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Abstract

The mathematical model of interaction with water the amorphous, uncrystallized, fullerene
analogous carbon containing natural mineral shungite (Zazhoginskoe deposit, Karelia, Russia) and
micro-porous alumosilicate mineral zeolite (Most, Bulgaria) was established. There are submitted
data on the nanostructure and structural properties of these minerals, obtained with using the
elemental analysis, transmission electron microscopy (TEM-method) and IR-spectroscopy.
For evaluation of the mathematical model of interaction of these minerals with water, the methods
of non-equilibrium spectrum (NES) and differential non-equilibrium spectrum (DNES) of water
were applied. The values of average energy (AEn.o) of hydrogen H...O-bonds among H.O
molecules in water samples after the treatment of shungite and zeolite with water was measured at
-0,1137 eV for shungite and -0,1174 eV for zeolite. The calculation of AEx. o for shungite with using
the DNES method compiles +0,0025+0,0011 eV and for zeolite -1,2+0,0011 €eV. It was
demonstrated a regularity of change of energy of hydrogen bonds between H.O molecules in the
process of water treatment by shungite and zeolite with a statistically reliable increase of local
maximums in DNES-spectra.

Keywords: shungite, zeolite, nanostructure, fullerens, IR, NES, DNES

Introduction

Shungite and zeolite — the minerals refer to new generation of natural mineral sorbents
(NMS). Shungite is an intermediate form between the amorphous carbon and the graphite crystal,
containing carbon (30 %), silica (45 %), and silicate mica (about 20 %) [1]. The schungite carbon is
a fossilized organic material of the sea bottom Precambrian sediments of high level of
carbonization containing the fullerene-like regular structures. Shungite got its name after the
village of Shunga in Karelia (Russian Federation), located on the shore of Onezhskoe Lake, where is
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located the only one mineral Zazhoginsky deposit of shungites on the territoty of the Russian
Federation. The total shungite researves of Zazhoginsky deposit amount to approximately
35 million tons of shungite. The plant production capacity for the mining and processing of
shungite makes up 200 thousand tons of shungite per year.

Zeolites are the alumosilicate members of the family of microporous solids known as
“molecular sieves”, named by their ability to selectively sort molecules based primarily on a size
exclusion process. The natural zeolites formed when the volcanic rocks and ash layers reacted with
alkaline groundwater. Zeolites also crystallize in post-depositional environments over periods
ranging from thousands to millions of years in shallow marine basins. The naturally occurring
zeolites are rarely pure and are contaminated to varying degrees by other minerals, metals, quarts,
or other zeolites. For this reason, naturally occurring zeolites are excluded from many important
commercial applications where uniformity and purity are essential.

As natural minerales shungite and zeolite have unusually broad scope of application in
industry. Shungite was used initially, mainly as a filler and substitute of the carbon coal coke (fuel)
in blast furnace production of high-silicon cast iron, in ferroalloys melting, in the production of
non-stick heat-resistant paints and coatings, and as filler in rubber production. Subsequently there
were discovered other new valuable properties of shungite — adsorptional, bactericidal, catalytic,
reduction-oxidation properties, as well as the ability of sungite minerals to screen off
electromagnetic and radio radiations. These properties have made the use of shungite in various
branches of science, industry and technology, for creating on its basis a variety of new
nanotechnological materials with nano-molecular structure [2]. On the basis of shuntite has been
created new conductive paints, fillers for plastic materials, rubber and carbon black substitutes,
composite materials, concrete, bricks, stuccoing plasters, asphalts, as well as materials having
bactericidal activity and materials shilding off the radio and electromagnetic radiation.
The adsorption, catalytic, and reduction-oxydation properties of shungite favored its use in water
treatment and water purification technologies [3], i.g. in treatment of sewage waters from many
organic and inorganic substances (heavy metals, ammonia, organochlorine compounds, petroleum,
phenols, surfactants, etc.). Moreover, shungite has a strongly marked biological activity and
bactericidal properties.

Zeolites as shungites are widely used in industry as a desiccant of gases and liquids [4], for
treatment of drinking and sewage water from heavy metals, ammonia, phosphorus [5], as a catalyst
in petrochemical industry (shungite), for benzene extraction and for extracting of radionuclides in
nuclear reprocessing. They are also used in medicine as nutritional supplements having
antioxidant properties.

A wide range of properties of shungite and zeolite defines the search for new areas of
industrial application of these minerals in science and technology that contributes to a deeper
study of the structure with using the modern analytical methods. This research paper deals with
investigation of the structural properties of shungite and zeolite and evaluation of the
mathematical model of interaction of these minerals with water.

Material and methods

Material

The study was performed with samples of shungite obtained from Zazhoginsky deposit
(Karelia, Russia) and zeolite (Most, Bulgaria). Samples were taken and analyzed in solid samples
according to National standard of the Russian Federal Agency of Technical Regulation and
Metrology. Samples were put into 100 cm3 hermetically sealed glass tubes after being washed in
dist. H.O and dried in crucible furnace, and homogenized in homogenizer by mechanical grinding.
For the decomposition of the shungite samples a system of microwave decomposition was used.
Other methods of samples processing were watching with dist. H.O, drying, and homogenization
on cross beater mill Retsch SK100 (“Retsch Co.”, Germany) and Pulverisette 16 (“Fritsch GMBH”,
Germany).

Analytical methods

The analytical methods were accredited by the Institute of Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry (Russian Academy of Sciences). Samples were treated
by various methods as ICP-OES, GC, and SEM.
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Gas-chromatography

Gas-chromatography (GC) was performed at Main Testing Centre of Drinking Water
(Moscow, the Russian Federation) on Kristall 4000 LUX M using Chromaton AW-DMCS and
Inerton-DMCS columns (stationary phases 5 % SE-30 and 5 % OV-17), equipped with flame
ionization detector (FID) and using helium (He) as a carrier gas.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

The mineral composition of shungite was studied by inductively coupled plasma optical
emission spectrometry (ICP-OES) on Agilent ICP 710-OES (Agilent Technologies, USA)
spectrometer, equipped with plasma atomizer (under argon stream), Mega Pixel CCD detector, and
40 MHz free-running, air-cooled RF generator, and Computer-optimized echelle system: the
spectral range at 167—785 nm; plasma gas: 0—22,5 I/min in 1,5 l/min; power output: 700-1500 W
in 50 W increments.

Elemental analysis

The total amount of carbon (Ciotal) in shungite was measured according to the ISO 29541
standard using elemental analyzer CHS-580 (“Eltra GmbH”, Germany), equipped with electric
furnace and IR-detector by combustion of 200 mg of solid homogenized sample in a stream of
oxygen at the temperature +1500 °C.

Transmission electron microscopy

The structural studies were carried out with using transmission electron microscopy (TEM)
on JSM 35 CF (JEOL Ltd., Korea) device, equipped with X-ray microanalyzer “Tracor Northern
TN”, SE detector, thermomolecular pump, and tungsten electron gun (Harpin type W filament, DC
heating); working pressure: 104 Pa (10® Torr); magnification: 300000, resolution: 3,0 nm,
accelerating voltage: 1—30 kV; sample size: 60—130 mm.

IR-spectroscopy

IR-spectra of shungite were registered on Fourier-IR spectrometer Brucker Vertex
(“Brucker”, Germany) (a spectral range: average IR — 370—-7800 cm; visible — 2500-8000 cm;
the permission — 0,5 cm™; accuracy of wave number — 0,1 cm™ on 2000 cm™).

NES- and DNES-methods

NES- and DNES-methods were used for the estimation of energy of hydrogen bonds of
shungite zeolite solutions in water in order to evaluate the mathematical model of interaction of
these minerals with water. The device measured the angle of evaporation of water drops from 72°
to 0°. As the main estimation criterion was used the average energy (AEx..0) of hydrogen O...H-
bonds between individual H.O molecules in aqueous samples. NES-and DNES spectra of shungite
and zeolite solutions in water were measured in the range of the energy of hydrogen bonds 0,08-
0,387 eV or wave lengths A = 8,9-13,8 um with using a specially designed computer program.

Results and Discussion

The composition and the structure of shungite and zeolite

According to the last structural studies shungite is a metastable allotropic form of carbon with
high level of carbonization (carbon metamorhism), being on prior to graphite stage of coalification
[6]. Along with carbon the shungite, obtained from Zazhoginsky deposit in Karelia (Russian
Federation) contains SiO. (57,0 %), TiO. (0,2 %), Al.O5 (4,0 %), FeO (0,6 %), Fe.O5 (1,49 %), MgO
(1,2 %), MnO (0,15 %), K.O (1,5 %), S (1,2 %) (Table 1). The product obtained after the thermal
firing of shungite (shungizite) at +1200...+1400 °C contains in small amounts V (0,015 %),
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B (0,004 %), Ni (0,0085 %), Mo (0,0031 %), Cu (0,0037 %), Zn (0,0067 %), Co (0,00014 %)
As (0,00035 %), Cr (0,72 %), Zn (0,0076 %) and other elements (Table 2).

Table 1: The chemical composition of shungites from Zazhoginsky deposit
(Karelia, Russian Federation), in % (w/w)

No Chemical component Content, % (w/w)
1 C 30,0
2 SiO, 57,0
3 TiO, 0,2
4 Al,Os 4,0
5 FeO 0,6
6 Fe,O, 1,49
7 MgO 1,2
8 MnO 0,15
9 CaO 0,3

10 Na,O 0,2
11 K.O 1,5

12 S 1,2

13 H.O 1,7

Table 2: The chemical composition of shungite after the heat treatment at +1400 °C

Ne Chemical component Content, % (w/w)
1 C 26,25
2 SiO, 3,45
3 TiO, 0,24
4 AlLOq 3,05
5 FeO 0,32
6 Fe.O4 1,01
7 MgO 0,56
8 MnO 0,12
9 CaO 0,12

10 Na.O 0,36
11 K.O 1,23

12 S 0,37

14 P.O; 0,03

15 Ba 0,32

16 B 0,004
17 \Y 0,015

18 Co 0,00014

19 Cu 0,0037

20 Mo 0,0031

21 As 0,00035

22 Ni 0,0085

23 Pb 0,0225

24 Sr 0,001

26 Cr 0,0072

26 7n 0,0067

27 H.O 0’78

28 Calcination (burning) losses 32,78

In comparison with shungite, zeolite comprises a microporous crystalline aluminosilicate
mineral commonly used as a commercial adsorber, the three-dimensional framework of which is
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formed by the tetrahedra — [AlO,]> and [SiO,]*> linking to each other via the vertices [7].
Each tetrahedron [AlO,4]> creates a negative charge of the carcasses compensated by cations (H*,
Na+, K+, Ca2*, NH,*, etc.), which in most cases capable of cation exchange in water solutions. In
between the crystalline framework are arranged the hydrated positive ions of alkali and alkaline
earth metals — sodium, potassium, calcium, less magnesium, barium, strontium, compensating the
carcass charge and water molecules. The tetrahedrons [AlO,]?> and [SiO,]> form the secondary
structural units, such as six-membered rings, five-membered rings, truncated octahedra, etc.
(Fig. 1). As a result the zeolite framework composes the interacting channels and cavities forming a
porous structure with a pore size of 0,3—1,0 nm. An average crystal size of the zeolite may range
from 0,5 to 30 um.
The empirical formula of zeolite can be represented as follows:

Mz/no 'Aleg . ]/Si02 : ngo,
where n — the cationic charge (n = 1—2); ¥ — the molar ratio of oxides of silicon and aluminum in

the zeolite framework, indicating the amount of cation exchange positions in the structure (y = 2—
®); w — the amount of water.

Figure 1. The three-dimensional crystal structure of zeolite ZSM-5 with the formula Na,[Al,Sige-
n0192]-16H,0 (n = 3-5), cell size — 0,51—0,56

Currently, there are known more than 30 varieties of natural zeolites, but only some of them
form large deposits (80 % of concentrates) suitable for industrial processing. The most common
natural zeolites:

« Chabazite (Ca,Na,)[Al.Si,0:.]-6H.O with cell size 0,37—0,50 nm;

» Mordenite (Ca,Na,,K,)[Al.Si002:4]7H-0 with cell size 0,67—0,70 nm;

« Klinoptilomite (Na,,K,,Ca)[Al.O510Si0.]-8H,O with cell size 0,75—0,82 nm.

The synthetic zeolites have the composition and the crystal structure similar to the natural
zeolites:

» Zeolites of A-type A are represended by low silicate forms: in them the ratio Si0.:Al.05 does
not exceed 2,0;

« Zeolites of X-type have the ratio Si0.:Al,04, which varies from 2,2 to 3,3;

« Zeolites of Y-type are characterized by the ratio of Si0.:Al,04 in the range of 3,1 to 6,0.
By increasing this ratio the acid resistance of zeolites increases. The pore sizes define the selectivity
which varies from 0,0003 to 0,0009 um.
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The composition of zeolite from Most (Bulgaria) is analogous to that of shungite (Table 3),
except for carbon which does not occur in zeolite. The amounts of core elements (SiO., TiO., Al,Os,
FeO, Fe,03;, MgO, Ca0, Na.O, K-O, S) constituting this mineral differ from that of shungite: their
content is higher than that of shungite, except for TiO. and K.O, the contents of which in zeolite
were dicreased (Table 3). The content of microelements as V (0,0272 %), Co (0,0045 %),
Cu (0,0151 %), Mo (0,0012 %), As (0,0025 %), Ni (0,0079 %), Zn (0,1007 %), Zn (0,1007 %) was
somewhat increased in zeolite, while the content of Ba (0,0066 %) and Cr (0,0048 %) was
increased (Table 3).

Table 3: The chemical composition of zeolite (Most, Bulgaria), in % (w/w)

No Chemical component Content, % (w/w)
1 SiO, 22,14
2 TiO, 0,01
3 ALO,4 17,98
4 FeO 23,72
5 Fe,O4 1,49
6 MgO 14,38
7 MnO 0,61
8 CaO 0,36
9 Na,O 0,5
10 K.O 0,4
11 S 0,32
12 P.Os 0,06
13 Ba 0,0066
14 \% 0,0272
15 Co 0,0045
17 Cu 0,0151
18 Mo 0,0012
19 As 0,0025

20 Ni 0,0079
21 Pb 0,0249

22 Sr 0,0021

23 Cr 0,0048

24 Zn 0,1007

25 H,O 1,43

The physical and chemical properties of shungite and zeolite have been sufficiently studied
[8]. The density of shungite makes up 2,1—2,4 g/cms3; the porosity — up to 5 %; the compressive
strength — 1000-1200 kgf/cm?; the conductivity coefficient — 1500 SI/m; the thermal conductivity
coefficient — 3,8 W/m'K, the adsorption capacity — up to 20 m2/g. The density of zeolite — 1,7—
2,1 g/cms3; the porosity — 50 %; the adsorption capacity is 5 m2/g; an average pore size — 0,4—
0,6 nm.

Shungites differ in composition of their mineral matrix (aluminosilicate, siliceous,
carbonate), and the amount of carbon in schungite samples. The shungite minerals with silicate
mineral basis are divided into the low-carbon (5 % C), medium-carbon (5—25 % C), and high-
carbon schungites (25—-80 % C) [9]. The sum of (C + Si) in shungites of the Zazhoginsky deposit
(Karelia, Russian Federation) generally is varied within 83—88 % as shown in Figure 2. The molar
ratios of SiO, and Al,O;in the aluminosilicate framework of the zeolite comprise ~2—3 units.
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Figure 2. The distribution (%) of carbon (C) (solid line) and silicon (Si) (dotted line) in shungate
samples from Zazhoginsky deposit (Karelia, Russian Federation) according to atomic emission

spectrometry (AES)

The crystals of the crushed, fine ground shungite possess strong bipolar properties.
This results in a high adhesion, and the ability of shungite to mix up with almost all organic and
inorganic substances. Besides, shungite has a broad spectrum of bacterecidal properties; the

mineral is the actively adsorptive against some bacterial cells, phages, and pathogenic
saprophytes [10].

The unique properties of the mineral are defined by the nanostructure and composition of its
constituent elements. The schungite carbon is equally distributed in the silicate framework of fine
dispersed quartz crystals having the size of 1—10 pm [11, 12], as was confirmed by the studying of

ultra-thin sections of shungite by transmission electron microscopy (TEM) in absorbed and
backscattered electrons (Fig. 3).
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Carbon

Silicates
Figure 3. Structure of schungite rock obtained by the TEM method [11]. Scanning area
100x100 mm, resolution 0,5 nm, magnification 300000 times. The arrows show the silicate
framework of fine dispersed quartz with the size 1—10 um, and uniformly distributed carbon

The carbonaceous material of shungite is the product of a high degree of carbonization of
hydrocarbons. Its elemental composition (%, w/w): C — 98,6—99,6; H — 0,15-0,5; (H + O) — 0,15—
0,9 [13]. With virtually constant elemental composition of shungite, the carbonaceous matter is
demonstrated the variability in its structure — both molecular and supramolecular, as well as
surface, and porous structure. X-ray studies showed that the molecular structure of schungite
carbon is represented by a solid uncristallized carbon, which components may have been in a state
close as to the graphite and the carbon black and the glassy carbon as well, i.e. the maximally
disordered [14]. The carbonaceous matter of shungite having a strongly marked structural
anisotropy shows a significant increase in the diamagnetism at low temperatures that is a
characteristic feature for fullerites [15].

The basis of the shungite carbon compose the hollow carbon fullerene-like multilayer
spherical globules with a diameter of 10-30 nm, comprizing inclusive packages of smoothly curved
carbon layers covering the nanopores (Fig. 4). The globule structure is stable relative to the
shungite carbon phase transitions into other allotropic carbon forms. The fullerene-like globules
(the content of fullerenes makes up ~0,001 %) may contain from a few dozen to a several hundred
carbon atoms and may vary in shape and size [16].
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Figure 4. Electron diffraction of nanopattern of shungite carbon in the form of spherical multilayer
fullerene globules with a diameter 10—30 nm, obtained by the TEM method [14] (the probe size
0,5—0,7 nm, the energy of the electron beam 100—200 kV, the beam radius 10 nm, the range of the
goniometer rotation -27°...+27 ©). On the left are shown fluoresent spherical fullerene-like globules,
on the right — the multi-layered spherical fullerene-like globules with packets of carbon layers,
recorded at a higher resolution

Moreover, the carbonaceous matter of shungite has structural anisotropy and shows a
significant increase of diamagnetism at low temperatures characteristic to the crystals formed by
fullerene molecules (fullerites) [17]. Fullerites are molecular crystals with a faced-centered cubic
(FCC) lattice size of 1,42 nm, the number of nearest neighbors — 12 and the distance between them
— 1 nm. The density of fullerite is 1,7 g/cms3, which is slightly lower than the density and shungite
(2,1-2,4 g/cms3), and graphite (2,3 g/cm3). Fullerene molecules may comprise 24, 28, 32, 36, 50,
60, 70, etc. carbon atoms (Fig. 5). Fullerenes with the number of carbon atoms n < 60 are unstable.
Higher fullerenes containing more carbon atoms (n < 400) are produced in small quantities and
often have rather difficult isomer composition [18]. The carbonaceous material of shungite in its
composition contains fullerenes (C60, C70, C74, C76, C84, etc.), and fullerene-like structures, as
separate and as well as related with minerals [19].

Cso Ceo Cro

Figure 5. Varieties of fullerenes found in natural shungite with different numbers of carbon
atoms: C24, C28, C32, C36, C50, C60, C70
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Currently, the research is underway to modify the natural shungites to produce a mixed
nanocarbon materials and increase the aggregate stability of the carbon nanoparticles in aqueous
colloidal solutions of shungites and fullerenes [20]. It is also being discussed the idea of creating a
drug carriers based on water-soluble endohedral fullerene compounds and natural fullerene
material in which is placed inside one or more atoms of an element with radioactive isotopes.
The conditions of synthesis of antiviral and anticancer drugs based on fullerenes, which
introduction into the body allow a selective impact on the affected cancer cells, thus preventing
their further reproduction. The prospects of development of the fullerene synthesis associated with
the peculiarities of the chemical structure of fullerene molecules — the three dimensional analogues
of aromatic structures and the presence of a large number of double conjugated bonds and reaction
centers on a closed carbon sphere. Fullerenes having the high electronegativity, act in chemical
reactions as a strong oxidizing agents. By allying to itself the radicals of different chemical nature,
fullerenes can form a wide class of chemical compounds having different physico-chemical
properties. At the present time it was synthesized about 3 thousand compounds based on
fullerenes.

IR-studies of shungite

A convenient method to obtain information on the composition and the structure of a mineral
is IR spectroscopy. IR spectra can usually be obtained with the amount of 0,5—-3,0 mg of the
sample, i.e. significantly less than required for NMR. In contrast to the NMR the measuring of IR-
spectra is possible for solid compounds, which allows the study even insoluble solid substances.

By the method of IR-spectroscopy in the range of vibrations in the crystal mineral framework
it is possible to obtain the information:

a) on the composition of the mineral and its components;

b) on the structure of the framework, particularly the lattice ratio type C/SiO. or SiO./Al.Os;

¢) on the nature of the surface of the structural groups, which often serve as adsorption and
catalytically active sites.

The wave absorption in the infrared region (400-4000 nm) is caused by the vibrational
motion of the molecules associated with changes in bond lengths (stretching vibrations, v) or bond
angles between the atoms (deformation vibrations, §). The IR spectrum of the carbon containing
organic compound ranges from 400—4000 cm™ and allows identify these compounds. However,
often the interpretation of natural carbon-containing minerals is difficult due to their multi-
component composition and as the result numerous oscillations in samples. Furthermore, the
number of absorption bands in the IR spectra may differ from the number of normal molecular
vibrations due to the occurrence of additional bands: overtones, component frequencies, and
overlapping lines due to the Fermi resonance.

The research of shungite with using the method of IR-spectroscopy revealed the presence at
least seven main maxima in the IR-spectrum of shungite, detected at 2,90; 3,18; 3,32; 6,13; 7,14;
8,59; 9,21 um (wave length, A), or 3448; 3141; 3016; 1630; 1400; 1164 and 1086 cm (wave number,
k) corresponding to oscillations of various organic group types in shungite (Fig. 6).
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Figure 6. IR-spectrum of shungite in KBr pellet (the spectral range: average IR — 370—-7800 cm;
visible — 2500—-8000 cm™; the permission — 0,5 cm; accuracy of wave number
— 0,1 cm™on 2000 cm)

The average IR region is the most informative and marked as fundamental. In turn, this area
is divided into the “fingerprint” region (700-1500 cm™) and the region of characteristic bands
(1500—4000 cm™).

When interpreting the IR spectra of the organic samples the most informative is the region at
2500—1500 cm™ and the region at 4000—2500 cm. Analysis of the first of these allows determine
the presence in the sample the unsaturated compounds: C=C, C=C, C=0, C=N, C=N, as well as the
aromatic and heteroaromatic nucleus. The absorption bands in the region at 4000—2500 cm can
identify functional groups as O—H, N-H, S—H, as well as various types of carbon-hydrogen Csp;—H,
Cspo—H, Csp—H, (O=) C—H-bonds.

The IR spectra of organic compounds can be divided into three main areas (Table 4):

1) 4000—2500 cm™ — a region of stretching vibrations of single bonds X-H: O—-H, N-H, C-H,
S—H;

2) 2500—1500 cm™ — a region of stretching vibrations of multiple bonds X=Y, X=Y: C=C,
C=0, C=N, C=C, C=N;

3) 1500—500 cm™ — a region of stretching vibrations of single bonds X-Y: C-C, C-N, C-0
and deformation vibrations of single bonds X—H: C-H, O—H, N-H.

Table 4: Characteristic vibrational frequencies of organic compounds [13]

Groups and types of oscillations The range of frequencies (cm™), the intensity

of the absorption bands
Covalent C—H bond

Alkanes

Csps—H

stretching, v 2975—2860 (intensive)

deformational (I) 1470—1430 (average)

deformational (II) 1380—1370 (intensive)

O-CH,4

Stretching 2820-2810 (intensive)

CH,Hal (F, CL Br, I)

stretching, v 3058—3005 (intensive)
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Alkenes

Cspo—H

stretching, v (=CH.)
deformational, 6 (—-CH=CH.)
stretching, v (=CH-)
deformational, 6 (-CH=CH-)

3095-3075 (average)
1420—1410 (intensive)
3040-3010 (average)
1310—1295 (average)

trans- 970—960 (intensive)
cis- ~690 (average)
Aromatic hydrocarbon

Carom—H ~3030 (intensive)

stretching, v
deformational, &

900—-690 (intensive)

Aldehydes
stretching, v (I)
stretching, v (II)

2900—2820 (not intensive)
2775—2700 (not intensive)

Alkynes

Cyo—H

stretching, v (=C—H)
deformational, 6 (—C=C-H)

~3300 (intensive)
680-610 (intensive)

Covalent bonds X—H

O-H
stretching, v
deformational, 8

3650—3590 (average, narrow)
1450—1250 (average, wide)

H-linked bond

stretching, v:

alcohols, phenols, carbohydrates, carboxylic
acids

3550—3200 (intensive, wide)
2700—2500 (wide)

N-H

Primary amines and amides (-NH-)
stretching, v (2 bands)
deformational, § (amid band II)

3500—3300 (average)
1650—1590 (intensive-average)

Secondary amines and amides (-NH-)
stretching, v (I band)
deformational, § (amide band II)

3500—3300 (average)
1650—1550 (not intensive)

Amino acids
stretching, v (NH;*)
amino acid band I
amino acid band II

1660—1610 (not intensive)
1550—1485 (average)

Imines (+NH-)
stretching, v (I band)

3400—3300 (average)

S-H

stretching, v 2600—2550 (average)

P-H

stretching, v 2440—2350 (average, wide)
Si-H

stretching, v

2280—2080 (average)

Covalent bonds X-Y

Csps—Cops

stretching, v 1250—1200 (intensive)
Cc-0

stretching, v:

primary alcohols 1075-1000 (intensive)
secondary alcohols 1150—1075 (intensive)
tertiary alcohols 1210—1100 (intensive)
phenols 1260-1180 (intensive)
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Ethers
di-alkyl (-CH,—O—CH,-)
aromatic (Ar—O—Ar)

1150—1060 (very intensive)
1270—1230 (very intensive)

C-N

stretching, v:

aliphatic amines

primary aromatic amines
secondary aromatic amines
tertiary aromatic amines
aliphatic nitro compounds
aromatic nitro compounds

1220—1020 (average-not intensive)
1340—1250 (intensive)

1350—1280 (intensive)

1360—1310 (intensive)

920—830 (intensive)

860—-840 (intensive)

C—Hal
stretching, v:
C-F

c-cl

1400—1000 (very intensive)
800-600 (intensive)

C-S
stretching, v

710—570 (not intensive)

C-P
stretching, v

800—700 (shifting)

C-O
stretching, v

870-690 (shifting)

Double covalent bonds X=Y

Cc=C

stretching, v

isolated double bond (C=C)
alkenes

cumulated double bonds (C=C=C)
allenes

1670—1620 (shifting)

~1950 (intensive)
~1060 (average)

Conjugated double bonds
(C=C-C=Cor C=C-C=0)
alkadienes and enones
benzene ring (multiple bands)

1640—-1600 (intensive)
~1600 (shifting)
~1580 (shifting)
~1500 (shifting)
~1450 (shifting)

C=0

stretching, v

saturated aldehydes, ketones, carboxylic acid
esters

a-amino acids (COOH)

amino acids (COO)

unsaturated aldehydes and aromatic ketones
amides (amid band I)

1750—1700 (intensive)
1755—1720 (intensive)
1600—1560 (intensive)
1705-1660 (intensive)
1700—-1630 (intensive)

C=N

stretching, v 1690—1630 (shifting)
C=S

stretching, v 1200-1050 (intensive)
N=0

stretching, v

nitrites (—O-N=0) (2 bands)
nitroso (—C-N=0)
nitrosamines (—N-N=0)

1680—1610 (intensive)
1600—1500 (intensive)
1500—1430 (intensive)

C=S
stretching, v

1200—1050 (intensive)
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In the sub-region (700-1500 cm™) are located the absorption bands of the skeleton of the
organic molecules comprising C-C-bond, C-O, C-N (for this region are not characteristic
oscillations belonging to separate bonds). The nature of the IR-spectrum in this frequency range
varies significantly with small differences in the spectra of the organic compounds, as each
compound has its unique distinctive set of absorption bands. It can be used to discriminate
between the molecules having the same functional group.

In the spectral range of 1500-4000 cm™ are located all fluctuations of the basic functional
groups. These groups act as if being isolated and independently of the rest of the molecule, as their
absorption frequencies little change at transition from one compound to another.
The characteristic may be the bands corresponding to both the stretching and bending vibrations.

Absorption in the region at 1400-1300 cmand 700 cm is due to deformation oscillations of
CH;- and CH.-groups. The stretching vibrations of the terminal C=C bond correspond to the
average intensity of the band at 1640 cm-.

The position band of CH.-group at 800—700 cm™ is dependent on the carbon chain length
and is used to detect the organic compounds containing the polymethylene chain.

In the region of 3095-3010; 2975; 3040—3010 cm™ are located stretching vibrations of C-H
aromatic, heteroaromatic, small cycles, halogenated alkyl groups.

The main range of characteristic bands of organic compounds changes from 3100-3000 cm™
for H-C-; N—H-; O—H-bonds; 3100-2800 cm™ — for C—H; —CH;-bonds; 3040-3010 cm™ — for
=CH-bonds; 1750-1700 cm™ — for C=0 bonds; 1690-1630 cm — for C=N-bonds; 1670—-1620 cm™ —
for C=C-bonds; 1420—-1410 cm* — for CH.=CH-bonds; 1310-1295 cm?* - for —CH=CH-bonds;
1250—1200 cm™ — for Cgp3—Csps-bonds; 1260-1000 cm™ for C—O-bonds; 1220-1020 cm™* — for C—
N-bonds; 1400—-1300 cm™ — for CH.-bonds; 1640—1600 cm — for C=C—C=C or C=C—C=0-bonds;
1060-1950 cm™ for conjugated double C=C=C-bonds (Table 3).

Absorption in the region at 3000-2800 cm™ appears as complex band absorption.
The position of bands in this area is preserved in all types of aliphatic hydrocarbons. The intensity
of the bands depends on the number of CH.- and CH;-groups in the molecule. The accumulation of
CH.-groups increases the intensity of the absorption band of 3000-2800 cm™, whereas the
intensity of the band of the CH;—group changes little. This property is used for quantitative
analysis of hydrocarbons. Thus, the carbonaceous composition of shungite is complex; this mineral
contains in its composition many functional groups of organic compounds with different types of
bonds, which is due to its complex organic composition.

Evaluation of the mathematical model
of interaction of shungite and zeolite with water

Other method for obtaining the information about the average energy of hydrogen bonds in
an aqueous sample is measuring the spectrum of the water state. It was established experimentally
that at evaporation of water droplet the contact angle 6 decreases discretely to zero, whereas the
diameter of the droplet changes insignificantly [21]. By measuring this angle within a regular time
intervals a functional dependence f(0) can be determined, which is designated by the spectrum of
the water state (SWS) [22—24]. For practical purposes by registering the SWS it is possible to
obtain information about the averaged energy of hydrogen bonds in an aqueous sample. For this
purpose the model of W. Luck is used, which consider water as an associated liquid, consisted of
O-H...O—H groups [25]. The major part of these groups is designated by the energy of hydrogen
bonds (-E), while the others are free (E = 0). The energy distribution function f(E) is measured in
electron-volts (eV*) and may be varied under the influence of various external factors on water as
temperature and pressure.

For calculation of the function f(E) the experimental dependence between the water surface
tension measured by the wetting angle (6) and the energy of hydrogen bonds (E) in an aqueous
sample is used:

14,33f (0)

'O = ey
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where b = 14,33 eV; 0 = arcos(-1 — b E)

The energy of hydrogen bonds (E) measured in electron-volts (eV) is designated as the
spectrum of energy distribution. This spectrum is characterized by non-equilibrium process of
water droplets evaporation, thus the term “non-equilibrium energy spectrum of water” (NES) is
applied.

The difference Af (E) = f (Esamples of water) - f (Econtrol sample of water)

— is designated the “differential non-equilibrium energy spectrum of water” (DNES).

The DNES is a measure of changes in the structure of water as a result of external factors,
because the energy of hydrogen bonds in water samples differ due to the different number of
hydrogen bonds in water samples, which may result from the fact that different waters have
different structures and composition and various intermolecular interactions — the various
associative elements etc. The redistribution of H.O molecules in water samples according to the
energy is a statistical process of dynamics.

It was studied the distribution of local extremums in water solutions of of shungite and
zeolite regarding the energies of hydrogen bonds. The average energy (AEn..0) of hydrogen H...O-
bonds among individual H.O molecules was calculated for the water solutions of of shungite and
zeolite by NES- and DNES-methods. The research with the NES method of water drops, received
after their being exposed for 3 days with shungite and zeolite in deionized water, may also give
valuable information on the possible number of hydrogen H...O-bonds as a percent (%) of
individual H.O molecules with different values of distribution of energies of hydrogen bonds
(Table 5). These distributions are basically connected with the re-structuring of H.O molecules
with the same energies.

Table 5: Characteristics of spectra of water after 3 days infusion with shungite and zeolite,
obtained by NES-method

-E(eV) Shungite, % Zeolite, % -E(eV) Shungite, % Zeolite, %
X-axis [(‘Evalue) / [(‘Evalue)/ X-axis [(‘Evalue) / [(‘Evalue) /
(‘Etotal value )] (‘Etotal Value)] (‘Evalue)] (‘Etotal value)]
0,0937 2,85 6,3 0,1187 0 12,4
0,0962 8,8 6,3 0,1212 5,9 6,3
0,0987 5,9 0 0,1237 0 0
0,1012 11,8 12,4 0,1262 0 0
0,1037 11,8 6,3 0,1287 0 18,7
0,1062 0 6,3 0,1312 8,8 6,3
0,1087 0 0 0,1337 2.85 0
0,1112 5,9 0 0,1362 0 0
0,1137 11,8 0 0,1387 11,8 2.4
0,1162 11,8 6,3 - - -

The distribution [%, (-Evawe)/(-Etotal vame] of H,O molecules in water solution of
shungite/zeolite according to energies of hydrogen bonds and local extremums in NES and DNES
spectra of water solutions of of shungite and zeolite is shown in Figure 6 and Table 6. The average
energy (AEu..0) of hydrogen H...O-bonds among individual molecules H.O after the treatment of
shungite and zeolite with water was measured to be at -0,1137 eV for shungite and -0,1174 eV for
zeolite. The result for the control sample (deionized water) was -0,1162 eV. The results obtained
with the NES method were recalculated with the DNES method. Thus, the result for shungite
measured with the DNES method was +0,0025+0,0011 eV and -1,2+0,0011 eV for zeolite.
This difference may indicate on the different mechanisms of interaction of these minerals with
water, but also may has been the result of the different composition and the structure of these two
minerals, resulting in different behavior while the interaction with water.
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Figure 6. The distribution [%, (-Evaiue)/(-Ertotal valve] of water molecules in water solution of
shungite/zeolite according to energies of hydrogen bonds (-Evae) to a total result
of hydrogen bonds energy

Table 6: Distribution of energies of hydrogen bonds and the local extremums in NES and DNES
spectra of water solutions of shungite and zeolite

£ g | 38 2 > | B 2~ 32 Fo
= 5 8o QA BT —_ = x
£ = |53 |Eip |3 |23 % g3 2T |Eig|Zz| %
y = N o oL =< 2w o~ = u SC OLe | A wn ¥
had 2 2E |22 | g |[NE |3 25 |8, |28 | g% o
> o Ei E% S %:'% = mi n K E‘% E‘-;i BED
= § TOJESET | [P RS T O|FESE
0,0937 11,8 25,0 0 11,8 25,0 | 0,1187 0 50,0 30,8 -30,8 | 19,8
0,0962 35,3 25,0 30,8 4,5 -5,8 0,1212 23.5 25,0 30,8 7,3 5,8
0,0987 23,5 0 0 23,5 0 0,1237 0 0 0 0 0
0,1012 47,1 50,0 0 47,1 50,0 | 0,1262 0 0 30,8 -30,8 | -30,8
0,1037 47,1 25,0 30,8 16,3 -5,8 0,1287 0 75,0 0 0 75,0
0,1062 0 25,0 0 0 25,0 | 0,1312 35,3 25,0 0 35,3 | 25,0
0,1087 0 0 76,9 -76,9 -76,9 | 0,1337 11,8 0 30,8 -19,0 -30,8
0,1112 23,5 0 15,4 8,1 -15,4 | 0,1362 0 0 15,0 -15,0 | -15,0
0,1137 47,1 0 30,8 16,3 -30,8 | 0,1387 47,1 50,0 15,0 32,1 | 35,0
0,1162 47,1 25,0 61,5 -14,4 | -36,5 - - - — — —

The results also suggest the restructuring of the energy values among the individual H.O
molecules with a statistically reliable increase of local maximums in DNES-spectra. For the value -
0,1387 eV there was a local maximum with positive values for shungite and zeolite. In this regard it
should be noted that A. Antonov early demonstrated that in the aqueous suspension of tumor cells
there was detected a decrease of local maximums; DNES-spectra of aqueous solution containing
Ca2+ have a local minimum of energy at -0,1 eV and a local maximum at -0,11 eV. The interesting
fact is that due to the present of calcium in shungite, the aqueous solution of shungite has a local
minimum of energy at -0,0987 eV and a local maximum at -0,1137 eV that closely corresponds with
the DNES-spectrum of aqueous solution containing Ca2*. Thus, by the analyzing the NES- and
DNES-spectra of aqueous solutions of shungite and zeolite in water it is possible to evaluate the
base of the mathematical model of interaction of these minerals with water, judging by the
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structural properties, the energies of of hydrogen H...O-bonds and the distribution the individual
H.0O molecules in samples with different values of energies.

Table 7 shows the local extremums in spectra of different samples of mountain water, as well
as ions of Ca2*, Na+*, Mg2+, Fe2*, SO,2" and pH values. For all these types of water is applied a new
parameter in Table 6 — the local extremum, measured at -0,1362...-0,1387 €V. Its value in the NES-
spectrum is measured as the function of distribution of individual H.O molecules in water samples
according to energy f(E) of hydrogen bonds. The function of distribution of individual H,O
molecules according to energy f(E) of hydrogen bonds for tap water from Teteven (Bulgaria) is
measured up at 23,8+1,2 eV,

Table 7: The composition of mountain water sources from Teteven (Bulgaria), their pH values and
local extremums in spectra after exposition with shungite

Water Caz* Nat Mg2* Fe2+ SO42- pH . o~
sources *ENE *E'Eo 'E,‘il 8.2
EEERIELEE AN E
SESg|SEZce|E25
§.Z BEIZ|RTS
® O o
mg/dm | mg/dm3 | mg/dm3 | mg/dm3 | mg/dm3 | norm eV eV eV
3norm norm norm norm norm (6,5— norm norm norm
(<150) | (<200) | (<80) | (<200) | (<250) | 9,5) | (>24,1) (>24,1) (>24,1)
1. Deionized - - - - - - 15,4 47,1 317
water +0,8 +2,8 +1,6
(control)
2. Klindiovo 89,9 4,1 6,98 +0,7 40,2 17,7 8,0 44,4 63,2 18,6
£9,0 0,4 +4,0 +1,8 +0,1 +2,2 +3,2 0,9
3. Gorna 103,6 4,2 15,5 £1,6 9,6 89,9 7,3 51,6 80,0 28,4
cheshma £10,4 +0,4 +0,96 £9,0 10,1 £2.,6 £4,0 £1,4
4. Dolna 94,4 2,5 12,10 9,0 15,99 79 34,2 51,6 17,4
cheshma +0,94 +0,3 +1,21 +0,9 +1,6 +0,1 +1,7 +2,6 40,9
5. Sonda 113,6 7,3 15,99 5,00 57,2 7,3 54,4 70,6 16,2
+11,4 +0,7 +1,60 +0,5 +5,7 +0,1 +2,7 +3,5 +0,8
6. Ignatov 40,44 0,62 2,46 13,0 17,9 6,82 48,0 85,7 37,7
izvor +4,04 10,12 +0,25 +1,4 +1,8 +0,1 +2.4 +4,3 +1,9
7. Gechovoto | 66,0 1,46 2,1 11,4 15,9 7,94 41,7 84,2 42,5
+6,0 +0,15 +0,2 +1,1 +1,6 +0,1 +2,1 +4,2 +2,1

*Notes: The function of distribution of individual H.O molecules according to energy f(E) of
hydrogen bonds for tap water in Teteven (Bulgaria) is 23,8+1,2 eV-; results refer to the influence of
shungite on different sources of mountain water according to energy f(E) of hydrogen bonds.

We have obtained new data for the influence of shungite on NES- and DNES-spectra of
different mountain water sources and characteristics of spectra (Table 7). The peculiarities consist
in the values of the local extremum measured at -0,1362...-0,1387 eV. It was detected the tendency
of the increasing of local extremums in aqueous solution of shungite in water regarding the same
mountain water samples as regard to the control sample. The distribution of local extremums
detected at -0,1362...-0,1387 eV has an inversely character dependent for the ion content in water
for the difference at -0,1362...-0,1387 eV of the shungite solution in mountain water and the same
water as a control sample. These results suggest about the different mechanisms of interactions of
these minerals with water with a statistically reliable increase of local maximums in DNES-spectra.
The data obtained are very promising and further need to be scrutinized seriously. The research
will be continued in future with new experiments.

Conclusion

The fullerene-containing natural mineral shungite and microporous crystalline
aluminosilicate mineral zeolite have a complex multicomponent composition. The efficiency of
using and studying these two natural minerals is stipulated by the high range of valuable properties
(absorption, catalytic, antioxidant, regenerative), high environmental safety and relatively low cost
of filters based on shungite and zeolite as well as existence of the extensive domestic raw material
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base of shungite and zeolite deposits. All these factors contribute to the further studies. As the
result of our studies the base of the mathematical model describing the interaction of these two
minerals with water was established. It allows understand better, how these minerals interact with
H.O molecules in water solutions in order to explain the physical-chemical and adsorption
properties of these minerals.
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Annotamus. IToctpoeHa MaTemMaThudeckass MOJEJIb B3aMMOJIEHUCTBUA C BOAON amMOp@dHOTo,
HEKPUCTAJLUIN3UPYIOIErocsi, (QysuIepeHonoIo0HOT0 YIJIEpOACOAEPIKaIer0 MUHepasia IIyHTUTA
(3axkoruHckoe MecropxkzaeHue, Kapenusa, P®) u MUKPONOPUCTOTO KPUCTALUINYECKOTO
aJIOMOCWJIMKAaTHOTO MuHepasa neosuta (Mocr, bBosrapus). IlpuBenmeHpl JaHHBIE O
HAHOCTPYKTYpe, a TaKKe O COCTaBe M XUMHKO-QU3NYECKHe CBOUCTBA STHX MHUHEPAJIOB,
MOJIyYEHHBbIE C TOMOINBIO 3JIEMEHTHOTO aHAIN3a, CKAHUPYIOMIEH 3JIEKTPOHHONW MHUKPOCKOITHU
(COM) u UK-criektpockonu. [IJisi TOCTPOEHUST MaTEMaTHUECKOH MOJIEJIM B3aUMOJIEHCTBUSA STHX
MHHEPAJIOB C BOJIOW MCIIOJIb30BaI METO/IbI HEPaBHOBECHOTO sHepreTuyeckoro crekrpa (HIC) u
nuddepeHInaTbHO-HEPABHOBECHOTO 3HepreTuyeckoro crekrpa (JJHIC). Vi3aMepeHBbI BeTUUMHBI
cpenuert sHepruu (AEn.. o) Bomopoaubix H...O-cBsazen mexay mosekyiaamu H.O mociie 06paboTku
ITyHTUTa U I[e0JINTa BOJON, COCTABJIAIONINE -0,1137 3B A/ myHTUTa U -0,1174 3B 114 meosmra.
Pacuetr AEn. o 1A miyHTUTa ¢ Ucnosb3oBanueM JITHIC-meToza cocrasidgeT +0,0025+0,0011 3B, a
JUIsd 1eosdta -1,240,0011 5B. IlokazaHa 3aKOHOMEPHOCTh U3MEHEHUS 3YHEPTUU BOJAOPOIHBIX
cBs3el Mexry MoJiekyaamu H.O mpu 06paboTKe BOJIBI IITYHTUTOM U IIEOJIUTOM CO CTaTHUCTHYECKUM
MOBBIIIIEHNEM JIOKAJIbHBIX MakcuMyMoB B JIHIC-criekTpax BOJIbI.

KiroueBsle cj10Ba: LIyHTUT, [IEOJIUT, HAHOCTPYKTYPa, Qysiepensl, UK, HIC, IHOC
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Abstract

We studied the biosynthesis of 2H-labeled purine ribonucleoside inosine excreted into liquid
microbial culture (LC) by Gram-positive chemoheterotrophic bacterium Bacillus subtilis B-3157
while growing of this bacterium on heavy water (HW) medium with 2% (v/v) hydrolysate of
deuterated biomass of the methylotrophic bacterium Brevibacterium methylicum B-5662 as a
source of 2H-labeled growth substrates. Isolation of 2H-labeled inosine from the LC was performed
by adsorption/desorption on activated carbon with following extraction by 0,3 M ammonium—
formate buffer (pH = 8,9), crystallization in 80% (v/v) EtOH, and ion exchange chromatography
(IEC) on a column with AG50WX 4 cation exchange resin equilibrated with 0,3 M ammonium—
formate buffer and 0,045 M NH,Cl. The investigation of deuterium incorporation into the inosine
molecule by FAB method demonstrated the incorporation of 5 deuterium atoms into the molecule
(the total level of deuterium enrichment — 65,5 atom% 2H) with 3 deuterium atoms included into
the ribose and 2 deuterium atoms — into the hypoxanthine residue of the molecule. Three non-
exchangeable deuterium atoms were incorporated into the ribose residue owing to reactions of
enzymatic izomerization of glucose in 2H,O-medium. These non-exchangeable deuterium atoms in
the ribose residue were originated from glycolysis, associated with the Embden-Meyerhof pathway,
while two other deuterium atoms at C2,C8-positions in the hypoxanthine residue were synthesized
from [2H]amino acids that originated from the deuterated hydrolysate of the methylotrophic
bacterium Brevibacterium methylicum B-5662. However, the effect of auxotrophy of this strain in
tyrosine, histidine, adenine and uracil6 presupposes the branched metabolic pathways, different
those indicated above.

Keywords: 2H-labeled inosine, biosynthesis, metabolism, heavy water, Bacillus subtilis,
FAB mass-spectrometry.
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Introduction

Natural nucleosides labeled with deuterium (2H) are of considerable scientific and practical
interest for various biochemical and diagnostic purposes [1], structural-functional studies [2], and
research into cell metabolism [3]. Their usage is determined by the absence of radiation danger and
the possibility of localizing the deuterium label in a molecule by 'H-NMR [4], IR spectroscopy [5]
and mass spectrometry [6] methods. The latter seems more preferable due to high sensitivity of the
method and possibility to study the distribution of deuterium label de novo. The recent advance in
technical and computing capabilities of these analytical methods has allowed a considerable
increase the efficiency of carrying out biological studies with 2H-labeled molecules de novo, as well
as to carry out the analysis of the structure and function of nucleosides and their analogs at the
molecular level [7]. In particular, 2H-labeled ribonucleosides and their analogs are used in
template-directed syntheses of deuterated RNA macromolecules for studying their spatial structure
and conformational changes [8]. Perdeuteration and selective deuteration techniquemay be useful
approaches for simplification of NMR spectra and for other structural studies of large
biomolecules. Driven by the progress in multinuclear multidimensional NMR spectroscopy,
deuteration of nucleic acids has especially found wide applications in the NMR studies of these
macromolecules in solution. Deuterated ribonucleosides may be of further interest for NMR
spectroscopy studies. Another usage of these deuterated molecules has been in atom transfer and
kinetic isotope effect experiments.

An important factor in studies with 2H-labeled nucleosides and their analogs is their
availability. 2H-labeled nucleosides can be synthesized with using chemical, enzymatic, and
microbiological methods [9, 10]. Chemical synthesis is frequently multistage; requires expensive
reagents and 2H-labeled substrates, and eventually results to a racemic mixture of D- and L-
enantiomers, requiring special methods for their separation [11]. Finer chemical synthesis of
[2H]nucleosides combines both chemical and enzymatic approaches [12].

Microbiology proposes an alternative method for synthesis of [2H]nucleosides, applicable for
various scientific and applied purposes; the main characteristics of the method are high outputs of
final products, efficient deuterium incorporation into synthesized molecules, and preservation of
the natural L-configuration of 2H-labeled molecules [13]. A traditional approach for biosynthesis of
2H-labeled natural compounds consists in growing of strains-producers on growth media
containing maximal concentrations of 2H,O and 2H-labeled substrates [14]. However, the main
obstacle seriously implementing this method is a deficiency in 2H-labeled growth substrates with
high deuterium content. First and foremost, this stems from a limited availability and high costs of
highly purified deuterium itself, isolated from natural sources. The natural abundance of
deuterium makes up 0,015 atom%; however, despite low deuterium content in specimens, recently
developed methods for its enrichment and purification allow to produce 2H-labeled substrates with
high isotopic purity.

Starting from first experiments on the growth of biological objects in heavy water, the
approach involving hydrolysates of deuterated bacterial and micro algal biomass as growth
substrates for growth of other bacterial strains-producers have been developed in this country [15].
However, these experiments discovered a bacteriostatic effect of 2H.O consisted in inhibition of
vitally important cell functions in 2H.O; this effect on micro algal cells is caused by 70% (v/v) 2H.O
and on protozoan and bacterial cells — 80—90% (v/v) 2H,O [16]. Attempts to use biological
organisms of various taxonomic species, including bacteria, micro algae, and yeasts [17] for growth
in 2H,O have not been widely used because of complexity of biosynthesis, consisted in need of
complex growth media, applying intricate technological schemes, etc. That is why a number of
applied items regarding the biosynthesis of natural 2H-labeled compounds in 2H.O remain to be
unstudied.

More promising seem the technological schemes involving as a source of 2H-labeled growth
substrates the biomass of methylotrophic bacteria, assimilating methanol via the ribulose-5-
monophosphate (RMP) and serine pathways of carbon assimilation [18]. The assimilation rate of
methylotrophic biomass by prokaryotic and eukaryotic cells makes up 85-98% (w/w), and their
productivity calculated on the level of methanol bioconversion into cell components reaches 50—
60% (w/w) [19]. As we have earlier reported, methylotrophic bacteria are convenient objects
capable to grow on minimal salt media containing 2—4% (v/v) [2H]methanol, whereon other
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bacteria are unable to reproduce, and may easily be adapted to maximal 2H.O concentrations, that
is the most important for the biosynthesis of 2H-labeled natural compounds [20].

The aim of this research was studying the biosynthesis of 2H-labeled inosine by a mutant
strain of a Gram-positive chemoheterotrophic bacterium Bacillus subtilis B-3157.

Material and methods

Bacterial strain

The object of the research was a strain of inosine producer, spore-forming aerobic Gram-
positive chemoheterotrophic bacterium B. subtilis B-3157, polyauxotrophic for histidine, tyrosine,
adenine, and uracil (demand, 10 mg/l), obtained from Institute of Genetics and Selection of
Industrial Microorganisms (Russia). The initial strain was adapted to deuterium by plating
individual colonies onto 2% (w/v) agarose with stepwise increasing gradient of 2H,O concentration
and subsequent selection of individual cell colonies stable to the action of 2H.O.

Chemicals

Growth media were prepared using 2H,O (99,9 atom% 2H), 2HCI (95,5 atom% 2H), and
[2H]methanol (97,5 atom% 2H), purchased from JSC “Izotop” (St. Petersburg, Russia). Inorganic
salts, D- and L-glucose (“Reanal”, Hungary) were preliminary crystallized in 2H.O. 2H.O was
distilled over KMnO, with subsequent control of the isotope purity by *H-NMR spectroscopy on a
Brucker WM-250 (“Brucker Daltonics” Germany) with a working frequency 70 MHz (internal
standard — Me,Si). According to 'H-NMR, the level of isotopic purity of the growth medium was by
8-10 atom% lower than the isotope purity of the initial 2H,O.

Biosynthesis of [2ZH]inosine

Biosynthetic [2H]inosine was produced with an output 3,9 g/l in heavy water (HW) medium
(89—90 atom% 2H) using 2% (w/v) hydrolysate of deuterated biomass of the methanol assimilating
strain of the facultative Gram-positive methylotrophic bacterium Brevibacterium methylicum B-
5662 as a source of 2H-labeled growth substrates. The strain was obtained by multistage adaptation
on a solid (2% (w/v) agarose) minimal salt Mg medium, containing 3 g/l KH.PO,, 6 g/l Na,HPO,,
0,5 g/1 NaCl, 1 g/l NH,Cl and 2% (v/v) [2H]methanol with a stepwise increasing gradient of 2H.O
concentration (0; 24,5; 73,5, and 98% (v/v) 2H,O). Raw methylotrophic biomass (output, 200 g/1)
was suspended in 100 ml of 0,5 N 2HCI (in 2H,O) and autoclaved for 30—40 min at 0,8 atm.
The suspension was neutralized with 0,2 N KOH (in 2H,0) to pH = 7,0 and used as a source of
growth substrates while growing the inosine producer strain. For this purpose, an inoculum (5-6 %
(w/v)) was added into HW medium with 99,8 atom% 2H,O containing 12% (w/v) glucose, 2% (w/v)
hydrolysate of deuterated biomass of B. methylicum B-5662, 2% (w/v) NH,NOs, 1% (w/v) MgSO,
7H.0, 2% (w/v) CaCO;, 0,01% (w/v) adenine, and 0,01% (w/v) uracil. As a control was used
equivalent protonated medium containing 2% (w/v) yeast protein—vitamin concentrate (PVC).

Growth conditions

The bacterium was grown in 500 ml Erlenmeyer flasks (containing 100 ml of the growth
medium) for 3—4 days at 32 °C under intensive aeration on a Biorad orbital shaker (“Biorad Labs”,
Hungary). The bacterial growth was controlled on the ability to form individual colonies on the
surface of solid (2% (w/v) agarose) media with the same 2H.O-content, as well as on the optical
density of the cell suspension measured on a Beckman DU-6 spectrophotometer (“Beckman
Coulter”, USA) at A = 540 nm in a quartz cuvette with an optical pathway length 10 mm.

Analytical determination of [2ZH]inosine

Inosine was analytically determined in 10 pl of liquid culture (LC) samples on Silufol UV-254
chromatographic plates (150x150 mm) (“Kavalier”, Czech Republic) using a standard set of
ribonucleosides “Beckman-Spinco” (USA) in the solvent system: n-butanol-acetic acid—water
(2:1:1, % (v/Vv)). Spots were eluted with 0,1 N HCI. The UV absorbance of eluates was recorded on a
Beckman DU-6 spectrophotometer (“Beckman Coulter”, USA) using a standard calibration plot.
The level of bioconversion of the carbon substrate was assessed using glucose oxidase (EC 1.1.3.4).
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Isolation of [2H]inosine from LC

Samples of LC were separated on a T-26 centrifuge (“Carl Zeiss”, Germany) at 2000 g for 10
min, concentrated at 10 mm Hg in a RVO-6 rotor evaporator (“Microtechna”, Hungary) to half of
their initial volume, and supplemented with acetone (3x5 ml). The mixture was kept for ~10 h at
4°C, and the precipitate was separated by centrifugation at 1200 g for 5 min. The supernatant was
supplemented with 20 g of activated carbon and kept for 24 h at +4 °C. The water fraction was
separated by filtration; the solid phase was supplemented with 20 ml 50% (v/v) EtOH solution in
25% (v/v) ammonia (1:1, (v/v)) and heated at 60°C with a reflux water condenser. After 2—3 h, the
mixture was filtered and evaporated at 10 mm Hg. The product was extracted with 0,3 M
ammonium—formate buffer (pH = 8,9), washed with acetone (2x10 ml), and dried over anhydrous
CaCl.. Inosine was crystallized from 80% (v/v) ethanol ([a]p2° = +1,61° output, 3,1 g/l (80%)).
Inosine was finally purified by ion exchange chromatography using a calibrated column
(150x10 mm) with AG50WX 4 cation exchange resin (“Pharmacia”, USA). The column was
equilibrated with 0,3 M ammonium—formate buffer (pH = 8,9) containing 0,045 M NH,CI and
eluted with the same buffer under isocratic conditions (chromatographic purity, 92%). The eluate
was dried in vacuum and stored in sealed ampoules at -14°C in frost camera. 2H-inosine: yield —
3,1g/1(80%); T = 68—70 °C; [a]p2° = 1,61 (ethanol); Rr = 0,5; pK. = 1,2 (phosphate buffer with pH
= 6,87). UV-spectrum (0.1 N HCI): Amax = 249 nm; €49 = 7100 M*cm™. FAB mass spectrum
(glycerol matrix, Cs*; accelerating voltage, 5 kV; ion current — 0,6—0,8 mA): [M + H]* m/z (I, %)
273, 20% (4 atoms 2H); 274, 38 % (5 atoms 2H); 275, 28% (6 atoms 2H); 276, 14% (7 atoms 2H); [A
+ H]* 136, 46%; [B + H]* 138, 55%; [B — HCN]* 111, 49%; [B — HCN]* 84, 43%.

Protein hydrolysis

Dry biomass (10 g) was treated with a chloroform—methanol-acetone mixture (2:1:1, %
(v/v)), evaporated in vacuum, and supplemented with 5 ml 6 N 2HCI (in 2H,O). The ampules were
kept at 110 °C for ~24 h. Then the reaction mixture was suspended in hot 2H,O and filtered.
The hydrolysate was evaporated at 10 mm Hg. Residual 2HCl was removed in an exsiccator over
solid NaOH. For preparation of 2H-labeled growth substrates 200 mg of raw deuteron-biomass was
suspended in 200 ml 0,5 2HCI (in 2H,O) and autoclaved at 60 °C for ~1,5 h. The reaction mixture
was neutralized with 0,5 N NaOH (in 2H.0) till pH = 6,5-6,7, and evaporated at 10 mm Hg.
The dry residue was used for preparation of growth media.

Hydrolysis of intracellular policarbohydrates

Dry biomass (50 mg) was placed into a 250 ml round bottomed flask, supplemented with
50 ml distilled 2H.O and 1,6 ml 25% (v/v) H.SO, (in 2H,0), and boiled in a reflux water evaporator
for ~90 min. After cooling, the reaction mixture was suspended in one volume of hot distilled 2H.O
and neutralized with 1 N Ba(OH). (in 2H,O) to pH = 7,0. BaSO, was separated by centrifugation
(1500 g, 5 min); the supernatant was decanted and evaporated at 10 mm Hg.

Amino acid analysis

The amino acids of the hydrolyzed biomass were analyzed on Biotronic LC-5001
(230x3,2 mm) column (“Eppendorf-Nethleler—Hinz”, Germany) with UR-30 sulfonated styrene
resin (“Beckman—Spinco”, USA) as a stationary phase; the mobile phase — 0,2 N sodium—citrate
buffer (pH = 2,5); the granule diameter — 25 um; working pressure — 50—60 atm; the eluent input
rate — 18,5 ml/h; the ninhydrin input rate — 9,25 ml/h; detection at A = 570 and A = 440 nm (for
proline).

Analysis of carbohydrates

Carbohydrates were analyzed on Knauer Smartline chromatograph (“Knauer”, Germany)
equipped with a Gilson pump (“Gilson Inc.”, USA) and a Waters K 401 refractometer ("Waters
Associates”, Germany) using Ultrasorb CN column (250x10 mm) as a stationary phase; the mobile
phase, acetonitrile—water (75:25, % (v/v); the granule diameter — 10 pum; the input rate —
0,6 ml/min.
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UV spectroscopy
The UV spectra were registered with Beckman DU-6 programmed spectrophotometer
(“Beckman Coulter”, USA) at A = 220-280 nm.

FAB mass spectrometry

FAB mass spectra were recorded on VG-70 SEQ chromatograph (“Fisons VG Analytical”,
USA) equipped with a cesium source on a glycerol matrix with accelerating voltage 5 kV and ion
current 0,6—0,8 mA.

EI mass spectrometry

EI mass spectra were recorded with MB-80A device (“Hitachi”, Japan) with double focusing
(the energy of ionizing electrons — 70 eV; the accelerating voltage — 8 kV; the cathode temperature
— 180-200 ©°C) after amino acid modification into methyl esters of N-5-
dimethylamino(naphthalene)-1-sulfonyl (dansyl) amino acid derivatives according to an earlier
elaborated protocol.

Results and Discussion

Preparation of deutero-biomass of B. methylicum B-3157

For this study was used a mutant strain of the Gram-positive chemoheterotrophic bacterium
B. subtilis B-3157, polyauxotrophic for histidine, tyrosine, adenine, and uracil (preliminary adapted
to deuterium by selection of individual colonies on growth media with increased 2H.O content).
Due to impaired metabolic pathways involved in the regulation of the biosynthesis of purine
ribonucleosides, this strain under standard growth conditions (PVC-medium, late exponential
growth, +32 °C) synthesizes 17—-20 g of inosine per 1 liter of the LC [21].

The maximal yield of inosine was attained on a protonated medium with 12% (w/v) glucose as
a source of carbon and energy and 2% (w/v) yeast PVC as a source of growth factors and amine
nitrogen. In our experiments it was necessary to replace the protonated growth substrates with
their deuterated analogs, as well as to use 2H,O of high isotopic purity. For this purpose, we used
the autoclaved biomass of the Gram-positive facultative methylotrophic bacterium B. methylicum
B-5662, capable to assimilate methanol via RuMP pathway of carbon assimilation. Owing to a 50—
60% rate of methanol bioconversion (conversion efficiency — 15,5-17,3 gram dry biomass per
1 gram of assimilated substrate) and stable growth on deuterated minimal medium Mg with 98%
(v/v) 2H,0 and 2% (v/v) [2H]methanol, this strain is the most convenient source for producing the
deuterated biomass; moreover, the cost of bioconversion is mainly determined by the cost of 2H,O
and [2H]methanol [22].

The adaptation of B. methylicum B-5662 was necessary to improve the growth characteristics
of this strain and attain high output of microbial biomass on the maximally deuterated Mg
medium. For this purpose, we used a stepwise increasing gradient of 2H.O-concentration in Mg
growth media (from 24,5; 49,0; 73,5 up to 98% (v/v) 2H,0) in the presence of 2 % (v/v) methanol
and its 2H-labeled analog ([2H]methanol), because we assumed that gradual cell adaptation to
2H,0O would have a favorable effect on the growth parameters of the strain (Table 1).

Table 1: Isotopic components of growth media Mg and characteristics
of bacterial growth of B. methylicum B-5662*

Experiment Media components, % (v/v) Lag- Yield of Generation
number H.O | 2H,O | Methanol | [2H]methanol | period biomass, time (h)
(h) gram from
11 of LC
1 98,0 0 2 0 2041,40 | 200,2+3,20 2,2+0,20
2 98,0 (o] (o] 2 30+1,44 | 184,6+2,78 2,440,23
3 73:5 | 24,5 2 Y 32+0,91 | 181,2+1,89 2,4+0,25
4 73,5 | 24,5 0 2 34£0,89 | 171,8+1,81 2,6+0,23
5 49,0 | 49,0 2 0 40+0,90 | 140,24+1,96 3,0+0,32
6 49,0 | 49,0 0 2 44+1,38 | 121,3+1,83 3,2+0,36
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7 24,5 | 73,5 2 0 45+1,.41 | 112,8+1,19 3,5+0,27

8 24,5 | 73,5 o 2 49+0,91 | 94,4+1,74 3,8+0,25

9 o 98,0 2 () 58+1,94 | 65,8+1,13 4,4+0,70

10 0 98,0 0 2 60+2,01 | 60,2+1,44 4,9+0,72

10’ 0 98,0 0 2 40+40,88 | 174,0+1,83 2,840,30
Notes:

* The data in Expts. 1—10 are submitted for B. methylicum at growing on growth media with 2%
(v/v) methanol/[2H]methanol and specified amounts (%, v/v) 2H,O. The data in Expt. 10’ are
submitted for adapted for maximum content of deuterium in growth medium bacterium B.
methylicum at the growing on growth media with 2% (v/v) of [2H]methanol and 98% (v/v) of
2H,0. As the control used experiment where used ordinary protonated water and methanol.

To study the effect of the degree of carbon source deuteration on the growth parameters of
the strain, in experiments 1, 3, 5, 7, and 9 was used protonated methanol, and [2H]methanol in
experiments 2, 4, 6, 8, and 10 (Table 1). The results demonstrated that the replacement of
protonated methanol with its deuterated analog within the same concentration of 2H,O in the
growth media slightly decreased the growth characteristics (Table 1, experiments 2, 4, 6, 8, and 10).
Therefore, in further experiments were used M9 media with 2H,O and [2H]methanol. When the
initial strain of B. methylicum was cultivated on protonated M9 medium with water and methanol,
the duration of lag-phase and cell generation time were 20 and 2,2 h, respectively, with an output
of biomass 200 gram per 1 liter of LC (Table 1, experiment 1). In the intermediate experiments (2—
10), these parameters varied proportionally to the 2H.O concentration (Table 1). The observed
effect consisted in the increase in the lag-phase period and cell generation time with a
simultaneous decrease in microbial biomass outputs on media with increasing 2H.O-content.
The most remarkable values of this parameters were detected in experiment 10, in which was used
the maximally deuterated medium with 98% (v/v) 2H,O and 2% (v/v) [2H]methanol; the lag-phase
and cell generation time in these conditions were increased in 3- and 2,2-fold times, respectively,
as compared to the control conditions (water and methanol; Table 1, experiment 1), and the
biomass output decreased in 3,1-fold. The adaptation to deuterium (experiment 10’, Table 1)
permitted to improve essentially the growth characteristics of B. methylicum B-5662 on maximally
deuterated growth medium. The output of biomass produced by the adapted bacterium decreased
by 13% as compared to the control with an increase in the generation time to 2,8 h and the lag
phase to 40 h (experiment 10’, Table 1).
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Figure 1. Growth dynamics of B. methylicum B-5662 (1, 2, 3) on media M9 with various isotopic
content: 1 — non-adapted bacterium on protonated medium Mg (Table 1, experiment 1);
2 — non-adapted bacterium on maximally deuterated medium Mg (Table 1, experiment 10);
3 — adapted to 2H.O bacterium on maximally deuterated medium Mg (Table 1, experiment 10’)

The adaptation was monitored by recording the growth dynamics of the initial bacterium
(Figure 1, curve 1, control, protonated M9 medium) and adapted to deuterium B. methylicum B-
5662 (Figure 1, curve 3) on the maximally deuterated M9 medium with 98% (v/v) 2H.O and 2%
(v/v) [2H]methanol. Unlike the adapted bacterium (Figure 1, curve 3), the growth dynamics of the
initial bacterium (Figure 1, curve 1) on the maximally deuterated medium were inhibited by
deuterium. Being transferred to the protonated medium, the adapted bacterium returned to
normal growth after a certain lag-phase period that was characteristic for other adapted bacterial
strains. The effect of growth reversion in protonated/deuterated media demonstrates that
adaptation to 2H,O is a phenotypic phenomenon, although it cannot be excluded that a certain
genotype determined the manifestation of the same phenotypic attribute in media with high
deuterium content. In general, the improved growth characteristics of the adapted bacterium
significantly simplify the scheme for the production of deuterated biomass, the optimal conditions
for which are satisfied the following: maximally deuterated M9 medium with 98% (v/v) 2H.O and
2% (v/v) [2H]methanol, incubation period 3—4 days, and temperature +35 °C.

The data on the yield of biomass of initial and adapted B. methylicum, magnitude of lag-
period and generation time on the protonated and the maximumally deuterated M9 medium are
shown in Figure 2. The degree of cell survive on maximum deuterated medium was approx. 40%.
The yield of biomass for adapted methylotroph (c) was decreased approx. on 13% in comparison
with control conditions (a) at an increase in the time of generation up to 2,8 h and the lag-period
up to 40 h (Fig. 2). As is shown from these data, as compared with the adapted strain, the growth
characteristics of initial strain on maximally deuterated medium were inhibited by deuterium.
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Figure 2. Yield of microbial biomass of B. methylicum, magnitude of lag-period and generation
time in various experimental conditions: initial strain on protonated M9 medium (control) with
water and methanol (a); initial strain on maximally deuterated Mg medium (b); adapted to
deuterium strain on maximally deuterated M9 medium (c): 1 — yield of biomass, % from the
control; 2 — duration of lag-period, h; 3 — generation time, h.

Biosynthesis of [2H]Inosine

The strategy for the biosynthesis of [2H]inosine by B. subtilis B-3157 using the biomass of B.
methylicum B-5662 as growth substrates was developed taking into account the ability of
methylotrophic bacteria to synthesize large amounts of protein (output, 50% (w/w) of dry weight),
15—17% (w/w) of polysaccharides, 10-12% (w/w) of lipids (mainly, phospholipids), and 18% (w/w)
of ash [23]. To provide high outputs of these compounds and minimize the isotopic exchange (*H—
2H) in amino acid residues of protein molecules, the biomass was hydrolyzed by autoclaving in 0,5
N 2HClI (in 2H.0).

Since the inosine-producing strain of B. subtilis B-3157 is a polyauxotroph requiring tyrosine
and histidine for its growth, we studied the qualitative and quantitative content of amino acids in
the hydrolyzed methylotrophic biomass produced in the maximally deuterated medium Mg with
98% (v/v) 2H.O and 2% (v/v) [2H]methanol, and the levels of their deuterium enrichment
(Table 2). The methylotrophic hydrolysate contains 15 identified amino acids (except for proline
detected at A = 440 nm) with tyrosine and histidine content per 1 gram of dry methylotrophic
hydrolysate 1,82% and 3,72% (w/w), thereby satisfying the auxotrophic requirements of the inosine
producer strain for these amino acids. The content of other amino acids in the hydrolysate is also
comparable with the needs of the strain in sources of carbon and amine nitrogen (Table 2).

The indicator determining the high efficiency of deuterium incorporation into the synthesized
product is high levels of deuterium enrichment of amino acid molecules, varied from 49 atom% 2H
for leucine/isoleucine to 97,5 atom% 2H for alanine (Table 2). This allowed using the hydrolysate of
deuterated biomass of B. methylicum as a source of growth substrates for growing the inosine-
producing strain B. subtilis.
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Table 2: Amino acid composition of hydrolyzed biomass of the facultative methylotrophic
bacterium B. methylicum B-5662 obtained on maximally deuterated M9 medium with 98% (v/v)
2H,0 and 2% (v/v) [2H]methanol and levels of deuterium enrichment*

Amino acid Yield, % (w/w) dry weight Number of Level of
per 1 gram of biomass deuterium deuterium
Protonated | Sample from atoms enrichment of
sample deuterated incorporated molecules, % of
(control) Mo medium into the carbon | the total number
backbone of a of hydrogen

molecule** atoms***

Glycine 8,03 9,69 2 90,0+1,86

Alanine 12,95 13,98 4 97,5+1,06

Valine 3,54 3,74 4 50,0+1,60

Leucine 8,62 7,33 5 49,0+1,52

Isoleucine 4,14 3,64 5 49,041,50

Phenylalanine 3,88 3,94 8 95,0+1,85

Tyrosine 1,56 1,83 7 92,8+1,80

Serine 4,18 4,90 3 86,6+1,56
Threonine 4,81 5,51 - -
Methionine 4,94 2,25 - -

Asparagine 7,88 9,59 2 66,6+1,62

Glutamic acid 11,68 10,38 4 70,0+1,64

Lysine 4,34 3,08 5 58,9+1,60
Arginine 4,63 5,28 - -
Histidine 3,43 3,73 - -

Notes:

* The data were obtained for methyl esters of N-5-dimethylamino(naphthalene)-1-sulfonyl (dansyl)
chloride amino acid derivatives.

** At calculation the level of deuterium enrichment, the protons (deuterons) at COOH- and NH.-
groups of amino acid molecules were not taken into account because of the dissociation in
H.0O/2H.O0.

*** A dash denotes the absence of data.

The growth and biosynthetic characteristics of the inosine-producing strain B. subtilis B-3157
were studied on protonated yeast PVC medium with H.O and 2% (w/v) yeast PVC and on HW
medium with 89% (v/v) 2H,O and 2% (w/w) of hydrolysate of deuterated biomass of B.
methylicum (Figure 3). Experiments demonstrated a certain correlation between the changes of
growth dynamics of B. subtilis B-3157 (Fig. 3, curves 1, 1'), output of inosine (Figure 3, curves 2, 2"),
and glucose assimilation (Figure 2, curves 3, 3'). The maximal output of inosine (17 g/l) was
observed on protonated PVC medium at a glucose assimilation rate 10 g/1 (Figure 3, curve 2).
The output of inosine in the HW medium decreased in 4,4-fold, reaching 3,9 g/I (Figure 3, curve
2'), and the level of glucose assimilation — 4-fold, as testified by the remaining 40 g/l non-
assimilated glucose in LC (Figure 3, curve 3"). The experimental data demonstrate that glucose is
less efficiently assimilated during growth in the HW medium as compared to the control conditions
in H,O.
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Figure 3. Growth dynamics of B. subtilis B-3157 (1, 1') (cells/ml), inosine accumulation in LC
(2, 2" (g/1), and glucose assimilation (3, 3') (g/1) under different experimental conditions:
(1—3) — protonated yeast PVC medium; (1'-3") — HW medium with 2% (w/v) hydrolysate of
deuterated biomass of B. methylicum B-5662.

This result demanded the examination of the content of glucose and other intracellular
carbohydrates in the biomass of the inosine-producer strain of B. subtilis B-3157, which was
performed by reverse phase HPLC on an Ultrasorb CN column (10 pm, 10x250 mm) with a mixture
of acetonitrile—water (75:25, % (v/v)) as a mobile phase (Table 3). The fraction of intracellular
carbohydrates in Table 3 (numbered according to the sequence of their elution from the column)
comprises monosaccharides (glucose, fructose, rhamnose, and arabinose), disaccharides (maltose
and sucrose), and four unidentified carbohydrates with retention times of 3,08 (15,63% (w/w)),
4,26 (7,46% (w/w)), 7,23 (11,72% (w/w)), and 9,14 (7,95% (w/w) min (not shown). As was
expected, the output of glucose in the deuterated hydrolysate was 21,4% (w/w) of dry weight, that
is, higher than the outputs of fructose (6,82% (w/w)), rhamnose (3,47% (w/w)), arabinose (3,69%
(w/w)), and maltose (11,62% (w/w)) (Table 3). Their outputs in microbial biomass did not differ
considerably related to the control in H.O except for sucrose, which is undetectable in the
deuterated sample. The levels of deuterium enrichment in carbohydrates varied from 90,7 atom%
2H for arabinose to 80,6 atom% 2H for glucose.
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Table 3: Qualitative and quantitative compositions of intracellular carbohydrates isolated from B.
subtilis B-3157 after growing on HW-medium and levels of the deuterium enrichment*

Carbohydrate | Content in biomass, % (w/w) of 1 g of dry Level of deuterium
biomass enrichment of
Protonated sample Sample from the molecules, %**
(control) HW medium
Glucose 20,01 21,40 80,6+1,86
Fructose 6,12 6,82 85,5+1,92
Rhamnose 2,01 3,47 90,3+2,12
Arabinose 3,26 3,69 90,743,10
Maltose 15,30 11,62 _
Sucrose 8,62 ND** -
Notes:

* The data were obtained by IR-spectroscopy.
** ND — not detected.
*** A dash denotes the absence of data.

Isolation of [zZH]Inosine from the LC

The use of a combination of physical-chemical methods for isolating [2H]inosine from the LC
was determined by the need for preparing inosine of a high chromatographic purity (no less than
95%). Since the LC along with inosine contains inorganic salts, proteins, and polysaccharides, as
well as accompanying secondary nucleic metabolites (adenosine and guanosine) and non-reacted
substrates (glucose and amino acids), the LC was fractionated in a stepwise manner for isolating of
[2H]inosine. The high sensitivity of inosine to acids and alkali and its instability during isolation
required applying diluted acid and alkaline solutions with low concentration, as well as carrying
out the isolation procedure at low temperature, thus avoiding long heating of the reaction mixture.
The fractionation of the LC consisted in low-temperature precipitation of high molecular weight
impurities with organic solvents (acetone and methanol), adsorption/desorption on the surface of
activated carbon, extraction of the end product, crystallization, and ion exchange chromatography.
The proteins and polysaccharides were removed from the LC by precipitation with acetone at 4 °C
with subsequent adsorption/desorbtion of total ribonucleosides on activated carbon. The desorbed
ribonucleosides were extracted from the reacted solid phase by eluting with EtOH-NH;-solution at
60 °C; inosine — by extracting with 0,3 M ammonium—formate buffer (pH = 8,9) and subsequent
crystallization in 80% (v/v) EtOH. The final purification consisted in column ion exchange
chromatography on AG50WX 4 cation exchange resin equilibrated with 0.3 M ammonium-
formate buffer containing 0,045 M NH,Cl with collection of fractions at Rf = 0,5. The curves 1—3 in
Figure 4 shows UV-absorption spectra of inosine isolated from the LC of B. subtilis B-3157 at
various stages of isolation procedure. The presence of major absorbance band I, corresponding to
natural inosine (Amax = 249 nm, €4 = 7100 M* cm™), and the absence of secondary metabolites 11
and IIT in the analyzed sample (Figure 4, curve 3), demonstrates the homogeneity of isolated
product and the efficiency of the isolation method.
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Figure 4. UV-absorption spectra of inosine (0,1 M HCI): (1) — initial LC after the growth of B.
subtilis B-3157 on HW medium; (2) — natural inosine; (3) — inosine extracted from the LC of B.
subtilis B-3157. Natural inosine (2) was used as a control: (I) — inosine,

(I, IIT) — secondary metabolites.

Studying of the level of deuterium enrichment of [2ZH]inosine

The level of deuterium enrichment of the [2H]inosine molecule was determined by FAB mass
spectrometry, the high sensitivity of which allows to detect 108 to 107 moles of a substance in a
sample [24]. The formation of a molecular ion peak for inosine in FAB mass spectrometry was
accompanied by the migration of H*. Biosynthetically 2H-labeled inosine, which FAB mass-
spectrum represented in Figure 5b regarding the control (natural protonated inosine, Figure 5a),
represented a mixture of isotope-substituted molecules with different numbers of hydrogen atoms
replaced by deuterium. Correspondingly, the molecular ion peak of inosine [M + H]* was
polymorphically splintered into individual clusters with admixtures of molecules with statistical set
of mass numbers m/z and different contributions to the total level of deuterium enrichment of the
molecule. It was calculated according to the most intensive molecular ion peak (the peak with the
largest contribution to the level of deuterium enrichment) recorded by a mass spectrometer under
the same experimental conditions. These conditions are satisfied the most intensive molecular ion
peak [M + H]* at m/z = 274 with 38% (instead of [M + H]* at m/z = 269 with 42% under the
control conditions; Figure 5a). That result corresponds to five deuterium atoms incorporated into

222




European Reviews of Chemical Research, 2015, Vol.(6), Is. 4

the inosine molecule, obtained after growing of B. subtilis B-3157 on HW-medium (Figure 5b).
The molecular ion peak of inosine also contained less intensive peaks with admixtures of molecules
containing four (m/z = 273, 20%), five (m/z = 274, 38%), six (m/z = 275, 28%), and seven (m/z =
276, 14%) deuterium atoms (Table 4).

Table 4: Values of peaks [M+H]* in the FAB mass spectra and levels of deuterium enrichment
of biosynthetic inosine isolated from HW-medium

Value of peak | Contribution to The number of Level of deuterium
[M+H]* the level of deuterium atoms | enrichment of molecules, %
deuterium of the total number of
enrichment, hydrogen atoms*
mol.%
273 20 4 20,0+0,60
274 38 5 62,5+1,80
275 28 6 72,5+1,96
276 14 7 87,5+2,98
Notes:

*At calculation of the level of deuterium enrichment, the protons(deuterons) at the hydroxyl (OH")
and imidazole protons at NH* heteroatoms were not taken into account because of keto—enol
tautomerism in H,O/2H,0.

Taking into account the contribution of the molecular ion peaks [M]+, the total level of
deuterium enrichment (TLDE) of the inosine molecule calculated using the below equation was
65,5% of the total number of non-exchangeable hydrogen atoms in the carbon backbone of the
molecule:

[MI;-C, +[M];, -C, +..+[M];, -C,

ZC , (1)

TLDE =

where [M]+. — the values of the molecular ion peak of inosine; C, — the contribution of the
molecular ion peaks to the TLDE (mol %).
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Figure 5. FAB mass spectra of inosine (glycerol as a matrix) under different experimental
conditions: (a) — natural inosine; (b) — [2H]inosine isolated from HW medium (scanning interval
at m/z 50—350; major peaks with a relative intensity of 100% at m/z 52 and m/z 54; ionization
conditions: cesium source; accelerating voltage, 5 kV; ion current, 0,6—0,8 mA; resolution,
7500 arbitrary units): I — relative intensity of peaks (%); (I) — inosine; (II) — ribose fragment;
(III) — hypoxanthine fragment.

The fragmentation of the inosine molecule, shown in Figure 6, gives more precise information
on the deuterium distribution in the molecule. The FAB fragmentation pathways of the inosine
molecule (I) lead to formation of ribose (CsH,0O,)* fragment (II) at m/z = 133 and hypoxanthine
(CsH,ON,)* fragment (III) at m/z = 136 (their fragmentation is accompanied by the migration of
H+), which in turn, later disintegrated into several low-molecular-weight splinter fragments at m/z
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= 109, 108, 82, 81, and 54 due to HCN and CO elimination from hypoxanthine (Figure 5).
Consequently, the presence of two “heavy” fragments of ribose II (CsH,O,)* at m/z = 136 (46%)
(instead of m/z = 133 (41%) in the control) and hypoxanthine IIT (C;H,ON,)* at m/z = 138 (55%)
(instead of m/z = 136 (48%) in the control), as well as the peaks of low molecular weight splinter
fragments formed from FAB-decomposition of hypoxanthine fragment at m/z = 111 (49%) (instead
of m/z = 109 (45%) in the control) and m/z = 84 (43%) (instead of m/z = 82 (41%) in the control)
suggests that three deuterium atoms are incorporated into the ribose residue, and two other
deuterium atoms — into the hypoxanthine residue of the inosine molecule (Figure 5). Such selective
character of the deuterium inclusion into the inosine molecule on specific locations of the molecule
was confirmed by the presence of deuterium in the smaller fission fragments.
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Figure 6. The fragmentation pathways of the inosine molecule leading to formation of smaller
fragments by the FAB-method

The metabolic pathways of assimilation of glucose under aerobic conditions by
chemoheterotrophic bacteria include the Embden-Meyerhof pathway; the anaerobic glycolysis is
not widespred in this type of bacteria. When analyzing the level of deuterium enrichment of the
inosine molecule we took into account the fact that the character of deuterium incorporation into
the molecule is determined by the pathways of carbon assimilation (both glucose and amino acids).
The carbon source was glucose as a main substrate and a mixture of deuterated amino acids from
deuterated hydrolysate of methylotrophic bacterium B. methylicum as a source of deuterated
substrates and amine nitrogen. Since the protons (deuterons) at positions of the ribose residue in
the inosine molecule could have been originated from glucose, the character of deuterium inclusion
into the ribose residue is mainly determined by the assimilation of glucose by glycolysis, associated
with the Embden-Meyerhof pathway (Figure 7). The decomposition of glucose into two molecules
of pyruvate is carried out in 10 stages, the first five of which are a preparatory stage and the next 5
— the stage interfaced with the formation of ATP. During the glycolysis glucose is phosphorylated at
hydroxyl group at the sixth carbon atom (C6), forming glucose-6-phosphate (step 1). Glucose
6-phosphate is then isomerized to fructose-6-phosphate (step 2), which is phosphorylated at the
hydroxyl group at the first carbon atom, with the formation of fructose 1,6-bisphosphate (step 3).
During both of these reactions of phosphorylation as a donor of phosphoryl group acts ATP.
Next fructose-1,6-diphosphate is split into two three-carbon molecules — glyceroldehyde
3-phosphate and dihydroxyacetone phosphate (step 4), which in the result by means of several
enzymatic reactions (5—10) is converted to piruvate (Figure 7).

The overall equation of glycolysis:

Glucose + 2NAD* + 2ADP + 2P; — 2 piruvate + 2NADH + 2H* + 2ATP + 2H.0,

Most chemoheterotrophic bacteria from I group can grow under anaerobic conditions via
fermentation of sugars (glycolysis), the main products of which are 2,3-butanediol, glycerol and
CO.; besides are formed minor amounts of formed lactic acid and ethanol. This type of
fermentation can be represented as follows:

3 mol. glucose — 2,3-butanediol + 2 mol. glycerol + 4 mol. CO.
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Glucose is initially split via the Embden-Meyerhof pathway to glyceroldehyde 3-phosphate;
after that there is a branching pathway. Some part of glyceroldehyde 3-phosphate is converted to
dihydroxyacetone phosphate, while another part — to pyruvate, which is formed from 2,3-
butanediol and CO.. Formation of 2,3-butanediol from pyruvate leads to the re-oxidation of the
NADH formed during the conversion of glyceroldehyde 3-phosphate to pyruvate:

2 mol. glyceroldehyde 3-phosphate + 2 mol. NAD* + 4 mol. ADP + 2 mol. P — 2 mol. pyruvate +
4 mol. ATP + 2 mol. NAD-H + 2 mol. H*,

2 mol. pyruvate + NAD-H + H* — 2 mol. CO: + 2,3-butanediol + NAD+.

The redox equilibrium is maintained by the concomitant restoration of glyceroldehyde
3-phosphate to glycerol:

Glyceroldehyde 3-phosphate + NAD-H + H* — Glycerol + P + NAD*.

Since glucose in our experiments was used in a protonated form, its contribution to the level
of deuterium enrichment of the ribose residue was neglected. However, as the investigation of
deuterium incorporation into the molecule by the FAB method showed that deuterium was
incorporated into the ribose residue of the inosine molecule owing to reactions of enzymatic
izomerization of glucose. The numerous isotopic 'H—2H exchange processes could also have led to
specific incorporation of deuterium atoms at certain positions in the inosine molecule. Such
accessible positions in the inosine molecule are hydroxyl (OH-) protons protons (C’2, C’3-positions
in the ribose residue) and imidazole protons at NH* heteroatoms (N1-position in the hypoxanthine
residue), which can be easily exchanged on deuterium in 2H.O via keto—enol tautomerism. Three
non-exchangeable deuterium atoms in the ribose residue of inosine are synthesized de novo and
could have been originated via enzymatic assimilation of glucose by the cell, while two other
deuterium atoms at C2,C8-positions in the hypoxanthine residue could be synthesized de novo at
the expense of [2H]amino acids as glycine, glutamine and aspartate (with participation of No—
CHO-FH, and N5N*-CH=FH,) (Figure 8), that originated from the deuterated hydrolysate of
methylotrophic bacterium B. methylicum obtained on 98% of 2H,O medium. A glycoside proton at
B-N,-glycosidic bond could be replaced with deuterium via the reaction of CO, elimination at the
stage of the ribulose-5-monophosphate formation from 3-keto-6-phosphogluconic acid with the
subsequent proton (deuteron) attachment at the Ci-position of ribulose-5-monophosphate.
In general, our studies confirmed this scheme. However, it should be noted that auxotrophy of this
mutant strain in tyrosine, histidine, adenine and uracil as well as the synthesis of a precursor of
inosine, inosine-5-monophospate (IMP) from ribose-5-monophosphate and amino acids
presupposes the branched metabolic pathways, different from those indicated above. It is known
that intermediates in glycolysis are precursors to a number of compounds as nucleotides and
amino acids. The level of deuterium enrichment of the inosine molecule is determined by isotopic
purity of 2H,O and deuterated substrates and, therefore, for the total administration of the
deuterium label into the inosine molecule instead of protonated glucoce it must be used its
deuterated analogue. Deuterated glucose may be isolated in gram-scale quntities from deuterated
biomass of the methylotrophic bacterium B. methylicum.
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Figure 7. The Embden-Meyerhof pathway of glycolysis: 1 — hexokinase; 2 — glucose-6-phosphate
izomerase; 3 — phosphofructokinase-1; 5 — fructose-1,6-bisphosphate aldolase; 6 — triosephosphate
isomerase; 7 — glyceraldehyde-3-phosphat dehydrogenase; 8 — phosphoglycerate kinase; 9 —
phosphoglycerate mutase; 10 — enolase; 11 — pyruvate kinase. Total reaction: Glucose + 2NAD* +
2ADP + 2P; — 2 piruvate + 2NADH + 2H* + 2ATP + 2H,0 (adapted from Stryer R.Y, 1985 [25])
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Our experiments demonstrated that chemo-heterotrophic metabolism does not undergo
significant changes in 2H.O. This testifies about a phenotypic nature of adaptation to 2H.O
phenomenon as the adapted cells eventually return back to the normal growth after some lag-
period after their replacement back onto H.O-medium. However, the effect of reversion of growth
on H,O/2H.O media does not exclude an opportunity that a certain genotype determines the
manifestation of the same phenotypic attribute in 2H,O-media with high deuterium content.
At placing a cell onto 2H,O-media lacking protons, not only 2H,O is removed from a cell due to
isotopic (*H—2H) exchange, but also there are occurred a rapid isotopic (*H—2H) exchange in
hydroxyl (-OH), sulfohydryl (-SH) and amino (-NH.) groups in all molecules of organic substances,
including proteins, nucleic acids, carbohydrates and lipids. It is known, that in these conditions
only covalent C—H bond is not exposed to isotopic (*H—2H) exchange and, thereof only molecules
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with bonds such as C—2H can be synthesized de novo. Thus, the most sensitive to replacement of H
on 2H are the apparatus of biosynthesis of macromolecules and a respiratory chain, i.e., those
cellular systems using high mobility of protons and high speed of breaking up of hydrogen bonds.
Last fact allows consider adaptation to 2H,O as adaptation to the nonspecific factor affecting
simultaneously the functional condition of several numbers of cellular systems: metabolism, ways
of assimilation of carbon substrates, biosynthetic processes, and transport function, structure and
functions of macromolecules [27].

Conclusion

We have demonstrated the feasibility of using the FAB method for studying the biosynthetic
pathways of biosynthisis of 2H-labeled inosine by the bacterium Bacillus subtilis B-3157 and
evaluation of deuterium incorporation into the inosine molecule. For this aim [2H]inosine was
isolated from HW-medium by adsorption/desorption on activated carbon, extraction by 0,3 M
ammonium—formate buffer (pH = 8,9), crystallization in 80% (v/v) EtOH, and IEC on AG50WX 4
cation exchange resin equilibrated with 0,3 M ammonium—formate buffer and 0,045 M NH,CIl
with output 3,9 g/l. The total level of deuterium enrichment of the inosine molecule was
5 deuterium atoms (65,5 atom% 2H). From total 5 deuterium atoms in the inosine molecule,
3 deuterium atoms were localized in the ribose residue, while 2 deuterium atoms — in the
hypoxanthine residue of the molecule. Deuterium was incorporated into the ribose residue of the
inosine molecule owing to reactions of enzymatic izomerization of glucose in 2H,O-medium. Three
non-exchangeable deuterium atoms in the ribose residue of inosine were synthesized de novo and
originated from HMP shunt reactions, while two other deuterium atoms at C2,C8-positions in the
hypoxanthine residue could be synthesized de novo from [2H]amino acids, that originated from
deuterated hydrolysate of B. methylicum B-5662 obtained on 98% of 2H,O medium. To attain
higher deuterium enrichment level of the final product, it is necessary to thoroughly control the
isotope composition of the growth medium and exclude any possible sources of additional protons,
in particular, to use [2H]glucose, which may be isolated from deuterated biomass of the
methylotrophic bacterium B. methylicum B-5662.
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AnHoTanuAa. l3yuen GuocuHTe3 2H-MeueHOro IypHHOBOTO PUOOHYKJIEO3UJA WHO3WHA,
CEKPETUPYEMOTO B KyJIbTypaibHYIO kuAKocTh (KJK) rpaMmosioKutessbHONM XeMoreTepoTpodHOMH
6axtepuu Bacillus subtilis B-3157 Ipu BhIpallliBaHUN 3TOW GaKTEPHUU Ha TsKeT0BoA0poaHoH (TB)
cpene ¢ 2% TUAPOJU3AaTOM JIEUTEPUPOBAHHON OWMOMAacchl MeTWIOTPOGHBIX OaKTepUi
Brevibacterium methylicum B-5662 kak wucTOYHUKA 2H-MeueHBIX PpOCTOBBIX CYOCTPATOB.
Beinenenne 2H-meweHoro wHo3umHa u3 KK  mramMMma-mpoAynieHTa — OCYIIECTBJISIOCH
azcopbIueii/ recopbueil Ha TOBEPXHOCTH aKTHBUPOBAHHOTO YIJIS C TOCJIEAYIONIEH SKCTPaKIuen
0,3 M ammonuii dopmuareim 6ydbepom (pH = 8,9), kpucrayuusanueii B 80% 3TaHONE U
noHooOMeHHOH xpomatorpaduu (M10X) Ha KOJIOHKE ¢ KATHOHHOOOMeHHOH cmosoit AG50WX 4,
ypaBHOBellleHHON 0,3 M amMmoHuii ¢popmuatHbiM Oydepom u 0,045 M NH,Cl. HccienoBanue
BKJIIOUEHUSA JIeUTepUsl B MOJIEKYJly HHO3MHA METOZOM MAacC-CIIEKTPOMETPHU ¢ 6GOMOapAPOBKOM
obicTpeiMu aTomamu (BBA) mpozeMoHCTPpHUPOBaIN BKIIIOUEHUE 5 aTOMOB JIEUTepUs B MOJIEKYILY
(obmuit ypoBeHb JeHTepUpOBaHHOCTU — 65,5 aToM.% 2H) ¢ BKJIlIOUeHHeM 3-X aTOMOB JlelTepus B
puOO3HBIN (PparMeHT W 2-X aTOMOB JEUTEpHsS — B THIIOKCAHTHHOBBIM (parMeHT MOJIEKYJIBI.
Tpu He oOMeHUBaeMble aTOMBI JAeHTEpPUs OBUIM BKJIIOUEHBI B PHOO3HBINA (parMEHT MOJIEKYJIBI
BCJIEZICTBUE peaKnui pepMeHTaTUBHON M30MepHU3alluu TJII0KO3bl B 2H,O-cpeJie 3a cueT peaknui
IVIMKOJIN3a 1o IyTu IMOaeHa-Meiieproda, B TO BpeMs Kak JBa APYTUX aToMma jaeutepus mnpu C2,
C8-1moyI0>)KeHUAX B TUIIOKCAHTUHOBOM OCTaTKe OBLIM CHHTE3WpOBaHbI u3 [2H]amMuHOKUCIOT B
cocTaBe JedTepUPOBAHHOTO METUIOTpOodHOTrO rumpoausaTta Brevibacterium methylicum B-5662.
AyKCOTpPO(pHOCTh IITAMMA-TIPOJyIIeHTa B THPO3WHE, THUCTHAWHE, aJ[cHUHE U YypaIuie
CBUJIETEJICTBYET O HAIMYHNY PA3BETBJIEHHBIX MeTa00INYECKHX ITyTeH.

KiroueBsle ciaoBa: 2H-MeueHbI HHO3WH, OMOCHHTE3, MeTaboJIN3M, Tsakesad Boga, Bacillus
subtilis, macc-ciektpometpusi BBA.
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Abstract

In this paper review some significant light is focused on the basis, fundamentals and/or the
knowledge of colors, dyes and pigments chemistry using many of multi choice questions and their
answers. This paper review is recommended for chemist’s dyers and colorists. They will find it
interesting, informative, stimulating, and contain a mine of information. Also, this paper review is
recommended for professors and teachers in the field of colors, dyes and pigments chemistry.
They can use it in teaching, as notebook/education lecturers and in their student’s examination
tests. In addition, this paper review can be used and/or will be most valuable in domestic and/or
international scientific and/or chemistry competitions, in organic chemistry as general and
particularly in the field of colors, dyes and pigments chemistry. The review covers some essential
and general topics in colors, dyes and pigments chemistry, such as synthesis, properties,
classification, structures, uses and applications of many aromatic and/or heterocyclic dyes.
This paper review acts as a mordant and/or stabilizers for the basics, the fundamentals and/or the
knowledge in understanding colors, dyes and pigments chemistry. It is considered as a special
and/or specific type of collective review which has been paid little attention and is lacking in the
chemistry literature.

Keywords: colors, dyes, pigments, synthesis of dyes, properties of dyes, uses of dyes,
classification of dyes.

Introduction

Color will not be seen if the light is absorbed from the infrared or ultraviolet region, but if
light is absorbed from the visible region, the substance will appear to be colored. If the substance
absorbs all visible light except that comes ponding to yellow, for instance, it will transmit or reflect
only yellow and will be seen as yellow. More commonly, however, light of only one color is
absorbed, in which case the substance appears to have the complementary color. Thus if the light is
absorbed from the red region, the substance will appear green [1]. When light passes through
matter or is reflected from it, some of the light may be absorbed. The energy of light is transformed
into the energy of motion of molecules; or electrons in the molecules may be promoted to higher
energy levels. The energy is eventually transformed into heat. This implies, when matter absorbs
the light energy, its temperature is raised. In rare cases, a part of light may be emitted as light of a
longer wavelength, and this gives rise to phenomenon of fluorescence. The most important source
of color in organic compounds is absorption of light without subsequent emission [1].

232



http://www.ejournal14.com/

European Reviews of Chemical Research, 2015, Vol.(6), Is. 4

Dyes should have suitable colors. They must be able to fix themselves or be capable of being
fixed to the fabric. The fixed dyes must have fastness properties such as fastness to light, resistance
to the action of water, dilute acids and alkalis, and various organic solvents used in dry cleaning.
There is no systematic nomenclature of dyes and many dyes have names that have been given to
them by the manufactures. So it is not unusual to find a given dye having several names, and
generally each dye has a trade name or names [2]. Dyes are classified according to their chemical
constitution or by their application to the fiber. The former is of theoretical value to the chemists,
but of little importance to the dyers, who is mainly concerned with the reaction of dyes towards the
fiber being used [2].

A pigment is a material that changes the color of reflected or transmitted light as the result of
wavelength-selective absorption. This physical process differs from fluorescence, phosphorescence,
and other forms of luminescence, in which a material emits light. Many materials selectively absorb
certain wavelengths of light. Materials that humans have chosen and developed for use as pigments
usually have special properties that make them ideal for coloring other materials. A pigment must
have a high tinting strength relative to the materials it colors. It must be stable in solid form at
ambient temperatures. For industrial applications, as well as in the arts, permanence and stability
are desirable properties. Pigments that are not permanent are called fugitive. Fugitive pigments
fade over time, or with exposure to light, while some eventually blacken [3]. Pigments are used for
coloring paint, ink, plastic, fabric, cosmetics, food and other materials. Most pigments used in
manufacturing and the visual arts are dry colorants, usually ground into a fine powder.
This powder is added to a binder (or vehicle), a relatively neutral or colorless material that
suspends the pigment and gives the paint its adhesion. A distinction is usually made between a
pigment, which is insoluble in its vehicle (resulting in a suspension), and a dye, which either is
itself a liquid or is soluble in its vehicle (resulting in a solution). A colorant can act as either a
pigment or a dye depending on the vehicle involved. In some cases, a pigment can be manufactured
from a dye by precipitating a soluble dye with a metallic salt. The resulting pigment is called a lake
pigment. The term biological pigment is used for all colored substances independent of their
solubility [3].

Figures (1) and (2) shows the most common chromophores (color appearing and/or carriers
groups) and the most common auxochromes (color deepening and/or intensifying groups),
respectively. Witt (1876) was the first to show that color usually appeared in a compound when it
contained a group with multiple bonds. These groups are called chromophores e.g. NO. (nitro), NO
(nitrozo), N=N (azo), quinonoid structure, etc. [2], Figure (1). Witt also observed that certain
groups which although are not chromophres, deepened the color when being introduced into a
colored molecule. These groups are called auxochromes, e.g. OH (hydroxyl), NH, (amino), NHR
(alkyl amino), NR. (dialkyl amino), etc. [2], Figure (2).

Certain other unsaturated groups produce color only when several of them are present in a
molecule and when these are conjugated bonds e.g. C=C (ethylene), C=0O (carbonyl), C=S
(thiocaronyl), C=N (azomethine), etc. [1], Figure (1).

So, chromophores can be classified to strong and weak chromophores due to their strength to
impart and/or introduce color to a compound. Strong chromophore (NO., NO, N=N) is the group
which when present singly is sufficient to give color to a compound. Weak chromophore (C=C,
C=0, C=S, C=N) is the group which when present singly is not able to impart color to a
compound [4].

I recommend this paper [1-8] review for anyone interested in the subject, chemistry libraries
and also in the personal bookshelves of every organic aromatic and/or heterocyclic dyes chemists.
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Multi choice questions in colors, dyes and pigment chemistry:
1- OH group is the auxochrome in:

a- Picric acid;

b- Pinacyanol;

c- Gentian violet.
2- 1-Nitroso-2-naphthol is the scientific name of:

a- Green resorcin;
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b- Green naphthol;
c- Yellow naphthol (Naphthol Yellow S).
3- Nitroso group is the chromophore in:
a- Green resorcin;
b- Yellow naphthol (Naphthol Yellow S);
c- Ethyl red.
4- 2,4-dinitroso-resorcinol is the scientific name of:
a- Orange II;
b- Acid red;
c- Green resorcin.
5- NO.-groups are the chromophores in:
a- Chrysoidine;
b- Picric acid;
c- Kryptocyanine.
6- OH-groups are the auxochromes in:
a- Acid red;
b- Methyl orange;
c- Green resorcin.
7- Triethylorthoformate is used in the preparation of:
a- Kryptocyanine dye;
b- Ethyl red dye;
c- Apocyanine dye.
8- p-quinonoid structure is the chromophore in:
a- Orange 1I;
b- Green resorcin;
c- Auramine O.
9- Synthesized by coupling diazonium salt of sulphanilic acid with N,N-
dimethylamino benzene:
a- Bismarck brown;
b- Methyl orange;
c- Chrysoidine.
10- OH groups are the auxochromes in:
a- Acid red dye;
b- Alizarin dye;
c- Methyl orange.
11- Prepared by condensing phthalic anhydride with catechol in the presence of
concentrated H.SO,:
a- Alizarin;
b- Congo red;
c- Malachite green.
12- NH.-groups are the auxochromes in:
a-Crystal violet;
b-Pararosaniline;
c-Indigotin.
13- 2,4-dinitroso-1-naphthol-7-sulphonic acid is the scientific name of:
a- Picric acid;
b- Yellow naphthol (Naphthol yellow S);
c- Orange II.
14- In acid media, methyl orange gives:
a- Two mesomeric structures;
b- Three mesomeric structures;
c- Four mesomeric structures.
15- p.quinonoid structure is the chromophore in:
a- Nitro and nitroso dyes;
b- Triarylmethane dyes;
c- Indigoid dyes.
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16- N(CH;): groups are the auxochromes in:
a- Malachite green dye;
b- Dobener violet dye;
c- Roseaniline dye.
17- In acid media, congo red gives:
a- Two mesomeric structures;
b- Three mesomeric structures;
c- Four mesomeric structures.
18- p.quinonoid structure is the chromophore in:
a- Green resorcin;
b- Alizarin;
c- Green naphthol.
19- In acid media, methyl orange has:
a- Yellow color;
b- Red color;
c- Violet color.
20- In acid media, congo red dye gives:
a- Red color;
b- Orange color;
c- Blue color.
21- The color of phenolphthaleine in acid media is:
a- White and/or colorless;
b- Pink and/or red color;
c- Blue color.
22- Alizarin dye is used in:
a-Manufacturing of inks;
b-Coloring foods;
c-Coloring woods.
23- NH.-groups are the auxochromes in:
a- Phenolphthaleine;
b- Congo red;
c-Erythrosine.
24- In Base media, methyl orange has:
a- Yellow color;
b- Green color;
c- Blue color.
25- Azo grop is the chromophore in:
a- Green naphthol;
b- Eosin;
c- Methyl orange.
26- Cyanine dyes are used in medicine as:
a- a laxative;
b- Antibiotics;
c- Antitumor and/or anticancer agents.
27- In base media, congo red has:
a- Red color;
b- Blue color;
c- Yellow color.
28- N(Me). groups are the auxochromes in:
a- Methyl orange;
b- Phenolphthaleine sulphone;
c-Besmark brown.
29- The color of phenolphthaleine dye in base media is:
a- Green color;
b- White and/or colorless;
c- Pink and/or red color.
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30- Azo groups are the chromophores in:
a-Indigotin dye;
b-Fluorescein dye;
c- Congo red dye.
31- 2,4-diamino-azo-benzene is the scientific name of:
a- Chrysoidine;
b- Acid Red;
c- Green resorcin.
32- NH.-groups are the auxochromes in:
a- Bismarck brown;
b- Alizarin;
c- Phenolphthaleine.
33- Azo group is the chromophore in:
a-Fluorescein dye;
b- Chrysoidine dye;
c- Alizarin.
34- NH.-groups are the auxochromes in:
a- Methyl orange;
b- Chrysoidine;
c- Picric acid.
35- Azo groups are the chromophores in:
a- Yellow naphthol;
b- Green naphthol;
c- Besmark brown.
36- Phenolphthaleine is used as:
a- Extremely powerful laxative;
b- Antiseptic agent;
c- anticancer agent.
37-Fluorescein is used as:
a- Anticancer agent;
b- A mild purgative;
c- Antitumor agent.
38- OH-group is the auxochrome in:
a- Orange II;
b- Crystal violet;
c- Gentian violet.
39- Azo-, Nitro- and SO;H-groups are the chromophores in:
a- Acid red;
b- Green resorcin;
c- Orange II.
40- Chrysoidine is prepared by coupling benzene diazonium chloride (diazotized
aniline) with:
a- o.phenylene diamine;
b- p.phenylene diamine;
c- m.phenylene diamine.
41- Gives orange-red color in acid media:
a- Phenolphthaleine;
b-Fluorescein.
c- Eosin.
42- NH: is the auxochrome in:
a- Methyl orange;
b- Acid red;
c-Erythrosine.
43- Azo- and SO;H-group are the chromophores in:
a- Eosin;
b- Malachite green;
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c- Orange II.
44- Gives strong and/or deep green color in base media:
a-Fluorescein;
b- Eosin;
c-Erythrosine.
45- OH-group is the auxochrome in:
a- Dobener violet;
b- Yellow naphthol (Naphthol Yellow S);
c- Pararosaniline.
46- Nitroso group is the chromophore in:
a- Green naphthol;
b- Acid red;
c- Bismarck brown.
47- The color of fluorescein in acid media is:
a- Green;
b- Orange-red;
c- Yellow.
48- Nitro and sulphonic groups are the chromophores in:
a- Yellow naphthol (Naphthol Yellow S);
b- Chrysoidine;
c- Green naphthol.
49- Reaction of 2 mole of 1-ethyl-quinaldinium iodide salts with triethylorthoformate
in alcohol / basic solution gives:
a- 2,2-Trimethine cyanine dye;
b- 2,4-Trimethine cyanine dye;
c- 4,4-trimethine cyanine dye.
50- Reaction of 2 mole of 1-ethyl-lepidinium iodide salts with triethylorthoformate in
alcohol / basic solution gives:
a- 2,4-Trimethine cyanine dye;
b- 4,4-Trimethine cyanine dye;
c- 2,2-Trimethine cyanine dye.
51- The color of fluorescein dye in base media is:
a- Red color;
b- Orange color;
c- Strong and/or deep green color.
52- Alizarin dye is:
a- 1,2-diamino anthraquinone;
b- 1,2-dihydroxy anthraquinone;
c- 1-amino-2-hydroxy anthraquinone.
53- Malachite green takes its name from:
a- Its constitution nature;
b- Its classification nature;
c- The fact that it has a deep blue-green color resembling that of the malachite (copper ore).
54- Chrysoidine dye is:
a- 2,4-diamino azo benzene;
b- 2,4-dihydroxy azo benzene;
c- 2-amino-4-hydroxy azo benzene.
55- Reaction of 2 mole of 1-ethyl-quinaldinium iodide salts with triethylorthoformate
in alcohol / basic solution gives:
a- Pinacyanol;
b- Kryptocyanine;
c- Ethyl red.
56- Reaction of 2 mole of 1-ethyl-lepidinium iodide salts with triethylorthoformate in
alcohol/basic solution gives:
a- Ethyl red;
b- Pinacyanol;
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c- Kryptocyanine.
57- Reaction of 1-ethylquinolinium iodide salts with 1-ethylquinaldinium iodide salts
in alcohol / basic solution gives:
a- Pinacyanol;
b- Ethyl red;
c- Kryptocyanine.
58- Synthesized within the fabric (i.e produced on the fibre) and may be applied to
any type of fibre:
a- Ingrain dyes;
b- Disperse dyes;
c- Mordant dyes.
59- Gentian violet is used as:
a- Antitumor agent;
b- Antiseptic agent;
c-Coloring food.
60- Absorbance is due to:
a- Excitation of electron to higher energy level;
b- Emission of electron to lower energy level;
c- Fluorescence of electron.
61- Fluorescence is due to:
a- Excitation of electron to higher energy level;
b- Emission of electron to lower energy level;
c- Absorbance of electron.
62- Used as antiseptic agent:
a- Bismark brown;
b- Alizarin;
c- Gentian violet.
63- Pinacyanol sensitizes the emulsion of silver bromide to the:
a- Green region (350-600 nm);
b- Red region (350-710 nm);
c- Yellow region.
64- Ingrain dyes:
a- Synthesized within the fabric (produced on the fibre) and may be applied to any type of
fibre;
b- Are those which are used in their reduced state;
c- Do not dye fibre directly, they require a mordant.
65- Kryptocyanine sensitizes the emulsion of silver bromide to the:
a- Green region (350-600 nm);
b- Red region (350-710 nm);
c- Infra-red radiation.
66- The disodium salt of Eosin has:
a- Two resonance forms;
b- Three resonance forms;
c- Four resonance forms.
67- The disodium salt of phenolphthaleine sulphone has:
a- Two resonance forms;
b- Three resonance forms;
c- Four resonance forms.
68- The disodium salt of Erythrosine has:
a- Two resonance forms;
b- Three resonance forms;
c- Four resonance forms.
69- The disodium salt of tetrabromophenolphthaleine has:
a- Two resonance forms;
b- Three resonance forms;
c- Four resonance forms.
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~70- The disodium salt of Mercurochrome has:
a- Two resonance forms;
b- Three resonance forms;
c- Four resonance forms.

~1- Its chloride salt has four resonance structures:
a- Rhodamine B;
b- Eosin;
c-Erythrosine.

72-Fluorescein dye is:
a- Cationic dye;
b- Anionic dye;
c- Zwitter ion dye.

73- Leuco is a greek word which means:
a-Colorless and/or white;
b- Yellow;
c- Orange.

74- Monomethine cyanine dyes are also named:
a- Simple cyanine dyes;
b- Hemi cyanine dyes;
c- Styryl cyanine dyes.

75- Its disodium salt has two resonance structures:
a- Phenolphthaleine;
b-Fluorescein;
c- Eosin.

76- Its disodium salt has four resonance structures:
a- Phenolphthaleine;
b- Tetra bromophenolphthaleine;
c- Eosin.

77- Pentamethine cyanine dyes are also named:
a- Carbocyanine dyes;
b- Dicarbocyanine dyes;
c- Tricarbocyanine dyes.

78- Heptamethine cyanine dyes are also named:
a- Tricarbocyanine dyes;
b- Tetracarbocyanine dyes;
c- Pentacarbocyanine dyes.

79- The chromophores in indigotin dye are:
a- 2 C=0 and/or 2 o.quinonoid charged structures;
b- Nitro and/or nitroso groups;
c- Azo- and/or SO;H-group.

80- Its disodium salt has four resonance forms:
a- Fluorescein;
b- Phenolphthaleine sulphone;
c- Tetra bromophenolphthaleine sulphone.

81- Its disodium salt has two resonance forms:
a-Erythrosine;
b- Rhodamine B;
c- Phenolphthaleine sulphone.

82- The auxochromes in indigotin dye are:
a- 2 NH-groups;
b- 2 NH.-groups;
c- 2 C=0-groups.

83- The chromophores in thioindigotin dye are:
a- 2 C=0 and/or 2 o.quinonoid charged structure;
b- Nitro and/or nitroso groups;
c- Azo- and/or SOsH-groups;
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84-Phenolphthaleine dye is:
a- Cationic dye;
b- Anionic dye;
c- Zwitter ion dye.
85-Erythrosine dye is:
a- Anionic dye;
b- Cationic dye;
c- Zwitter ion dye.
86- The auxochromes in thioindigotin dye are:
a-2 <o~
b- 2 C=0.
c-2 NH.
87- Orlon fibres are:
a- Polyamide fibres;
b- Polyester fibres;
c- Polyacrylonitrile fibres.
88- Its disodium salt has two resonance forms:
a-Erythrosine;
b- Eosin;
c- Tetrabromophenolphthaleine sulphone.
89- Its disodium salt has four resonance forms:
a- Rhodamine B;
b-Erythrosine;
c- Phenolphthaleine.
90- Eosin is:
a- Zwitter ion dye;
b- Cationic dye;
c- Anionic dye.
91- Phenolphthaleine sulphone is:
a- Cationic dye;
b- Anionic dye;
c- Zwitter ion dye.
92- Its disodium salt has four resonance forms:
a- Mercurochrome;
b- Phenolphthaleine;
c- Phenolphthaleine sulphone.
93- Tetrabromophenolphthaleine sulphone dye is:
a- Anionic dye;
b- Cationic dye;
c- Zwitter ion dye.
94- Mercurochrome is:
a- Cationic dye;
b- Anionic dye;
c- Zwitter ion dye.
95- Nylon 66 is formed via condensation polymerization reaction of hexamethylene
diamine with:
a- Adipic acid;
b- Glutaric acid;
c- Malonic acid.
96- Nylon 610 is formed via condensation polymerization reaction of hexamethylene
diamine with:
a- Adipic acid;
b- Sebacic acid.
c- Glutaric acid.
97- Nylon 6 is formed via self condensation of:
a- 6-amino hexanoic acid;
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b- 6-amino octanoic acid;.
c- 6-amino heptanoic acid.
98- Orlon fibres are formed via polymerization of:
a- Acrylonitrile;
b- Acrylic acid;
c- Ethylene.
99- Nylon 66 is formed via polymerization condensation reaction of adipic acid with:
a- Hexamethylene diamine;
b- Heptamethylene diamine;
c- Tetramethylene diamine.
100- Nylon 610 is formed via polymerization condensation reaction of sebacic acid
with:
a- Pentamethylene diamine;
b- Hexamethylene diamine;
c- Octamethylene diamine.
101- Nylon 6 is formed via self polymerization condensation reaction of:
a- 6-aminohexanoic acid;
b- 5-aminohexanoic acid;
c- 4-aminohexanoic acid.
102- Nylon 6 is formed via self polymerization condensation reaction of:
a- 6-aminohexanoic acid;
b- 6-hydroxyhexanoic acid;
c- 6-mercaptohexanoic acid.
103-The name cyanine (from the Greek Kyanos) was attributed to its:
a-Beautiful blue color;
b-Beautiful orange color;
c-Beautiful yellow color.
104-Thermochromism is the property of substance to change color due to a change
in:
a-Solvent polarity.
b-Temperature.
c-pH media (hydrogen ion concentration).
105-Solvatochromism means change in the color of a substance due to a change in:
a-pH media (hydrogen ion concentration).
b-Solvent polarity.
c-Temperature.
106-Halochromism is the property of substance to change color due to a change in:
a-Temperature.
b-pH media (hydrogen ion concentration).
c-Solvent polarity.

The Answers
1- a- Picric acid.
2- b- Green naphthol.
3- a- Green resorcin.
4- c- Green resorcin.
5- b- Picric acid.
6- c- Green resorcin.
7- a- Kryptocyanine dye.
8- c- Auramine O.
9- b- Methyl orange.
10- b- Alizarin dye.
11- a- Alizarin.
12- b-Pararosaniline.
13- b- Yellow naphthol (Naphthol yellow S).
14- a- Two mesomeric structures.
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15- b- Triarylmethane dyes.

16- a- Malachite green dye.

17- a- Two mesomeric structures.

18- b- Alizarin.

19- b- Red color.

20- c- Blue color.

21- a- White and/or colorles.

22- a-Manufacturing of inks.

23- b- Congo red.

24- a- Yellow color.

25- c- Methyl orange.

26- c- Antitumor and/or anticancer agents.

27- a- Red color.

28- a- Methyl orange.

29- ¢- Pink and/or red color.

30- c- Congo red dye.

31- a- Chrysoidine.

32- a- Bismark brown.

33- b- Chrysoidine dye.

34- b- Chrysoidine.

35- c- Bismarck brown.

36- a- Extremely powerful laxative.

37- b- A mild purgative.

38- a- Orange II.

39- a- Acid red.

40- c- m.phenylene diamine.

41- b-Fluorescein.

42- b- Acid red.

43- c- Orange II.

44- a-Fluorescein.

45- b- Yellow naphthol (Naphthol Yellow S).

46- a- Green naphthol.

47- b- Orange-red.

48- a- Yellow naphthol (Naphthol Yellow S).

49- a- 2,2-Trimethine cyanine dye.

50- b- 4,4-Trimethine cyanine dye.

51- c- Strong and/or deep green color.

52- b- 1,2-dihydroxy anthraquinone.

53- c- The fact that it has a deep blue-green color resembling that of the malachite (copper
ore).

54- a- 2,4-diamino azo benzene.

55- a- Pinacyanol.

56- c- Kryptocyanine.

57- b- Ethyl red.

58- a- Ingrain dyes.

59- b- Antiseptic agents.

60- a- Excitation of electron to higher energy level.

61- b- Emission of electron to lower energy level.

62- c- Gentian violet.

63- b- Red region (350-710 nm).

64- a- Synthesized within the fabric (produced on the fibre) and may be applied to any type of
fibre.

65- c- Infra-red radiation.

66- c- Four resonance forms.

67- a- Two resonance forms.

68- c- Four resonance forms.
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69- a- Two resonance forms.
70- ¢- Four resonance forms.
71- a- Rhodamine B.
72- b- Anionic dye.
73- a-Colorless and/or white.
74- a- Simple cyanine dyes.
75- a- Phenolphthaleine.
76- c- Eosin.
77- b- Dicarbocyanine dyes.
78- a- Tricarbocyanine dyes.
79- a- 2C=0 and/or 20.quinonoid charged structures.
80- a-Fluorescein.
81- c- Phenolphthaleine sulphone.
82- a- 2NH groups.
83- a- 2C=0 and/or 2.0.quinonoid charged structure.
84- a- Cationic dye.
85- a- Anionic dye.
86-a- 2.¢~
87- c-Polyacrylonitrile fibres.
88- c- Tetrabromophenolphthaleine sulphone.
89- b-Erythrosine.
90- c- Anionic dye.
91- b- Anionic dye.
92- a- Mercurochrome.
93- a- Anionic dye.
94- b- Anionic dye.
95- a- Adipic acid.
96- b- Sebacic acid.
97- a- 6-amino hexanoic acid.
98- a- Acrylonitrile.
99- a- Hexamethylene diamine.
100- b- Hexamethylene diamine.
101- a- 6-aminohexanoic acid.
102- a- 6-aminohexanoic acid.
103-a-Beautiful Blue color.
104-b-Temperature.
105-b-Solvent polarity.
106-b-pH media (hydrogen ion concentration).
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Conclusion

The developments of color theories in addition to dyes and pigments synthesis and their
applications in textile and non textile multidisciplinary area is growing continuously and rabidly.
Certainly, this will makes the present and/or the future of this branch of organic chemistry (color,
dyes and pigments chemistry) is effective, fruitful and very bright.
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