium(Il) complex which
revealed diamagnetic property [29].

A novel polymer-supported terpyridine-palladium complex have been
developed through ionic bonds to sulfonate group, which efficiently catalyzed
the Suzuki—-Miyaura cross-coupling reaction of aryl halides with aryl boronic
acids in water under aerobic conditions to give the corresponding biaryls in high
to excellent yield. This catalyst was recovered and reused several times without
any loss of catalytic activity [31] (Fig 19).
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Figure 19. PS—-PEG—terpyridine Pd®* ionic complex [31].

The possibility to combine synthetic and natural binding systems brings
a new generation supramolecualr architectures. One of well-known systems
is biotin binded to avidin and streptavidin proteins. It is a strong non-covalent
binding system (Figs. 20 and 21). This association of receptors opens new of
biosensor-building blocks as well as other applications as nonreactors or drug
delivery systems [32].

A one-dimensional metal-organic protein framework is reported [33].
This resulted from the self-assembly of streptavidin protein-linker and
tetrabiotinylated connector based on tepyridine-Fe?* complex (Fig. 21). The
conjunction of transition metal receptor as terpyridine with biotin allows the
process of controlled protein aggregation. This assembly, in the presence of
calcium ions, was used as a template for biomineralization of calcite to yield
millimeter-sized bundles.

A combination of polytopic ligands containing transition metal
binding site (terpyridine unit) and specifically lithium ion binding site
(trispirotetrahydrofuranyl unit) is presented in Fig. 22 [34]. The terpyridine
acts here as an endoreceptor selectively coordinating Cu® or Fe*" ions inside
the molecule while Li* ions are binded to the peripherical exoreceptors. Both
receptors are binding to the metal ions independently.

Among the approaches to supramolecular polymers is the use of self-
complementary multiple hydrogen bonding units that are characterized by
increased stability compared to single hydrogen bonds [35, 36] (Fig. 23). The
quadruple hydrogen-bonding interactions of ureidopyrimidinone moieties at
one end of molecule and coordination of transition metal ions by terpyridine
moieties at the other end provide extended supramolecular polymer network.
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Figure 20. Synthesis of the biotin-functionalized terpyridine and complexation with
cobalt(ll) ions [32].
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Figure 21. A linear polymer formation in the presence of streptavdin and Fe** ions [33].
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Figure 22. Complex derivatives of terpyridine with Cu* and Fe’* [34].
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Figure 23. Metallo-supramolecular polymer formed by hydrogen bonds [35, 36].

Polytopic bis-terpyridine ligands with cyclam containing spacer were
presented by Gasnier et. al. [37, 38]. The presence of cyclam complexing
macrocycle enables the incorporation of additional metal ions into the polymer
chain (Fig. 24). Two different types of metal complexes in the same polymer
chain result in noteworthy electrochromic properties as well as reversible sol-
gel transition upon redox conditions. Although the ligand itself is not a gelator,
addition of two molar equivalents of metal ion produces colored gel in case of
Co*". It is not observed when metalation is performed with one molar equivalent
of metal ions and cyclam centers remain metal-free. However, an important role
of anions and solvents in liquid phase or gel formation is underlined. Another
property worth noting is the oxidation process of (Co,L) polymer which
proceeds through Co* (tpy), to Co*(tpy), conversion at 0,4 V and Co*'(cyclam) to
Co*(cyclam) afterward at 1V potential. Each step is indicated by a color change
and entirely reversible. Also phase transition from liquid to gel is observed upon
oxidation process. It is mainly attributed to positive charge increase [38].

Terpyridine is one of the most applicable ligands for the formation of
supramolecular and polymeric architectures by means of metal coordination
chemistry [38-56]. This is due to strong and directed metal bonding that allows
complex systems to be formed. The terpyridine-Fe*" binding constants are K, =
1,26:10'M™" and K, = 6,31-10"M"' [57]. One of the advantages of terpyridine-
metal complex is the reversibility under certain conditions. This makes these
compounds convenient materials for introduction into polymers. Electronic,
optical or catalytic properties of tepyridine-metal complexes allow functional
materials to be fabricated. However, there is still much effort to be made for the
common application of these materials.
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Figure 24. Structure of the L ligand, formation of the M,L metallopolymers (where M:
Co*, Ni**, or Cu’") through different ML intermediate complexes [37].
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Cyclodextrins (CD, Figure 1) are the cyclic oligosaccharides composed
of several D- glucopyranose moieties. The latter ones are linked by a(l—
4)-glycoside bonds. Cyclodextrin molecules have the shape of torus or hollow
truncated cone. The inner cavity of cyclodextrins is hydrophobic, while their
front surfaces are hydrophilic. The primary OH-groups make a full circle on the
narrow front surface. The wide front surface includes secondary OH-groups.
Cyclodextrins are got by fermentative hydrolysis of starch. The most important
are o.-CD, B-CD, and y-CD, among which the most accessible is B-CD (Figure
2). There exist cyclodextrins with large circles. Their molecules consist of
several dozens of glucose moieties [1-8].

The peculiarities of cyclodextrins structure determine their ability to make
complexes with polar non-organic ions and non-polar organic molecules. That is
why cyclodextrins are widely used for molecular capsulation of different drugs.
Such supramolecular complexes can be used for address delivery, controlled
release, solvability increasement, expansion of biological activity spectrum of
drugs, stability increasement, drug dose and side-effect reduction [1, 2, 5, 6,
9, 10—-12]. Cyclodextrins can be treated as molecular receptors [7], as catalysts
imitating ferments [8, 12, 13], can be used in chromatography [1, 3, 8, 12, 14,
15].
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Cyclodextrins are considered to be non-toxic substances [1, 12]. This
advantage allows to widely use them in pharmaceutical, cosmetic, and food
industry [1, 8, 12]. B-CD is a food additive E459 [16]. But it is necessary to
take into account that the profile of their toxicity varies depending on the way of
their introduction into the organism [12, 17]. Subcutaneous injection of heavy
doses of B-CD causes animals’ weight and leaver mass reduction, as well as
displays nephrotoxicity [17, 18]. Parenteral administration of B-CD leads rats
to nephrosis [19].

The stable complexation is provided by the steric correspondence of the
guest molecule and cyclodextrin cavity. It is known that high-energy water
release from the inner cavity (Figure 3), hydrophobic effects and Van der Waals
interactions are one of the most important conditions for cyclodextrin clathrates
formation [1].

n=6: a-Cyclodextrin (a-CD)
n=7: B-Cyclodextrin (B-CD)
n=8: y-Cyclodextrin (y-CD)
n=9: 6-Cyclodextrin (5-CD)
n
(OH), secondary hydroxyls (OH),,

6
primary hydroxyls ~ (CHz0H),

Figure 1. Cyclodextrins.
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OH
o
P Zon %o on
HO
o
HO OH
HO

5 0

HO OH

Figure 2. B-Cyclodextrin (B-CD).

OH

Primary and secondary cyclodextrin OH-groups have different activity,
that is why they can be exposed to selective modification [20]. Thus, variable
derivatives of cyclodextrins have been got [9, 21-23].

With the purpose of probable drugs cyclodextrin complexes with some
terpenoids and their derivatives have been obtained.

1. Cyclodextrins complexes with mono- and sesquiterpenoids

Cyclodextrins are known to be fixators of essential oils [1, 5]. Complexation
of B-CD with fir needle oil, rich in bornyl acetate 1 (Table 1), has been
investigated by the thermogravimetry, IR and NMR spectroscopy methods [24—
26]. It was shown that bornyl acetate makes an inner-spheric complex of 1:1 ratio
with B-CD. In this complex the borneol moiety sites in the B-CD inner cavity
completely. Acetyl fragment gets out of cavity and makes an intermolecular
H-bound with one of the CH,OH-groups of the front surface of -CD (Figure
4). This conclusion was made by Sevastianova Ye.V. et al. on the basis of spin-
lattice relaxation change T, of C nuclei. The common immobilization of fir
needle oil and alcaline proteinase has been carried out by means of $-CD [24,
26, 27].
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Figure 3. Formation of inclusion complex cyclodextrin—guest.
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(OH), (OH),

6 6
CH,0H" (CH,OH)g
Figure 4. Schematic view of bornyl acetate complex with 3-CD.

Table 1. Monoternenes and monoterpenoids, used for complexation with cyclodexrins

Compound Structure References
CHs o}
4
O——C\
1 Bornyl acetate CHj [24-26, 43]
CHj
2 a-Pinene [28, 30, 42, 43]
CH,
. [28, 30, 40,
3 Limonene 42, 43]
H3C CH,
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CH,
Camphene CHj [28, 30, 43]
CHs;
HaC OH
Linalool ;?Hz [28, 30, 40-43]
HsC CH,4
CH
O%C/ 3
HaC c,)
Linalyl acetate l [28]
HsC CH,4
CHs
O
Carvone [28, 30, 41, 43]
H3C CH,
CHj
a-Phellandrene g? [28, 30]
H,C CH,4
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CH,
9 Menthol OH [29, 40, 43]
HaC CH,
CH,
HaC
10 Isomenthol mﬂ% [29, 43]
CH,
OH
1 Neomenthol Hscws [29]
CH,
H,C OH
12 Neoisomenthol Ws [29]
CH;,
CH,
i Menthone ; o [29, 30, 40, 43,
(trans-menthone) 45, 46]
H,C CH,
/O
CH,
H,C Py
14 Isomenthone WS [29. 30]

(cis-menthone)
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15 3-Oxo-1,8-cineole [29]
H3C CHs,
© [30, 40, 41
16 Fenchone e
CHs 43,45, 46]
CHjy
CHj,
17 Piperitone [30]
(0]
HsC CH,4
CHj
=0 [30, 32-41
18 Camphor 4’3 44] ’
OQC/H
19 Myrtenal @ [30]
CH,OH
20 Myrtenol [30]
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I
B-Citronellol
21 . C [30]
trifluoroacetate O/ \CF3
H;C CHg
CH,
OH
22 trans-Pinocarveol [30]
H,C
H3C
CHs
X _CHz0H
23 Geraniol [41,43]
HsC CH,
CH,
24 y-Terpinene é\) [41,42]
H;C CHy
25 B-Pinene i\\é [42]
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26 Sabinene [42]
H;C CHg
27 B-Myrcene @Hz [42, 43]
H3C CH,4
CH,
28 Terpinolene g? [42]
H;C CH;
CHs
\
29 Neral C/o [42]
|
H3C CHs
CHs
z
N C\
30 Geranial [42]
H,;C CHy
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31 Borneol [43-46]

33 [43]

CHj
EB/OH
CH,
32 Terpineol [43]
OH
HsC CH,4

Cineole
(eucalyptol)
g\k/c

Citral (neral 29 and

o geranial 30 mixture)

[43]

/¥
A
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CH,
\

35 Nerol CH,OH [45, 46]

H;C CH3

The complexes of cinnamon oil inclusion with B-CD has been got [28].
The oil contains terpenoids (o-pinene (2), limonene (3), camphene (4), linalool
(5), linalyl acetate (6), carvone (7), and a-phellandrene (8); Table 1) and other
essential compounds. Maximum efficiency of cinnamon oil inclusion into 3-CD
was reached under the 15:85 percentage (117 mg of oil per 1 g of B-CD).

The molecular dynamics and mechanics methods allowed to make
calculations for the complexes of 1:1 ratio made by the y-CD derivatives and
terpenoids of menthan type (by menthol (9), isomenthol (10), neomenthol (11),
neoisomenthol (12), menthone (13), isomenthone (14), and 3-oxo-1,8-cineole
(15); Table 1) [29]. Herewith, it was established that the nature and configuration
of substituent at the C-3 atom of terpenoid molecule determine complexation
energy and explain the reason of enantioselectivity variety relatively to terpenoids
among the investigated derivatives of y-CD. The methyl group configuration of
C-3 terpenoids influences the chiral identification less.

Cyclodextrins and their derivatives interact with terpenes and terpenoids
enantioselectively. Sorbents based on modified cyclodextrins are used for
chromatographic identification of essential oils’ components. Capillary gas
chromatography on the basis of cyclodextrins was used to analyze terpenoids’
enantiomers (camphene (4), a-pinene (2), limonene (3), a-phellandrene (8),
carvone (7), fenchone (16), menthone (13), isomenthone (14), piperitone (17),
camphor (18), myrtenal (19), myrtenol (20), B-citronellol trifluoroacetate (21),
trans-pinocarveol (22), and linalool (5); Table 1) [30].

In the review [31] of photochemical transformations of terpenoids with
cyclodextrins and without them is given. It was shown that the cyclodextrine
nature and terpenoid nature affect the nature of photolytes and their complexes.
Thus, the photolysis of a-ionone complex with a-CD (Figure 5) produces retro-
a-ionone, and the complex with B-CD gives the products of acylic shift. The
differences are probably caused by the dimensions of cyclodextrins’ inner cavity.
Complexation influences the photolysis rate and the direction of reaggregation.
The conclusion of formation of inner terpenoid complexes with cyclodextrins
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was made on the basis of '"H NMR method. Herewith, the strong-field proton
shift of B-CD’s H-3 and H-5 protons directed into the inner hydrophobic cavity.

HyC._ CHs "

a-CD ~ CHs
— >

HsC CHj CHs  retro-a-lonone

A hv

CHj

oH HaC._ CHy HiC_CHs
3 —CH, —CH,
B-CD CHy +
a-lonone — \
e}
CHs CHy
CHs
\
e}

Figure 7. Scheme of a-ionone photolysis in the complexes with a-CD and B-CD.

Much attention in reviews is paid to camphor (18, Table 1) clathration by
cyclodextrins and their derivatives. The NMR method was effectively used for
the study of camphor enentiomers complexation with a-CD. The complexes
were made by the camphor molecule and two molecules of a-CD (Figure 6) [32,
33]. For the (IS,4S)-camphor the complexation free energy makes -7,95+0,09
kcal/mol, and for the (/R,4R)-camphor it is -7,61+0,06 kcal/mol [32]. Thus, the
most stable complex is made by (/5,4S)-camphor.

By means of X-ray crystallography and molecular dynamics method it was
shown that camphor sites inside the cavity formed by the a-CD dimer of the
“head-to-head” type [34]. The complexes are stabilized by hydrogen bonds
made by the carbonyl camphor group and secondary OH-groups at C-2 and C-3
glucose remains of o-CD, or by the carbonyl camphor group and water molecule
located about the ring of primary a-CD OH-groups.

Unlike a-CD, B-CD and y-CD make complexes of 1:1 ratio with camphor
[35]. a-CD, B-CD, and their permethylated derivatives are used as chiral
additives for the HPLC camphor [36]. In [37] it was displayed that under the
conditions of GLC and HPLC, B-CD does not identify camphor enantiomers
and makes 1:1 complexes with them. On the contrary, o.-CD bounds selectively
to camphor enantiomers and makes 2:1 complexes. Complexation of camphor
enantiomers with a-CD has been studied by the NMR [38] and calorimetry [39]
methods. It was discovered that camphor incapsulation by o-CD leads to the
complex of 1:2 ratio, herewith the main role hydrophobic interactions play in it
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[39]. The K for (+)-camphor complex was 6,16x10° M2, and for (—)-camphor
complex — 3,18x10° M~ (at 298 K) [39]. Therefore, the (+)-camphor complex
turned out to be most stable.

Figure 6. Schematic view of camphor complex with a-CD.

The solubility method, X-ray diffractometry, and thermal analyses helped
to investigate the interaction of a-CD and B-CD with twelve components of
essential oils. Among them there were triterpenoids (camphor (18), limonene
(3), linalool (5), menthol (9), menthone (13), and fenchone (16); Table 1) [40].
All the terpenoids make 1:2 complexes with a-CD, and 1:1 complexes with
-CD. The stability constants (K, M™') of the a.-CD complexes with terpenoids
in water at 25°C range as follows:

K (limonene)>K (menthol)>K (linalool)>K (camphor)>K (menthone)
>K (fenchone).

The stability constants (K, M) of the 3-CD complexes with terpenoids in
water at 25°C range in the following way:

K (methol)>K (limonene)>K (menthone)>K (camphor)>K (fenchone).

Thus, limonene bounds to a.-CD best of all, and menthol complexates better
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with B-CD. In general, the stability constants of the f-CD complexes appeared
higher. It indicates its better ability to make inclusive complexes. It was shown
that the fugacity and photooxidation ability of substances reduces under the
condition of complexation.

The method of chemical precipitation enabled to study the complexation
between B-CD and monoterpenoids of insecticide properties (linalool (5),
S-carvone (7), camphor (18), geraniol (23), y-terpinene (24), and fenchone
(16); Table 1) [41]. Incapsulation of linalool and y-terpinene was higher when
the mass ratio reached 3,33:1 (B-CD : terpenoid). For the S-carvone, camphor,
geraniol, and fenchone the best incapsulation was measured at the 6,66:1 ratio.
Maximum inclusive efficiency was reached for camphor (52%) and geraniol
(34%) by using 10 g of B-CD, and linalool (31% per 5 g B-CD) as well.

Incapsulation of lemon oil into B-CD has been carried out [42]. It is
discovered the composition of oil terpene substances (a- and B-pinene (2 and
25), sabinene (26), B-myrcene (27), limonene (3), y-terpinene (24), terpinolene
(28), linalool (5), neral (29), and geranial (30); Table 1) in the complex does not
change essentially depending on the mixing time and drying type.

The authors of [43] give the order of terpene and terpenoid (Table 1)
molecules siting into B-CD in aqueous medium. The range was made by means
of statistical analysis: (-)-borneol (31) > terpineol (32) > (+)-camphor (18) >
(-)-carvone (7) = geraniol (23) = (%)-linalool (5) = cineole (33) = (-)-fenchone
(16) > (+)-isomenthol (10) = citral (34) > (-)-menthone (13) > (+)-menthol (9) >
(+)-limonene (3) = (-)-bornyl acetate (1) > (+)-camphene (4) > (-)-a-pinene (2)
> myrcene (27).

The complexes of borneol (31) and camphor (18) enantiomers with
B-CD, the primary alcoholic groups modified: 6-O-phenyl-B-CD, 6-O-(4-
formylphenyl)-B-CD,  6-O-(4-nitrophenyl)-B-CD,  6-O-(4-bromophenyl)-f3-
CD, 6-O-(4-chlorophenyl)-B-CD, and 6-O-(4-hydroxybenzoyl)-B-CD (Figure
7) [44]. Clathration was studied by microcalorimetry titration in aqueous
solution. The stability constants and complexes’ thermo dynamical parameters
were defined. The most stable clathrates are the ones of borneol. Herewith,
the highest stability constant was reached by the (+)-borneol complex with
6-O-(4-chlorophenyl)-B-CD (K =133450+2450 M'). The borneol molecule
penetrates deeper into the cyclodextrins’ cavity, and raises enthalpy by strong
hydrophobic and Van der Vaals interactions. The B-CD modification leads to
improvement of guest molecules linking. The most enantioselective towards
camphor was 6-O-(4-chlorophenyl)--CD. The stability constant of its complex
with (+)-camphor is 449760+490 M, it is four times higher than the one with
(-)-camphor (K =12405+545 M ").
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(OH), (OH),
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(¢]

Figure 7. Modified B-CD (R=H, CHO, N02, Br, CI).

The modified cyclodextrins have been suggested as sensors for terpenes,
terpenoids, and steroids detecting [45, 46]. In particular, B-CD having a moiety of
sodium anthranilate and y-CD modified by two moieties of sodium anthranilate
(Figure 8) have been investigated to define nerol (35), (-)-menthol (13), (-)-
and (+)-fenchones (16), and (-)-borneol (31) (Table 1) [45, 46]. Complexation
changes the fluorescence intensity. The moiety of sodium anthranilate can
be a spacer narrowing the inner cavity of cyclodextrin and contributes to the
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1:1 complex formation (Figure 9). Besides, it can serve as a hydrophobic cap
closing the narrow ring of cyclodextrin (Figure 9) [45]. It has been discovered
that the -CD, modified by one moiety of sodium anthranilate only, has a higher
sensibility to terpenoids than to steroids [45]. On the contrary, y-CD with two
moieties of sodium anthranilate is more sensitive to steroids [46].

B-CD

C—ONa

Figure 8. B- and y-CD modified by the moieties of sodium anthranilate.
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Figure 9. The role of moiety of sodium anthranilate in the complexation with guest.

The clathrate of sesquiterpenoid of euplotin C (Figure 10) extracted from
marine ciliate Euplotes crassus, with heptakis(2,6-di-O-methyl)-B-CD [47,
48]. The complex has been studied by the spectroscopy methods of 'H NMR,
electrospray ionization mass spectrometry and by molecular mechanics. The
method of NMR titration and the presence of complex ion peak [Meuplotin -+ \eyelodexirin
+ Na]" confirms the 1:1 composition of the complex. In the mass spectrum the
peak of ion [Mevpletin 4 D \feyelodextrin 4 INg@]2* of low intensity corresponding to the
1:2 complex formation. The latter was affirmed by NMR titration as well. But
the complex of 1:2 ratio is formed under the great abundance of cyclodextrin.
In the clathrate of the 1:1 composition the euplotin molecule penetrates deeply
into the cavity of modified B-CD at the side of wide ring (Figure 10). Prenyl
moiety of euplotin C molecule sites at the narrow ring, the dihydropyranic ring
is included into cyclodextrin cavity, and both acetyl group and protons at the C-4
and C-5 atoms of cyclopentane ring are beyond the big ring.
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Figure 10. Schematic representation of euplotin C complex.

2. Cyclodextrins complexes with diterpene glycosides

The solubilizing effect of y-CD in relation to steviolmonoside and
steviolbioside (Figure 11), got by saponification of rubusoside and stevioside
respectively [49]. Stevioside is a diterpene glycoside Stevia rebaudiana Bertoni
(Compositae) [50], and rubusoside is Rubus suavissimus S. Lee (Rosaceae) [51].
a- and B-CD do not have a solubilizing effect. The authors of [49] explained
this fact by the absence of complexation because of small dimensions of
these cyclodextrins’ inner cavities. They discovered an explicit stimulation of
steviolmonoside and steviolbioside 1,4-o-transglucosylation in the presence of
v-CD as well.

Molecular complexes of diterpene glycosides rebaudiosides A, C, and D
with y-CD, which are steviol glycosides as well (Figure 11) and are contained
in Stevia rebaudiana [52]. All the complexes are of 1:1 ratio. The process of
clathrates formation has been studied by NMR methods (‘H, *C cross polarized
magic angle spinning), by differential scanning calorimetry, IR Fourier and
Raman spectrometry. Besides, the analysis of phase solvability has been carried
out.
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Steviol
Stevioside
Rubusoside
Steviolmonoside

Steviolbioside

Rebaudioside A

Rebaudioside C

Rebaudioside D

B-D-Gle -(1—>2)-p-D-Gle,
B-D-Gle,
p-D-Gle,

p-D-Gle -(1—>2)-B-D-Glc,
B-D—Glcp-(l - 2)—[3—D-Glcp

3

T

1
B-D-Gle,

ot—L—Rhap-( 11— 2)-B-D—Glcp
3
T
1
B-D-Glc,,

B-D-Gle -(1—2)-B-D-Gle,
3
T
1
B-D-Glc,

p-D-Gle,

B-D-Gle,

B-D-Gle,

B-D-Glc

p-D-Gle (1—2)-B-D-Gle,

Figure 11. Steviol glucosides.
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The stability constants (M) of complexes in water at 25°C range as follows:
K (rebaudioside D)>K (rebaudioside C)>K (rebaudioside A)

Thus, the rebaudioside D complex is the most stable (K=1091 M™). It
is probably connected with the additional glucose moiety appearance in the
carbohydrate chain at the C-19 atom in the molecule of this glycoside. But the
glycoside solubility of rebaudioside A in the presence of cyclodextrin increases
best (12,75 times).

3. Cyclodextrins complexes with triterpene glycosides

Recently, the 1:1 complexes of dammarane triterpene glycoside 20-O-(B-
D-glucopyranosyl)-20(S)-protopanaxadiol (IH901, Figure 12) with -CD and
hydroxypropyl-B-CD has been got [53]. The IH901 glycoside is a metabolite of
ginsenoside Rb, (Figure 12), one of the main saponins of Panax ginseng C.A.
Meyer (Araliaceae) roots [54]. The investigation of complexes has been carried
out by means of IR Fourier spectrometry, X-ray diffraction, differential scanning
calorimetry, and scanning electronic microscopy. The stability constants of
IH901 complexes with B-CD and hydroxypropyl-B-CD were calculated with
the help of phase diagrams of solubility. They are equal to 4,52+0,340 and
0,68+0,037 (x10~* M) respectively. Thus, the complex with B-CD turned out to
be 6 times more stable. Less stability of the complex with hydroxypropyl-B-CD
can be explained by the steric difficulties caused by its hydroxypropyl groups.
They can prevent guest molecules from entering the cyclodextrin’s inner cavity.
This effect was shown earlier for the aspartame complexes [55].

Previously, it was discovered that B-CD, heptakis-2,6-O-dimethyl-,
heptakis-2,3,6-O-trimethyl- and  heptakis-2,6-O-dihydroxypropyl-B-CD,
y-CD and octakis-2,6-O-dihydroxypropyl-y-CD inhibit catalytic activity of
dipotassium glycyrrhizinate. It is explained by the formation of clathrate 1:1
complexes (Figure 13) [56]. Inhibition did not take place for a-CD. Evidently,
the small cavity of this cyclodextrin does not allow glycyrrhizic acid to site in
it. The importance of H-bonds, Van der Vaals and hydrophobic interactions for
the complexation was shown. Glycyrrhizic acid is the main triterpene saponin
of licorice Glycyrrhiza glabra L., and is 3-O-B-D-glucuronopyranosyl-(1—>
2)-0-B-D-glucuronopyranoside of glycyrrhetinic acid [54].

The modification of B-CD electrolyte used for capillary electrophoresis
of monoammonium glycyrrhizinate (glycyrram, Figure 14) was carried out.
It caused essential changes of the electrophorogramme profile [57]. It can be
connected with complexation.
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R, R,
Ginsenoside Rb, B-D-Gle -(1—>2)-B-D-Gle,  B-D-Gle -(1—6)-B-D-Glc,
IH901 H B-D-Glcﬁ

Figure 12. Ginsenoside Rb, and its metabolite IH901.

N
[

\

HOOC

Figure 13. Schematic representation of dipotassium glycyrrhizinate complex with
heptakis-2,6-O-dimethyl-B-CD.
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Hooc .

N

28

OH
Figure 14. Monoammonium glycyrrhizinate (glycyrram).

By means of UV and IR Fourier spectrometry (Figure 15) the complexation
of glycyrram (Figure 14) with B-CD has been investigated [58]. The method of
isomolar series showed glycyrram makes a 1:1 clarthate complex with B-CD
(Figure 16). The complexation is accompanied by hypochromic effect. The
complex is formed on account of H-bonds and non-valent interactions. The
influence of glycyrram, 3-CD, and their complex on Avena sativa L. seeds’
germination and on the fish Poecilia reticulate has been considered. The complex
proved to be non-ichthyotoxic and did not suppress seeds’ germination [59].

Such triterpene glycosides as a-hederin (hederagenin 3-O-o-L-
rhamnopyranosyl-(1—> 2)-O-a.-L-arabinopyranoside, Figure 17), and its
28-0-a.-L-rhamnopyranosyl-(1— 4)-O-B-D-glucopyranosyl-(1— 6)-O-3-D-
glucopyranosyl ester (hederasaponin C, Figure 17) have been suggested as
promising molecular complexing agents [60]. a-Hederin and hederasaponin
C were discovered in representatives of most species of the ivy genus Hedera
L., in which they are dominant saponins [54, 61-64]. Both glycosides are the
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components of cough medicines containing extract of Hedera helix L. leaves [54,
65—67]. Herewith, the main therapeutic effect of ivy medicines is determined by
the presence of a-hederin [67].

T

GC

ACD

Complex
1:1

1600 v, cM !

600 1000

Figure 15. Fragments of IR Fourier spectra of glycyrram (GC), B-CD, and their complex.
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N
[ ]
\

HOOC
Figure 16. Schematic representation of monoammonium glycyrrhizinate (glycyrram)

complex with B-CD.
30 o

Figure 17. o-Hederin (R=H) and hederasaponin C (R=(—BGlcp-(6(—1)-[3Glcp-(4(—

1 )-(tha[ )
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Toxicity of triterpene glycosides causes plants’ growth and development
reduction, that is why glycosides are the factors of allelopathic interaction in
plant association. Besides, triterpene glycosides display toxicity towards fishes
and mollusks [54, 68—70]. Herewith, usually bidesmosidic glycosides display
low toxicity explained by the absence of free carboxylic group at the C-17 atom
in their aglicones. On the contrary, glycosides with a free carboxylic group
have a high activity. a-Hederin is a monodesmosidic glycoside having a high
biological activity.

Recently, we managed to get a molecular complex of a-hederin with
B-CD. Its impact on Avena sativa L. seeds germination has been studied. It was
discovered that the 1:1 complex is less phytotoxic than individual glycoside.
The seeds’ germination under complex effect reached 84%. The viability
of seeds, previously cultivated by o-hederin, was 68% only. The very p-CD
blocked germination to some extend (it reached 80%). The germination of seeds
in distillated water (control set) was 92 %. The decrement of ichthyotoxicity
of a-hederin making complex with -CD was observed. The incubation time

Ly during which 100 % fatality of the fish Poecilia reticulate took place, on
average was about 25 min for a-hederin, and reached 173 min for its complex.
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Chapter 17
Mesoporous material as assisted matrix for MALDI-TOF MS

Szymon Jasiecki, Izabela Nowak and Grzegorz Schroeder
Adam Mickiewicz University, Faculty of Chemistry,
Grunwaldzka 6, 60-780 Poznan, Poland

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), since its development [1,2], has been widely applied for
the analyses of various high molecular species like proteins/peptides [3,4],
oligosaccharides [5,6], oligonucleotides [7,8] synthetic polymers [9,10] or
molecular receptors. However, the utility of this method is limited for the small
molecule (<500 Da) analyses because of the interference of the matrix, which
mixed with an analyte, produces its own background in the low-molecular mass
region.

New approaches to solve this problem have been developed. The idea is
either to eliminate the matrix or use materials that generate no background ions
in the analyte m/z region. Desorption/ionization on porous silicon (DIOS) is
a suitable method for small molecules analyses because requires no addition
of matrix [11]. Graphene used as a novel matrix is effective for desorption/
ionization for nonpolar compounds [12]. Oxidized carbon nanotubes can provide
both qualitative and quantitative determination of low molecular compounds
[13]. Other idea is application of metal-phtalocyanines which form matrix-
analyte adducts, easily detected in analysis both in the negative and positive ion
mode [14]. One of the method is usage of modified mesoporous materials SBA-
15 as assisted matrix [15].

In the typical synthesis of modified mesoporous materials SBA-15 process,
a triblock copolymer poly(ethylencoxide)-poly(propylene oxide)-poly(ethylene
oxide) BASF P123 (HO(EO), (PO), (EO),,H), P105 (HO(EO),,(PO), (EO), H),
P94 (HO(EO), (PO),(EO), H), L64 (HO(EO),(PO), (EO) H) or L43
(HO(EO),(PO),,(EO).H) was dispersed in water mixed with HCI under stirring.
Once the triblock copolymer was completely dissolved, tetracthyl orthosilicate
(TEOS) was added to the resulting homogeneous solution under vigorous stirring
in order to achieve TEOS/copolymer molar ratio of 120. The composition of
the reaction mixture was: 0.09 mmol Pluronic : 10.8 mmol TEOS : 0.12 mol
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HCI : 3.3 mol H,O. The stirring was continued for 8 h and then the resultant
mixture was aged at 373 K for 16 h without stirring. The as-prepared sample
was recovered by filtration, washed with a copious amount of water and air-dried
at 333 K. After calcination at 823 K for 8 h in air the mesoporous sample was
finally obtained.

The resulting SBA-15 samples were denoted as SBA-15-X, where X stands
for Pluronic type. All samples studied in this work are summarized in Table 1.

Table 1. Parameters of the studied SBA-15

SBA-15-X

Method/parameter

43 64 94 105 123
XRD/
Cell parameter a, (am) ~6.8 8.2 9.8 10.5 11.4
N, ads./
Surface area. BET (m? g') 740 800 740 780 680
Pore diameter (nm) 2.8 43 5.8 6.6 7.8
Pore volume. (cm?® g™) 0.46 043 0.50 0.51 0.58
XRD + N, ads. /
2 ~

Wall thickness (nm) 4.0 3.9 4.0 3.9 4.1

The transmission electron micrographs (TEM) were taken on a JEOL-2000
operated at 80 keV (Fig. 1).

Theinteractions of molecules as protein/peptides withsolidsurface[16, 17]are
predominantlydeterminedbythehydrophobicandelectrostatic forces, whicharetwo
maintypesofdrivingforcesincontrollingtheimmobilizationprocessandcapacity of
biomolecules into porous hosts [18]. Other influencing factors
may include the pore structure of hosts (such as the pore symmetry
and pore diameters), the experimental conditions (such as
the choice of buffer solutions), and the nature of protein/peptides, etc. It has been
shown that a selective adsorption of proteins can be achieved in the macroporous
structures through modulating the surface charge of materials[19, 20].

The matrix in MALDI MS methods performs two important functions:
it absorbs photon energy from the laser beam and transfers it into excitation
energy of the solid system, and it serves as a solvent for the analyte, so that the
intermolecular forces are reduced and aggregation of the analyte molecules is
held to a minimum. Typical MALDI matrix as: CHCA, sinapic acids, DBH,
DAN, DHAP, 3-HPA, THAP, HABA, MBT, CICCA or FCCA are characterized
by: a strong light absorption property at the wavelength of the laser flux, the
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ability to form micro-crystals with the sample, a low sublimation temperature,
which facilitates the formation of an instantaneous high-pressure plume of
matrix-sample material during the laser pulse duration, and the participation in
some kind of a photochemical reaction so that the sample molecules can be
ionized with high yields. The use of mixed matrices of classical compounds
and mesoporous material opens up new possibilities for mass spectrometry
analytical. Mesoporous materials isolate analytes than conventional MALDI
matrices.

o e et
Figure 1. TEM images of SBA-15- a) 43, b) 64, ¢) 105 and d) 123 with the pore size of:
2.8, 4.3; 6.6 and 7.3 nm respectively.

obtained from the BASF surfactants:

L43; (HO(EO) (PO),,(EO) H);

L64; HO(EO),,(PO), (EO) . H);

P105; (HO(EO),(PO)(EO)  ,H) and

P123; HO(EO),(PO), (EO),,H).
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The role of matrix the best illustrate analysis of mixtures of chemicals.
Detergents containing a mixture of compounds well illustrate the impact of mixed
matrix with mesoporus materials. The mass spectrometry analysis of detergents
is commonly employed as the major technique. This work presents innovative
method for the analysis of detergents by usage of the MALDI-tof MS with
matrix, which contains two components: standard matrix (2,5-dihyroxybenzoic
acid) and mesoporous silica molecular sieves.

A series of mesoporous silicas (SBA-15) with different pore diameter (Table
1) was used in the analysis of typical detergents used in cosmetic materials: Brij-
56, Triton X-100, and PEG-350 (Fig.2).

O*\/O\]}/OH

Brij-56, were n~10

O\[\AO%:\/OH

Tryton X 100, were n~9-10

e N

PEG-350, were n~6

Figure 2. Structures of the detergents studied. The n value is for the average molecular
weight.

A molecule of Brij-56 has a long alkyl chain and a molecule of Triton X-100
has a bulk hydrophobic group which influence their complexing abilities in
opposite to PEG-350 which consists of only polyoxaethylene chain. MALDI-
TOF spectra of the detergents are shown in the Figs 3-5.
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Figure 3. MALDI-TOF spectra of Brij-56 with SBA-15-105 a), SBA-15-94 b), SBA-15-64
¢), SBA-15-43 d) and without SBA-15 e).
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PEG 350
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Figure 4. MALDI-TOF spectra of PEG-350 with SBA-15-105 a), SBA-15-94 b), SBA-15-
64 c), SBA-15-43 d) and without SBA-15 e).
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Triton X-100
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Figure 5. MALDI-TOF spectra of Triton X-100 with SBA-15-105 a), SBA-15-94 b), SBA-
15-64 ¢), SBA-15-43 d) and without SBA-15 e).
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In a series of MALDI-TOF spectra of Brij-56 (Fig. 3) we observe a shift
of the maximum of the signal intensities distribution. The shift is toward lower
m/z values with increasing SBA-15 pore diameters. It is a consequence of the
increasing amount of short-chained detergent molecules adsorbed in pores that
undergo evaporation to the gas state.

Eventually the signal intensities distribution for sample with SBA-15-105
(Fig. 3a), with the largest pore diameter studied, is the most similar to the that
one in the spectrum in the Fig. 3e, for the sample without SBA-15, with the
maximum at m/z 661.8 assigned to [M+Na]*ion (n=9). The relationship between
m/z maximum and pore diameter is illustrated in the Fig 6.

1000+

G004

Triton X-100
B0 44—

Y Y

m'Z maximum

PEG-350
400 ] . - -—

0 1 2 3 4 5 = 7
diameter {nm)

Figure 6. The relationship plot between the pore diameter and the m/z maximum value of
Brij-56, PEG-350 and Triton X-100.

In the case of Triton X-100 such a shift is slight toward higher m/z value
which can be explained by a steric hindrance of the large hydrophobic group
which prevents molecules from adsorption in pores . It occurs for the largest
pore diameter, with the maximum at m/z 685.7 assigned to [M+K]" ion (n=10).
This shift is absent for PEG-350 and the maximum is constant at m/z 407.4
assigned to [M+Na]" ion (n=8). However, there are noticeable differences in low
m/z parts of the spectra (Figs. 4 and 5). The intensities of the signals in low m/z
region decrease with the increasing pore diameters. Molecules responsible for
these signals are adsorbed in mesoporous matrix and are not evacuated from the
pores in the experiment conditions. As a result spectrum is cleaner.
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It is noteworthy that the are differences in the [M+Na]" and [M+K]" ion
intensities ratios in all detergents spectra. For Brij-56 and PEG-350 we observed
higher intensities of [M+Na]" signals than [M+K]*, however this ratio is reversed
for Triton X-100 (Fig.7).

Triton X-100
4
34
L
2
14
T T T T T T T
4 6 8 10 12 14 16

n -CH,CH,O- group

Figure 7. The plot of [M+Na]" and [M+K]" ions intensity ratios dependency on the
detergent chain length of Triton X-100.

This experiment proved that SBA-15 material can be successfully utilized
as a matrix and this technique is suitable for the analysis of small molecules
like detergents. Mezoporous silica molecular sieves demonstrated several
advantages compared with DHB such as less background interference ions,
higher homogeneity and reproducibility of the spectra.
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1. Introduction

The term “phosphono peptides” was introduced by Martell in 1975, although
this class of compounds was recognized about 30 years earlier. These compounds
are regarded as structural analogues of peptides in which carboxylic moiety was
replaced by phosphonic entity. Therefore they may act as peptide antagonists
and thus exhibit various physiologic activity. Due to these properties phosphono
peptides are used in agriculture and medicine, with antibacterial properties being
the most intensively exploited [1].

Hexaaza-macrocyclic ligands containing polyamine and Schiff base
fragments are widely described in literature [2-7]. This group of compounds
attracts a special attention because, depending on their structure, they posses
suitable cavities ready for incorporation of structurally diverse organic or
inorganic molecules, especially negatively charged ones, such as: phosphate
anions, dicarboxylic organic acids and acidic amino acids. Moreover, ready
formation of hydrogen bonds between anionic groups of guest molecule and
host amine groups with pK values ranging from 3 to 9.5 allowed determining
stability constants of associated molecules [8-11].

Above findings prompted us to apply both groups of described compounds
in supramolecular research. The first step was to study the fragmentation
properties of phosphono petides, which could aspire to be the guest molecules
being negatively charged if compared with their peptide counterparts. These
studies supplement already reported studies of organophosphorous compounds
[12-17] and the detailed MS studies concerning peptides possessing Glu, Pro,
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Asp and Leu residues [18, 19, 20, 21]. All phosphono peptides were synthesised
and purified as described in literature [22].

In the second step host-guest chemistry studies showed selectivity in binding
of ditopic, dinegative compounds by both studied receptors. Additionally, as it
was expected, the molecules possessing branched side chain revealed lower
affinity for both receptors with the binding being dependent on position of
branching and size of the side chain. Competition experiment carried out with
both receptors showed that polyamine macrocycle exhibited stronger binding
abilities than its Schiff base analogue [23]. Formation of host-guest molecular
complexes protects phosphono peptides against its fragmentation, what might
indicate existence of strong intermolecular interaction published.

2. ESI mass spectrometry of phosphono petides
2.1. Phosphono peptide ESI-MS fragmentation

The studied phosphono peptides due to their structural diversity were divided
into six groups: Xaa-Yaa(COOH)PO,H, (where Xaa, Yaa are any amino acid
residues); Gly-Yaa-PO,H,; Ala-YaaPO,H,; Val-YaaPO,H,, Leu-YaaPO,H,, Pro-
YaaPO,H,. In general, each of these groups over cone voltage 30 eV underwent
deprotonation, dehydratation, peptide bond cleavage and dimerization (Scheme
1). In the last process interaction between both terminal phosphonate groups
are proposed (vide supra) [24], although complementary phosphonate-
ammonium binding can not be excluded. For the latter interaction the polymeric
supramolecular formation should be noticeable, but under the studied conditions
they were not observed. Similarly, proton may be located either on amino or
phosphonic group in other fragmentation species.

With exception of Gly-YaaPO,H, (Table 2) all the examined dipeptides
possessed individual characteristic fragmentation patterns, which depended on
the structure of both side chains present in their structures. Thus, cleavage of
bonds between C -C=0 in N-terminal amino acid and CH,-COOH in P-termninal
aminophosphonate of the Xaa-Yaa(COOH)PO,H, resulted in formation of a
very specific molecular entities for all studied compound of this class (Table 1;
Scheme 2). The less abundant, but noticeable, were also the signals originated
from amide bond cleavage, dehydratation and dimerization.
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Table 1. The major peaks in the ESI mass spectra of phosphono peptides containing
P-terminal analogues of acidic amino acids recorded at various cone voltages.

[M-H-
Phosphono peptides cv [eV] [M-H] [M-H-H,0] [M-Xaa]- NH,CHR - [M,-H]
COOHT
30 281 263 192 563
O
70 281 263 210 192 563
H,N  HN
POsH, COOH 90 281 263 192 563
1A 130 281 263 192 563
30 295 277 164 591
NH, |,
N.__POzH, 70 295 277 164 591
o) LCOOH 90 295 277 164 591
SLeu 130 295 277 164 591
POsH, 30 329 311 164 659
H2N HNLCOOH 70 329 311 164 659
o 90 329 311 164 659
130 329 311 164 659
3H
30 293 275 178 587
H
N 70 293 275 178 587
N
{Hjﬁ( " o00n
O  POsH, 90 293 275 178 587
4P 130 293 275 178 587
30 279 261 164
H
N N COOH 70 279 261 164
H
O POzH; 90 279 261 164 559
sp 130 279 261 164 559
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H 30 293 275 587
Og N
c \\/\/\COOH 70 293 275 587
HN 90 293 275 587
130 293 275 587
4P
30 279 261

(j\ N 70 279 261
N COOH

H 1
o} P03H2 90 279 261 559

130 279 261 559

Table 2. The major peaks in the ESI mass spectra of phosphono peptides containing
N-terminal glycine at various cone voltages.

Phosphono peptides evleV] [M-HF  [M-HHOF [MGlhyl [M-HJ
30 195 177 138 391
HoN (0]
70 195 177 138 391
HN
POzH, 90 195 177 138 391
2G 130 195 177 138 391
30 195 177 138 391

o} % 70 195 177 138 391
\)L PO,H,
H,N

N
H 90 195 177 138 391

130 195 177 138 391
4G
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30 181 163 124 363
HzN\)]\N)\ 70 181 163 124 363
H 90 181 163 124 363
5G 130 181 163 124 363
30 209 191 152
N
HN N pog, 70 209 191 152
° 90 209 191 152
1G 130 209 191 152

The Ala-Yaa-PO,H,, Val-Yaa-PO,H, and Leu-Yaa-PO,H, phosphono
dipeptides (Tables 3, 4 and 5) displayed analogous trend resulting presented on
the Scheme 1. Additionally, similar as for Xaa-Yaa(COOH)PO,H, molecules,
characteristic detachment of NH,CHR, fragment with mono or double

deprotonation was observed (Scheme 3).

- 312 - 2
U R N
O R, PO3%
[M] [M-NH,R.CH] ~

Scheme 3.

334



PHOSPHONO PEPTIDES AND THEIR HOST-GUEST CHEMISTRY. ESI MS stupy

Table 3. The major peaks in the ESI mass spectra of phosphono peptides containing
N-terminal alanine at various cone voltages.

Phosphono peptides [M-2H-
cv[eV] [M-H] [M-H-H,O] [M-Ala] CH(CH,) [M,-HJ
NH,J
30 237 475
HN O
70 237 219 166 475
HN
PO3H, 90 237 219 166 475
130 237 219 166 475
3A
30 223 447
H,N O
70 223 205 152 447
HN
PO3H, 90 223 205 152 447
130 223 205 152 447
4A
H,N 30 235 217(3) 471
O
70 235 217 164 471
HN
90 235 217 164 471
PO3H,
130 235 217 164 471
2A
30 237 475
O PO3H,
NH, N 70 237 219 166 192 475
H 90 237 219 166 192 475
SA 130 237 219 166 192 475
30 195 177 124 391
H
N PO5H, 70 195 177 124 150 391
T
0] 90 195 177 124 150 391
177
1A 130 195 124 150 391
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30 209 191 138 164
O POH, 70 209 191 138 164
H,N 7&
o 9 209 191 138
13A 130 209 191 138
30 209 191 419
H POH, 70 209 191 138 164 419
HoN
o) 9 209 191 138 164 419
14A 130 209 191 138 164 419

Table 4. The major peaks in the ESI mass spectra of phosphono peptides containing
N-terminal valine at various cone voltages.

ov [M-H- [M-2H-  [M-2H-

Phosphono peptides [M-H] ~ [M-Val] i ~ [M,-HT
[eV] H,0] Val-NH]' NH,R CH] 2
30 237 219 164 475
(6]

>< 70 237 219 138 121 164 475

N PO3H,

H

NH, 90 237 219 138 121 164 475
1v 130 237 219 138 121 475

30 265 247

)\/U\N 70 265 247 166
H

NH, 90 265 247 166

vV 130 265 247
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O POm, 0 251 23 503
)\/U\N)ﬁ/ 70 251 233 503

H

NH

2 90 251 233 503
130 251 233 503

3V
30 265 192 531

o PO3H,

)\)LN& 70 265 247 166 192 531

H
NH, 90 265 247 166 192 531
av 130 265 247 166 192 531

Table 5. The major peaks in the ESI mass spectra of phosphono peptides containing
N-terminal leucine at various cone voltages.

cv

Phosphono peptides [eV] [M-H]" [M-H-H,O] [M-Leu]" [M-NH,R CH] [M,-HJ
30 279 261 559
O POsH,

W(N)>< 70 279 261 166 559
NH, H 90 279 261 166 559
1L 130 279 261 166 559
30 265 531
WJ\N 70 265 247 152 531

H
NH, 90 265 247 152 531
130 265 247 152 531

2L
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2
o j\ 30 251 33 503
NH, H
2 90 251 233 138 503
130 251 233 138 503
4L
30 237 219 124 475
1L
S
WLN PO, 70 237 219 124 475
NH, H
2 90 237 219 124 475
5L 130 237 219 124 475
30 277 555
o 70 277 259 164 555
N~ ~PO;H
WLH 2 90 277 259 164 555
NH,
130 277 259 164
10L
30 263 245 150
o)
70 263 245 150
H PO5H,
NH, 90 263 245 150
1L 130 263 245 150
NH; |, 30 357 272 715
)\/KNN POsH2 55 357 339 244 272 715
o)
90 357 339 244 272 715
130 357 339 244 272 715
12L

For Val containing peptide 1V one more fragmentation process (Table 4)
with detachment of Val-NH+2H" entity was observed. Also, the course of amide
bond cleavage noticeable for that group of peptides was less efficient than that
present for other phoshpono peptides. The last class of the studied peptides
comprised of N-prolyl phosphono peptide. Its fragmentation pattern (Table 6)
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closely resemble that observed for N-alanyl phosphono peptides with formation
of [M-NH_R CH] unit.

Table 6. The major peaks in the ESI mass spectra of phosphono peptides containing
N-terminal proline at various cone voltages.

Phosphono peptides cv [eV] [M-HJ [M-H-H,0F [M-Pro]  [M,-H]

30 263 527
_ 70 263 245 166 527

9 \(\(

0O PO3H2 90 263 245 166 527

130 263 245 166 527

2.2. Phosphono peptide host-guest chemistry
The complexation of phosphono peptides by well known host molecules
host 1 and 2 (Scheme 4) was then studied (Table 7).

S Y S

HN NH HN
o o
| 2

Scheme 4.

Both receptors showed the same tendency in phosphono peptides binding.
In general, formation of the molecular monopositive complexes was observed.
However, the affinities of certain groups of these peptides for receptor molecules
were diverse. For example, in the case of those containing analogues of acidic
amino acids (existing as dinegative anions), the length between phosphonic
and carboxylic moieties, which are spanning between two amine groups of
the macrocycles, was the crucial factor. Thus, the most optimal intermolecular
interactions with opposite amino groups of receptor 1 possessed peptide
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1A (for structure see Table 1), which contains four methylene groups in the
aminophosphonate side chain, and peptide 4P having three methylene group
(Table 1). If considering complexation abilities of mononegative peptides of the
structures: Ala-XaaPO,H, and Leu-XaaPO,H, the crucial element influencing
their binding to host molecule 1 was the presence of variable type of branching
in side chain of the P-terminal residue. This, most probably, results from
close proximity of this chain to the anchoring phosphonic unit. On the other
hand, peptides having N-terminal Gly and Val did not demonstrate the same
dependence being bound with similar affinities. The obtained data demonstrate
that the N-terminal residue has no influence on the mode of binding as also
revealed by competition studies. In addition, the presence of host molecules
protected phosphono peptides from fragmentation, which may indicate that they
are strongly bound under the ESI conditions [25].

Table 7. The ESI-MS studies of complexation of phosphono peptides by macrocyclic
receptor 1.

The observed signal

Guest molecules Molecular weight of ~ Molecular weight of (M+H)" and their

and their complexaion

ratio guest formed complexes complexation ratio

1A 282 685 686

8L 296 699 700

3H 330 733 734
1A:8L:3H (1:1:1) 686:700:734

(1:0,5:0,5)

2G 196 599 600

4G 196 599 600

5G 181 584 585

2G:4G:5G (1:1:1) 600:600:585 (1:1:1)

3A 238 641 642

4A 224 627 628

8A 238 641 642

11A 196 599 600

3A:4A:8A:11A 642:628:642:600

(1:1:1:1) (0.5:0.8:0.8:1)

1L 280 683 684

2L 266 669 670

4L 251 654 655

5L 237 640 641

1L:2L:4L:5L 684:670:655:641

(1:1:1:1) (0.5:0.8:0.8:1)
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2p 236 639 640

4P 294 697 678

5p 280 683 684
2P:4P:5P (1:1:1) 640:678:684

(0.5:1:0.1)

2V 266 669 670

3v 252 655 656

4V 266 669 670
2V:3vi4v (1:1:1) 670:658:670 (1:1:1)

When comparing the binding properties of receptors 1 and 2 it is clearly seen
that receptor 2 interacted with guest molecules more efficiently than receptor 1
(Table 8). This phenomenon most likely results from that the higher number of
amine groups in 2, which allow to achieve a better fit of guest molecule into the
macrocycle cavity because of more flexible placement of negatively charged
groups.

Table 8. The competition studies of two receptor and one guest molecules.

Molecular ~ Molecular weight of Molecular weight of The observed signal

Supramolecular weight of  formed complexes  formed complexes  (M+H)" and their
components . . . .
guest with receptor 1 with receptor 2 complexation ratio
1A+1+R2 282 685 692 686:693(0.7:1)
(10:1:1)
SL+1+2 296 699 706 700:707 (0.8:1)
(10:1:1)
3H+1+2 330 733 740 734:741 (0.6:1)
(10:1:1)
2G+1+2 196 599 606 600:607 (0.7:1)

(10:1:1)

The ESI-MS spectrometry studies revealed the existence of general trend of
fragmentation, characteristic for all the studied phosphono peptides. Moreover,
when taking into consideration the presence of characteristic residues at the
N-terminus and P-terminus of Xaa-YaaPO,H, dipeptide it is possible to create
a representative model of fragmentation, which indicates the differences in
strength of bonds between their C-C, C-P atoms.

Supramolecular studies provided information about binding of these peptides
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to commonly used aza-macrocyclic receptors 1 and 2. These studies indicated
preferential binding of the peptides containing analogues of acid amino acids,
which possess an additional carboxylic group in side chain. This may result from
the best adaptation of these peptides to the binding cavities of both receptors,
however, the exact molecular mode of binding has to be determined. Comparison
of both macrocycles have shown that the receptor 2 having six amino groups was
more efficient host molecule for phosphono peptides than analogous Schiff base
1. Quite interestingly, the tight binding resulted in significant protection of the
studied phosphono peptides against defragmentation.
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Functional materials with molecular receptors is a new direction in chemistry.
The book presents the results of basic research on various types of molecular
receptors. Discusses not only the synthesis, properties and application of these
systems but also the research methods appropriate to describe the molecular
receptors and their complexes.
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