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STUDYING THE BIOLOGICAL INFLUENCE OF HEAVY WATER (2H2O) ON 

PROCARYOTIC AND EUCARYOTIC CELLS 

 

INTRODUCTION 

The most interesting biological phenomenon is the ability of some microorganisms to 

grow on heavy water (2H2O) media in which all hydrogen atoms are replaced with deuterium 

[1, 2]. 2H2O has high environmental potential in biomedical studies due to the absence of 

radioactivity and poccebility of detecting the deuterium label in the molecule by high-

resolution methods as NMR, IR, and mass spectrometry that facilitates its use as a tracer 

in biochemical and biomedical research [3]. 

The average ratio of 1H/2H in nature makes up approximately 1:5700 [4]. In natural 

waters, the deuterium is distributed irregularly: from 0,02–0,03 mol.% for river water and 

sea water, to 0,015 mol.% for water of Antarctic ice – the most purified from deuterium 

natural water containing in 1,5 times less deuterium than that of seawater. According to 

the international SMOW standard isotopic shifts for 2H and 18O in sea water: 2H/1H = 

(155,76±0,05).10-6 (155,76 ppm) and 18O/16O = (2005,20±0,45).10-6 (2005 ppm). For SLAP 

standard isotopic shifts for 2H and 18O in seawater make up 2H/1H = 89.10-6 (89 ppm) and 

for a pair of 18O/16O = 1894.10-6 (1894 ppm). In surface waters, the ratio 2H/1H = (1,32–

1,51).10-4, while in the coastal seawater – (1,55–1,56).10-4. The natural waters of CIS 

countries are characterized by negative deviations from SMOW standard to (1,0–1,5).10-5, 

in some places up to (6,0–6,7).10-5, but however there are also observed positive 

deviations at 2,0.10-5. 

The chemical structure of 2H2O molecule is analogous to that one for Н2O, with 

small differences in the length of the covalent H–O-bonds and the angles between them. 

The molecular mass of 2H2O exceeds on 10% that one for Н2O. The difference in nuclear 

masses stipulates the isotopic effects, which may be sufficiently essential for the 1H/2H pair 

[5]. As a result, physical-chemical properties of 2H2O differ from H2O: 2H2O boils at 

+101,44 0С, freezes at +3,82 0С, has maximal density at +11,2 0С (1,106 g/cm3) [6]. In 

mixtures of 2H2O with Н2O the isotopic exchange occurs with high speed with the 

formation of semi-heavy water (1H2HO): 2H2O + H2O = 1H2HO. For this reason deuterium 

presents in smaller content in aqueous solutions in form of 1Н2HO, while in the higher 

content – in form of 2H2O. The chemical reactions in 2H2O are somehow slower compared 

to Н2O. 2H2O is less ionized, the dissociation constant of 2H2O is smaller, and the solubility 

of the organic and inorganic substances in 2H2O is smaller compared to these ones in Н2О 
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[7]. Due to isotopic effects the hydrogen bonds with the participation of deuterium are 

slightly stronger than those ones formed of hydrogen. 

For a long time it was considered that heavy water was incompatible with life. 

Experiments with growing of cells of different organisms in 2H2O show toxic influence of 

deuterium. The high concentrations of 2H2O lead to the slowing down the cellular 

metabolism, mitotic inhibition of the prophase and in some cases – somatic mutations [8]. 

This is observed even while using natural water with an increased content of 2H2O or 

1H2HO [9]. Bacteria can endure up to 90 % (v/v) 2H2O, plant cells can develop normally in 

up to 75 % (v/v) 2H2O, while animal cells – up to not more than 30 % (v/v) 2H2O [10]. 

Further increase in the concentration of 2H2O for these groups of organisms leads to the 

cellular death [11], although isolated cell’s cultures suspended in pure 2H2O exert a strong 

radioprotective effect in 2H2O-solutions towards –radiation [12, 13]. On the contrary, 

deuterium depleted water with decreased deuterium content has benefitial effects on 

organism and stimulates the cellular metabolism [14]. 

With the development of new microbiological approaches, there appears an 

opportunity to use adapted to deuterium cells for preparation of deuterated natural 

compounds. The traditional method for production of deuterium labelled compounds 

consists in the growth on media containing maximal concentrations of 2H2O and 

deuterated substrates as [2H]methanol, [2H]glucose etc. [15, 16]. During growth of cells on 

2H2O are synthesized molecules of biologically important natural compounds (DNA, 

proteins, amino acids, nucleosides, carbohydrates, fatty acids), which hydrogen atoms at 

the carbon backbones are completely substituted with deuterium. They are isolated from 

deuterated biomass obtained on growth media with high 2H2O content and deuterated 

substrates with using a combination of physico-chemical methods of separation – 

hydrolysis, precipitation, extraction with organic solvents and chromatographic purification 

by column chromatography on different adsorbents. These deuterated molecules evidently 

undergo structural adaptational modifications necessary for the normal functioning in 2H2O. 

The adaptation to 2H2O is interested not only from scientific point, but allows obtain 

the unique biological material for the studying of molecular structure by 1H-NMR [17]. 

Trend towards the use of deuterium as an isotopic label are stipulated by the absence of 

radioactivity and possebility of determination the deuterium localization in the molecule by 

high resolution NMR spectroscopy [18], IR spectroscopy [19] and mass spectrometry [20]. 

The recent advances in technical and computing capabilities of these analytical methods 

have allowed to considerable increase the efficiency of de novo biological studies, as well 
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as to carry out structural-functional biophysical studies with deuterated molecules on a 

molecular level. 

This study is a continuation of our research into the adaptation to deuterium of 

various procaryotic and eucaryotic organisms. The purpose of our research was studying 

the influence of deuterium on the cells of different taxonomic groups of microorganisms 

and microalgae realizing methylotrophic, chemoheterotrophic, photo-organotrophic and 

photosynthetic pathways of carbon assimilation.   

EXPERIMENTAL PART 

MATERIAL AND METHODS 

Biological objects  

The objects of the study were various microorganisms, realizing methylotrophic, 

chemoheterotrophic, photo-organotrophic, and photosynthetic ways of assimilation of 

carbon substrates. The initial strains were obtained from the State Research Institute of 

Genetics and Selection of Industrial Microorganisms (Moscow, Russia): 

1. Brevibacterium methylicum B-5652, a leucine auxotroph Gram-positive strain of 

facultative methylotrophic bacterium, L-phenylalanine producer, assimilating methanol via 

the NAD+ dependent methanol dehydrogenase variant of ribulose-5-monophosphate cycle 

(RuMP) of carbon fixation. 

2. Bacillus subtilis B-3157, a polyauxotrophic for histidine, tyrosine, adenine, and 

uracil spore-forming aerobic Gram-positive chemoheterotrophic bacterium, inosine 

producer, realizing hexose-6-mono-phosphate (GMP) cycle of carbohydrates assimilation. 

3. Halobacterium halobium ET-1001, photo-organotrophic carotenoid-containing 

strain of extreme halobacteria, synthesizing the photochrome transmembrane protein 

bacteriorhodopsin. 

4. Chlorella vulgaris B-8765, photosynthesizing single-cell blue-green alga. 

Chemicals 

For preparation of growth media was used 2H2O (99,9 atom.%), 2HСl (95,5 аtom.%) 

and [2H]methanol (97,5 atom% 2H),  purchased from the “Isotope” Russian Research 

Centre (St. Petersburg, Russian Federation). Inorganic salts and D- and L-glucose 

(“Reanal”, Hungary) were preliminary crystallized in 2H2O and dried in vacuum before 

using. 2H2O was distilled over KMnO4 with the subsequent control of isotope enrichment 

by 1H-NMR-spectroscopy on a Brucker WM-250 device (“Brucker”, Germany) (working 

frequency: 70 MHz, internal standard: Me4Si). According to 1H-NMR, the level of isotopic 

purity of growth media usually was by 8–10 atom% lower than the isotope purity of the 

initial 2Н2О. 
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Growth media  

The following growth media were used (concentratioin of components are given in 

g/l): 

1. Minimal salt medium M9 for growth of the facultative methanol assimilating 

methylotrophic bacterium B. methylicum B-5662, supplemented with 2 % (v/v) 

[2Н]methanol and increasing gradient of 2Н2О concentration from 0; 24,5; 49,0; 73,5 up to 

98 % (v/v) 2Н2О: KH2PO4 – 3; Na2HPO4 – 6; NaCl – 0,5; NH4Cl – 1,0; L-leucine – 0,01.  

2. Hydrolysated medium HM1 for growth of the aerobic Gram-positive 

chemoheterotrophic bacterium B. subtilis B-3157, based on 2Н2О (89–90 atom% 2H) and 2 

% (w/v) hydrolysate of deuterated biomass of B. methylicum  B-5662 as a source of 2H-

labeled growth substrates: L-glucose – 120; hydrolysate of deuterated biomass of B. 

methylicum – 20, NH4NO3 – 20; MgSO4
.7H2O – 10; СаСО3 – 20; adenine – 0,01; uracil – 

0,01. As a control was used protonated medium containing 2 % (w/v) yeast protein–

vitamin concentrate (PVC).  

3. Hydrolysated medium HM2 for the growth of the extreme aerobic halobacterium 

Halobacterium halobium ET-1001 (based on 99,9 atom% 2H2O): NaCl - 250; MgSO4
.7H2O 

- 20; KCl - 2; CaCl2.
 6H2O – 0,065; sodium citrate – 0,5; hydrolyzate of deuterated biomass 

of B. methylicum B-5662 – 20; biotin – 1.10-4; folic acid – 1,5.10-4, vitamin B12 – 2.10-5. 

4. Tamiya medium for the growth of the photosynthetic green microalgae C. vulgaris 

B-8765 (based on 99,9 atom% 2H2O): KNO3 – 5,0; MgSO4
.7H2O – 2,5; KH2PO4 – 1,25; 

FeSO4 – 0,003; MnSO4
.2H2O – 3.10-4; CaCl2.6H2O – 0,065; ZnSO4

.7H2O – 4.10-5; 

CuSO4
.5H2O – 5.10-5, CoCl2.6H2O – 5.10-6). 

Growth conditions 

The cells were grown in 500 ml Erlenmeyer flasks containing 100 ml of the growth 

medium at +34 0С and vigorously aerated on an orbital shaker Biorad (“Biorad Labs”, 

Poland). Photo-organotrophic bacteria and blue-green algae were grown at illumination by 

fluorescent monochromatic lamps LDS-40-2 (40 W) ("Alfa-Electro", Russia). Growing of 

microalgae C. vulgaris was carried out at +34 0C in a photoreactor with CO2 bubbling. The 

bacterial growth was monitored on the ability to form individual colonies on the surface of 

solid 2 % (w/v) agarose media, as well as on the optical density of the cell suspension 

measured on a Beckman DU-6 spectrophotometer (“Beckman Coulter”, USA) at λ = 620 

nm. After 67 days the cells were harvested and separated by centrifugation (10000 g, 20 

min) on T-24 centrifuge ("Heracules", Germany). The biomass was washed with 2H2O and 

extracted with a mixure of organic solvents: chloroformmethanolacetone = 2:1:1, % (v/v) 

for isolating lipids and pigments. The resulting precipitate (1012 mg) was dried in vacuum 
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and used as a protein fraction, while the liquid extract  as a lipid fraction. The exogenious 

deuterated amino acids and ribonucleosides were isolated from culture liquids (CL) of 

appropriate strain-producers. Inosine was isolated from the CL of B. subtilis by 

adsorption/desorption on activated carbon as adsorbent with following extraction with 0,3 

M NH4-formate buffer (pH = 8,9), subsequent crystallization in 80 % (v/v) ethanol, and ion 

exchange chromatography (IEC) on a column with cation exchange resin AG50WX 4 

equilibrated with 0,3 M NH4-formate buffer and 0,045 M NH4Cl (output – 3,1 g/l (80 %); 

[]D20 = 1,61 (ethanol)). Bacteriorhodopsin was isolated from the purple membranes of 

photo-organotrophic halobacterium H. halobium by the method of D. Osterhelt, modificated 

by the authors, with using SDS as a detergent [21]. 

Protein hydrolysis 

Dry biomass (10 g) was treated with a chloroform–methanol–acetone mixture 

(2:1:1, % (v/v)) and supplemented with 5 ml of 6 N 2HCl (in 2H2О). The ampules were kept 

at 110 0С for ~24 h. Then the reaction mixture was suspended in hot 2H2О and filtered. 

The hydrolysate was evaporated at 10 mm Hg. Residual 2HCl was removed in an 

exsiccator over solid NaOH. 

Hydrolysis of intracellular policarbohydrates 

Dry biomass (50 mg) was placed into a 250 ml round bottomed flask, supplemented 

with 50 ml distilled 2H2О and 1,6 ml of 25 % (v/v) H2SO4 (in 2H2О), and boiled in a reflux 

water evaporator for ~90 min. After cooling, the reaction mixture was suspended in one 

volume of hot distilled 2H2О and neutralized with 1 N Ba(ОН)2 (in 2H2О) to pH = 7,0. BaSO4 

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 a Biotronic LC-5001 

(2303,2) column (“Eppendorf–Nethleler–Hinz”, Germany) with a UR-30 sulfonated 

styrene resin (“Beckman–Spinco”, USA) as a stationary phase; the temperature – 2025 

0C;  the mobile phase – 0,2 N sodium–citrate buffer (pH = 2,5); the granule diameter – 25 

μm; working pressure – 50–60 atm; the eluent input rate – 18,5 ml/h; the ninhydrin input 

rate – 9,25 ml/h; detection at λ = 570 and λ =  440 nm (for proline). 

Analysis of carbohydrates 

Carbohydrates were analyzed on a Knauer Smartline chromatograph (“Knauer”, 

Germany) equipped with a Gilson pump (“Gilson Inc.”, USA) and a Waters K 401 

refractometer (”Water Associates”, USA) using Ultrasorb CN column (25010 mm) as a 
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stationary phase; the temperature – 2025 0C; the mobile phase – acetonitrile–water 

(75:25, % (w/w); the granule diameter – 10 μm; the input rate – 0,6 ml/min. 

Analysis of fatty acids 

Fatty acids were analyzed on a Beckman Gold System (USA) chromatograph 

(2504,6 mm), equiped with Model 126 UV-Detector (USA), 2025 0C . Stationary phase – 

Ultrasphere ODS 5 m; mobile phase – linear gradient of 5 mM KH2PO4–acetonitrile; 

elution rate – 0,5 ml/min, detection at λ = 210 nm. 

Mass spectrometry 

For evaluation of deuterium enrichment levels EI and FAB mass spectrometry was 

used.  EI mass spectra were recorded on 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 0С) after amino acid modification into methyl esters of N-

5-dimethylamino(naphthalene)-1-sulfonyl (dansyl) amino acid derivatives according to an 

earlier elaborated protocol. FAB-mass spectra were recorded on a VG-70 SEQ 

chromatograph (“Fisons VG Analytical”, USA) equipped with a cesium Cs+ source on a 

glycerol matrix with accelerating voltage 5 kV and ion current 0,6–0,8 mA. Calculation of 

deuterium enrichment of the molecules was carried out using the ratio of contributions of 

molecular ion peaks of deuterated compounds extracted on 2H2O-media relative to the 

control obtained on H2O. 

Scanning electron microscopy (SEM) 

SEM was carried out on JSM 35 CF (JEOL Ltd., Korea) device, equiped with SE 

detector, thermomolecular pump, and tungsten electron gun (Harpin type W filament, DC 

heating); working pressure – 10-4 Pa (10-6 Torr); magnification – 150,000, resolution – 3,0 

nm, accelerating voltage – 1–30 kV; sample size – 60–130 mm. 

IR-spectroscopy 

IR-spectroscopy was performed on Brucker Vertex spectrometer (“Brucker”, 

Germany) (spectral range: average IR – 370–7800 cm-1; visible – 2500–8000 cm-1; the 

permission – 0,5 cm-1; accuracy of wave number – 0,1 cm-1 on 2000 cm-1). 

RESULTS AND DISCUSSION 

Numerous studies with various biological objects in 2H2O proved that when 

biological objects are exposed to water with different deuterium content, their reaction 

varies depending on the isotopic composition of water (the content of deuterium in water) 

and magnitude of isotope effects determined by the difference of constants of chemical 

reactions rates kH/kD in H2O and 2H2O. The maximum kinetic isotopic effect observed at 

ordinary temperatures in chemical reactions leading to rupture of bonds involving 
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hydrogen and deuterium atoms lies in the range kH/kD = 5–8 for C–H versus C–2H, N–2H 

versus N–2H, and O–2H versus O–2H-bonds [22]. Isotopic effects have an impact not only 

on the physical and chemical properties of deuterated macromolecules in which H atoms 

are substituted with 2H atoms, but also on the biological behaviour of biological objects in 

2H2O. Experiments with 2H2O have shown, that green algae is capable to grow on 70 % 

(v/v) 2H2O, methylotrophic bacteria – 75 % (v/v) 2H2O, chemoheterotrophic bacteria – 82 % 

(v/v) 2H2O, and photo-organotrophic halobacteria – 95 % (v/v) 2H2O (Fig. 1). 

In the course of the experiment were obtained adapted to the maximum 

concentration of 2H2O cells belonging to different taxonomic groups of microorganisms, 

realizing methylotrophic, chemoheterotrophic, photo-organotrophic and photosynthetic 

pathways of assimilation of carbon substrata, as facultative methylotrophic bacterium B. 

methylicum, chemoheterotrophic bacterium B. subtilis, halobacterium H. halobium and 

green algae C. vulgaris. 

Selection of methanol-assimilating facultative methylotrophic bacterium B. 

methylicum was connected with the development of new microbiological strategies for 

preparation of deuterated biomass via bioconversion of [2H]methanol and 2H2O and its 

further use as a source of deuterated growth substrates for the growing other strains-

producers in 2H2O. 
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Fig. 1 – Cell survival of various microorganisms in water with different deuterium content 

(%, v/v) 
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Choosing of photo photo-organotrophic halobacterium H. halobium was stipulated 

by the prospects of further isolation of retinal containing transmembrane protein 

bacteriorhodopsin (BR) – chromoprotein of 248 amino acid residues, containing as a 

chromophore an equimolar mixture of 13-cis-and 13-trans C20 carotenoid associated with 

a protein part of the molecule via a Lys-216 residue [23]. BR performs in the cells of 

halobacteria the role of ATP-dependent translocase, which creates an electrochemical 

gradient of H+ on the surface of the cell membrane, which energy is used by the cell for the 

synthesis of ATP in the anaerobic photosynthetic phosphorylation. 

Using chemoheterotrophic bacterium B. subtilis was determined by preparative 

isolation produced by this bacterium deuterated ribonucleoside – inosine (total deuteration 

level 65,5 atom.% 2H) for biomedical use [24], and the use of photosynthetic blue-green C. 

vulgaris was stipulated by the study of biosynthesis of deuterated chlorophyll and 

carotenoid pigments (deuteration level 95–97 atom.% 2H) on growth media with high 2H2O-

content.  

Our studies indicated that the ability of adaptation to 2Н2О for different taxonomic 

groups of microorganisms is different, and stipulated by taxonomic affiliation, metabolic 

characteristics, pathways of assimilation of substrates, as well as by evolutionary niche 

occupied by the object. Thus, the lower the level of evolutionary organization of the 

organism, the easier it adapted to the presence of deuterium in growth media. Thus, most 

primitive in evolutionary terms (cell membrane structure, cell organization, resistance to 

environmental factors) of the studied objects are photo-organotrophic halobacteria related 

to archaebacteria, standing apart from both prokaryotic and eukaryotic microorganisms, 

exhibiting increased resistance to 2Н2О and practically needed no adaptation to 2Н2О, 

contrary to blue-green algae, which, being eukaryotes, are the more difficult adapted to 

2Н2О and, therefore, exhibit inhibition of growth at 70–75 % (v/v) 2H2О. 

The composition of growth media evidently also plays an important role in process 

of adaptation to 2Н2О, because the reason of inhibition of cell growth and cell death can be 

changes of the parity ratio of synthesized metabolites in 2Н2О-media: amino acids, 

proteins and carbohydrates. It is noted that adaptation to 2Н2О occures easier on complex 

growth media than on the minimal growth media with full substrates at a gradual 

increasing of deuterium content in the growth media, as the sensitivity to 2Н2О of different 

vital systems is different. As a rule, even highly deuterated growth media contain 

remaining protons 0,2–10,0 atom.%. These remaining protons facilitate the restructuring 

to the changed conditions during the adaptation to 2Н2О, presumably integrating into those 
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sites, which are the most sensitive to the replacement of hydrogen by deuterium. The 

evidence has been obtained that cells evidently are able to regulate the 2Н/1H ratios, while 

its changes trigger distinct molecular processes. One possibility to modify intracellular 

2Н/1H ratios is the activation of the H+-transport system, which preferentially eliminates H+, 

resulting in increased 2Н/1H ratios within cells. Furthermore deuterium induces 

physiological, morphological and cytological alterations on the cell. There were marked the 

significant differences in the morphology of the protonated and deuterated cells of green 

algae C. vulgaris. Cells grown on 2Н2О-media were 2–3 times larger in size and had 

thicker cell walls, than the control cells grown on a conventional protonated growth media 

with ordinary water, the distribution of DNA in them was non-uniform. In some cases on on 

the surface of cell membranes may be observed areas consisting of tightly packed pleats 

of a cytoplasmic membrane resembling mezosoms – intracytoplasmic bacterial membrane 

of vesicular structure and tubular form formed by the invasion of cytoplasmic membrane 

into the cytoplasm (Fig. 2). It is assumed that mezosoms involved in the formation of cell 

walls, replication and segregation of DNA, nucleotides and other processes. There is also 

evidence that the majority number of mezosoms being absent in normal cells is formed by 

a chemical action of some external factors – low and high temperatures, fluctuation of pH 

and and other factors. Furthermore, deuterated cells of C. vulgaris were also characterized 

by a drastic change in cell form and direction of their division. The observed cell division 

cytodieresis did not end by the usual divergence of the daughter cells, but led to the 

formation of abnormal cells, as described by other authors [25]. The observed 

morphological changes associated with the inhibition of growth of deuterated cells were 

stipulated by the cell restructuring during the process of adaptation to 2Н2О. The fact that 

the deuterated cells are larger in size (apparent size was of 2–4 times larger than the size 

of the protonated cells), apparently is a general biological phenomenn proved by growing a 

number of other adapted to 2Н2О prokaryotic and eukaryotic cells. 

Our data generally confirm a stable notion that adaptation to 2Н2О is a phenotypic 

phenomenon as the adapted cells eventually return back to the normal growth after some 

lag-period after their replacement back onto H2O-medium. However, the effect of reversion 

of growth on H2O/2Н2О media does not exclude an opportunity that a certain genotype 

determines the manifistation of the same 
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Fig. 2 – Electron micrographs of Micrococcus lysodeikticus cells obtained by SEM 

method: a) – protonated cells obtained on H2O-medium; b) – deuterated cells obtained on 

2Н2О-medium. The arrows indicate the tightly-packed portions of the membranes 

 

phenotypic attribute in 2Н2О-media with high deuterium content. At placing a cell onto 

2Н2О-media lacking protons, not only 2Н2О is removed from a cell due to isotopic (1H–2Н) 

exchange, but also there are occurred a rapid isotopic (1H–2Н) exchange in hydroxyl (-

OH), sulfohydryl (-SH) and amino (-NH2) 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 (1H–2Н) exchange and, 

thereof only molecules with bonds such as C–2Н can be synthesized de novo. Depending 

on the position of the deuterium atom in the molecule, there are distinguished primary and 

secondary isotopic effects mediated by intermolecular interactions. In this aspect, the most 

important for the structure of macromolecules are dynamic short-lived hydrogen 
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(deuterium) bonds formed between the electron deficient 1H(2Н) atoms and adjacent 

electronegative O,C,N,S- heteroatoms in the molecules, acting as acceptors of H-bond. 

The hydrogen bond, based on weak electrostatic forces, donor-acceptor interactions with 

charge-transfer and intermolecular van der Waals forces, is of the vital importance in the 

chemistry of intermolecular interactions and maintaining the spatial structure of 

macromolecules in aqueous solutions. Another important property is defined by the three-

dimensional structure of 2Н2О molecule having the tendency to pull together hydrophobic 

groups of macromolecules to minimize their disruptive effect on the hydrogen (deuterium)-

bonded network in 2Н2О. This leads to stabilization of the structure of protein and nucleic 

acid macromolecules in the presence of 2Н2О. That is why, the structure of 

macromolecules of proteins and nucleic acids in the presence of 2Н2О stabilized [26]. 

Evidently the cell implements special adaptive mechanisms promoting the functional 

reorganization of vital systems in 2Н2О. Thus, for the normal synthesis and function in 

2Н2О of such vital compounds as nucleic acids and proteins contributes to the 

maintenance of their structure by forming hydrogen (deuterium) bonds in the molecules. 

The bonds formed by deuterium atoms are differed in strength and energy from similar 

bonds formed by hydrogen. Somewhat greater strength of 2Н–O bond compared to 1H–O 

bond causes the differences in the kinetics of reactions in H2O and 2Н2О. Thus, according 

to the theory of a chemical bond the breaking up of сovalent 1H–C bonds can occur faster 

than C–2Н bonds, the mobility of 2Н3O+ ion is lower on 28,5 % than Н3O+ ion, and О2Н- ion 

is lower on 39,8 % than OH- ion, the constant of ionization of 2Н2О is less than that of H2O. 

These chemical-physical factors lead to slowing down in the rates of enzymatic reactions 

in 2H2О [27]. However, there are also such reactions which rates in 2Н2О are higher than in 

H2O. In general these reactions are catalyzed by 2Н3O+ or H3O+ ions or O2Н- and OH- ions. 

The substitution of 1H with 2Н affects the stability and geometry of hydrogen bonds in an 

apparently rather complex way and may through the changes in the hydrogen bond zero-

point vibration energies, alter the conformational dynamics of hydrogen (deuterium)-

bonded structures of DNA and proteins in 2Н2О. It may cause disturbances in the DNA-

synthesis during mitosis, leading to permanent changes on DNA structure and 

consequently on cell genotype [28]. Isotopic effects of deuterium, which would occur in 

macromolecules of even a small difference between hydrogen and deuterium, would 

certainly have the effect upon the structure. The sensitivity of enzyme function to the 

structure and the sensitivity of nucleic acid function (genetic and mitotic) would lead to a 

noticeable effect on the metabolic pathways and reproductive behaviour of an organism in 

the presence of 2Н2О. And next, the changes in dissociation constants of DNA and protein 
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ionizable groups when transferring the macromolecule from H2O into 2Н2О may perturb the 

charge state of the DNA and protein molecules. All this can cause variations in nucleic 

acid synthesis, which can lead to structural changes and functional differences in the cell 

and its organelles. Hence, the structural and dynamic properties of the cell membrane, 

which depends on qualitative and quantitative composition of membrane’s fatty acids, can 

also be modified in the presence of 2Н2О. The cellular membrane is one of the most 

important organelles in the bacteria for metabolic regulation, combining apparatus of 

biosynthesis of polysaccharides, transformation of energy, supplying cells with nutrients 

and involvement in the biosynthesis of proteins, nucleic acids and fatty acids. Obviously, 

the cell membrane plays an important role in the adaptation to 2Н2О. But it has been not 

clearly known what occurs with the membranes  how they react to the replacement of 

protium to deuterium and how it concerns the survival of cells in 2Н2О-media devoid of 

protons. 

Comparative analysis of the fatty acid composition of deuterated cells of 

chemoheterotrophic bacteria B. subtilis, obtained on the maximum deuterated medium 

with 99,9 atom.% 2Н2О, carried out by HPLC method, revealed significant quantitative 

differences in the fatty acid composition compared to the control obtained in ordinary water 

(Fig. 3a, b). Characteristically, in a deuterated sample fatty acids having retention times at 

33,38; 33,74; 33,26 and 36,03 min are not detected in HPLC-chromatogram (Fig. 3b).  
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Fig. 3 – HPLC-chromatograms of fatty acids obtained from protonated (a) and 
deuterated (b) cells of B. subtilis on the maximally deuterated 2Н2О-medium: Beckman 

Gold System (Beckman, USA) chromatograph (4,6250 mm); stationary phase: 

Ultrasphere ODS, 5 m; mobile phase: linear gradient 5 mM KH2PO4–acetonitrile (shown 
in phantom), elution rate: 0,5 ml/min, detection at λ = 210 nm. The peaks with retention 
time 3,75 min (instead of 3,74 minutes in the control); 4,10; 4,27; 4,60 (instead of 4,08; 
4,12; 4,28 in the control), 5,07 (instead of 4,98 in control) 12,57; 12,97 (instead of 12,79; 
13,11; 13,17 in control); 14,00 (instead of 14,59 in the control); 31,87 (instead of 31,83 in 
the control); 33,38; 33,74; 33,26; 36,03; 50,78; 50,99 (instead of 51,03; 51,25 for control) 
correspond to individual intracellular fatty acids 

 

This result is apparently due to the fact that the cell membrane is one of the first cell 

organelles, sensitive to the effects of 2Н2О, and thus compensates the changes in 

rheological properties of a membrane (viscosity, fluidity, structuredness) not only by 

quantitative but also by qualitative composition of membrane fatty acids. Similar situation 

was observed with the separation of other natural compounds (proteins, amino acids, 

carbohydrates) extracted from deutero-biomass obtained from maximally deuterated 2Н2О-

medium. 

Amino acid analysis of protein hydrolysates isolated from deuterated cells of B. 

subtilis also revealed the differences in quantitative composition of amino acids 

synthesized in 2Н2О-medium (Fig. 4). Protein hydrolyzates contains fifteen identified amino 

acids (except proline, which was detected at λ = 440 nm) (Table 1). An indicator that 

determines a high efficiency of deuterium inclusion into amino acid molecules of protein 

hydrolyzates are high levels of deuterium enrichment of amino acid molecules, which are 

varied from 50 atom.% for leucine/isoleucine to 97,5 atom.% for alanine. 

Qualitative and quantitative composition of the intracellular carbohydrates of B. 

subtilis obtained on maximally deuterated 2Н2О-medium is shown in Table 2 (the 
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numbering is given to the sequence of their elution from the column) contained 

monosaccharides (glucose, fructose, rhamnose, arabinose), disaccharides (maltose, 

sucrose), and four other unidentified carbohydrates with retention time 3,08 min (15,63 %); 

4,26 min (7,46 %); 7,23 min (11,72 %) and 9,14 min (7,95 %) (not shown) (Fig. 5). Yield of 

glucose in deuterated sample makes up 21,4 % by dry weight, i.e. higher than for fructose 

(6,82 %), rhamnose (3,47 %), arabinose (3,69 %), and maltose (11,62 %). Their outputs 

are not significantly different from the control in H2O except for sucrose in deuterated 

sample that was not detected (Table 2). The deuterium enrichment levels of carbohydrates 

were varied from 90,7 atom.% for arabinose to 80,6 atom.% for glucose. 

 

 

Fig. 4 – Ion exchange chromatograms of amino acids obtained from hydrolizates of 

protonated (a) and deuterated (b) cells of B. subtilis on the maximally deuterated 2H2O-

medium: Biotronic LC-5001 (2303,2 mm) column (“Eppendorf–Nethleler–Hinz”, 

Germany); stationary phase: UR-30 sulfonated styrene resin (“Beckman–Spinco”, USA); 

25 μm; 50–60 atm; mobile phase: 0,2 N sodium–citrate buffer (pH = 2,5); the eluent input 

rate: 18,5 ml/h; the ninhydrin input rate: 9,25 ml/h; detection at λ = 570 and λ = 440 nm (for 

proline). 



 15 

Table 1  

Amino acid composition of the protein hydrolysates of B. subtilis, obtained on the 

maximum deuterated medium and levels of deuterium enrichment of molecules* 

Amino acid Yield, % (w/w) dry weight per 
1 gram of biomass 
 

Number of 
deuterium 
atoms 
incorporated 
into the 
carbon 
backbone of a 
molecule** 

Level of deuterium 
enrichment of 
molecules, % of 
the total number of 
hydrogen atoms*** 

Protonated 
sample 
(control) 

The sample 
obtained in 
99,9 atom.% 
2Н2О  

Glycine 8,03 9,69 2 90,0 

Alanine 12,95 13,98 4 97,5 

Valine 3,54 3,74 4 50,0 

Leucine 8,62 7,33 5 50,0 

Isoleucine 4,14 3,64 5 50,0 

Phenylalanine 3,88 3,94 8 95,0 

Tyrosine 1,56 1,83 7 92,8 

Serine 4,18 4,90 3 86,6 

Threonine 4,81 5,51   

Methionine 4,94 2,25   

Asparagine 7,88 9,59 2 66,6 

Glutamic acid 11,68 10,38 4 70,0 

Lysine 4,34 3,98 5 58,9 

Arginine 4,63 5,28   

Histidine 3,43 3,73   

Notes: 

* The data obtained by mass spectrometry for the methyl esters of N-5-(dimethylamino) 

naphthalene-1-sulfonyl chloride (dansyl) amino acid derivatives. 

** While calculating the level of deuterium enrichment protons (deuterons) at the carboxyl 

(COOH-) and NH2-groups of amino acid molecules are not taken into account because of 

their easy dissociation in H2O/2Н2О 

*** A dash means absence of data. 
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Fig. 5 – HPLC-chromatograms of intracellular carbohydrates obtained from 

protonated (a) and deuterated (b) cells of B. subtilis on the maximally deuterated 2Н2О-

medium: Knauer Smartline chromatograph (25010 mm) (“Knauer”, Germany); stationary 

phase: Ultrasorb CN; 10 μm; mobile phase: acetonitrile–water (75:25, % (w/w); the input 

rate: 0,6 ml/min 

 

In conclusion it should be noted that comparative analysis of IR-spectra of H2O solutions 

and its deuterated analogues (2Н2О, H2НO) is of considerable interest for biophysical 

studies, because at changing of the atomic mass of hydrogen by deuterium atoms in H2O 

molecule their interaction will also change, although the electronic structure of the 

molecule and its ability to form H-bonds, however, remains the same. The local maximums 

in IR-spectra reflect vibrational-rotational transitions in the ground electronic state; the 

substitution with deuterium changes the vibrational-rotational transitions in H2O molecule, 

that is why it apear other local maximums in IR-spectra. In the water vapor state, the 

vibrations involve combinations of symmetric stretch (v1), asymmetric stretch (v3) and 

bending (v2) of the covalent bonds with absorption intensity (H2O) v1;v2;v3 = 2671; 1178,4; 

2787,7 cm-1. For liquid water absorption bands are observed in other regions of the IR- 

spectrum, the most intense of which are located at 2100, cm-1 and 710-645 cm-1. For 2Н2О 

molecule these ratio compiles 2723,7; 1403,5 and 3707,5 cm-1, while for H2НО molecule – 

2671,6; 1178,4 and 2787,7 cm-1. H2НO (50 mole% H2O + 50 mole% 2Н2О; ~50 % H2НO, 

~25 % H2O, ~25 % 2Н2О) has local maxima in IR-spectra at 3415 cm-1, 2495 cm-1 1850 

cm-1 and 1450 cm-1 assigned to OH- -stretch, O2Н- -stretch, as well as combination of 

bending and libration and H2НO bending respectively. 
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Table 2  

Qualitative and quantitative composition of intracellular carbohydrates of B. subtilis 

obtained on the maximally deuterated medium and levels of deuterium enrichment of 

molecules* 

Carbohydrate Content in the biomass, % of the dry weight 

of 1 g biomass 

Level of deuterium 

enrichment, % of the 

total number of 

hydrogen atoms*** 

Protonated sample 

(control) 

The sample obtained 

in 99,9 atom.% 

2Н2О** 

Glucose 20,01 21,40 80,6 

Fructose 6,12 6,82 85,5 

Rhamnose 2,91 3,47 90,3 

Arabinose 3,26 3,69 90,7 

Maltose 15,30 11,62  

Sucrose 8,62 ND  

Notes:  

* The data were obtained by IR-spectroscopy 

** ND  not detected 

** A dash means the absence of data. 

 

In the IR-spectrum of liquid water absorbance band considerably broadened and 

shifted relative to the corresponding bands in the spectrum of water vapor. Their position 

depends on the temperature [29]. The temperature dependence of individual spectral 

bands of liquid water is very complex [30]. Furthermore, the complexity of the IR-spectrum 

in the area of OH- stretching vibration can be explained by the existence of different types 

of H2O associations, manifestation of overtones and composite frequencies of OH- groups 

in the hydrogen bonds, and the tunneling effect of the proton (for relay mechanism) [31]. 

Such complexity makes it difficult to interpret the spectrum and partly explains the 

discrepancy in the literature available on this subject. 

In liquid water and ice the IR-spectra are far more complex than those ones of the 

vapor due to vibrational overtones and combinations with librations (restricted rotations, 

i.g. rocking motions). These librations are due to the restrictions imposed by hydrogen 

bonding (minor L1 band at 395,5 cm-1; major L2 band at 686,3 cm-1; for liquid water at 0 0C, 

the absorbance of L1 increasing with increasing temperature, while L2 absorbance 

decreases but broadens with reduced wave number with increasing temperature [32]. The 
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IR spectra of liquid water usually contain three absorbance bands, which can be identified 

on absorption band of the stretching vibration of OH- group; absorption band of the first 

overtone of the bending vibration of the molecule H2НO and absorption band of stretching 

vibration of O2Н- group. Hydroxyl group OH- is able to absorb much infrared radiation in 

the infrared region of the IR-spectrum. Because of its polarity, these groups typically react 

with each other or with other polar groups to form intra-and intermolecular hydrogen 

bonds. The hydroxyl groups, which are not involved in formation of hydrogen bonds, 

usually produce the narrow bands in IR spectrum, while the associated groups – broad 

intense absorbance bands at lower frequencies. The magnitude of the frequency shift is 

determined by the strength of the hydrogen bond. Complication of the IR spectrum in the 

area of OH- stretching vibrations can be explained by the existence of different types of 

associations of H2O molecules, a manifestation of overtones and combination frequencies 

of OH- groups in hydrogen bonding, as well as the proton tunneling effect (on the relay 

mechanism).  

Assignment of main absorbtion bands in the IR-spectrum of liquid water is given in 

the Table 3. The IR spectrum of H2O molecule was examined in detail from the microwave 

till the middle (4–17500 cm-1) visible region and the ultraviolet region – from 200 nm-1 to 

the ionization limit 98 nm-1. In the middle visible region at 4–7500 cm-1 are located the 

rotational spectrum and the bands corresponding to the vibrational-rotational transitions in 

the ground electronic state. In the ultraviolet region (200 nm-1 to 98 nm-1) are located 

bands corresponding to transitions from the excited electronic states close to the ionization 

limit in the electronic ground state. The intermediate region of the IR-spectrum – from 570 

nm to 200 nm corresponds to transitions to higher vibrational levels of the ground 

electronic state.  

At the transition from H2O monomers to H2O dimmer and H3O trimmer absorption 

maximum of valent stretching vibrations of the O–H bond is shifted toward lower 

frequencies (v3 = 3490 cm-1 and v1 = 3280 cm-1) and the bending frequency is increased 

(v2 = 1644 cm-1) because of hydrogen bonding. The increased strength of hydrogen 

bonding typically shifts the stretch vibration to lower frequencies (red-shift) with greatly 

increased intensity in the infrared due to the increased dipoles. In contrast, for the 

deformation vibrations of the H–O–H, it is observed a shift towards higher frequencies. 

Absorption bands at 3546 and 3691 cm-1 were attributed to the stretching modes of the 

dimer [(H2O)2]. These frequencies are significantly lower than the valence modes of ν1 and 

ν3 vibrations of isolated H2O molecules at 3657 and 3756 cm-1 respectively). 
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Table 3  

The assignment of main frequencies in IR-spectra of liquid H2O and 2Н2О 

Main vibrations of liquid H2O and 2Н2О 

Vibration(s) H2O (t = +25 0C) 2Н2О (t = +25 0C) 

v, cm-1 E0, M-1 cm-1 v, cm-1 E0, M-1 cm-1 

Spinning ν1 + 

deformation ν 2 

780-1645 21,65 1210 17,10 

Composite ν1 + ν2 2150 3,46 1555 1,88 

Valence 

symmetrical ν1, 

valence 

asymmetrical ν3, 

and overtone 2ν2 

3290-3450 100,65 2510 69,70 

 

The absorbtion band at 3250 cm-1 represents overtones of deformation vibrations. 

Among frequencies between 3250 and 3420 cm-1 is possible Fermi resonance (this 

resonance is a single substitution of intensity of one fluctuation by another fluctuation 

when they accidentally overlap each other). The absorption band at 1620 cm-1 is attributed 

to the deformation mode of the dimer. This frequency is slightly higher than the 

deformation mode of the isolated H2O molecule (1596 cm-1). A shift of the band of 

deformation vibration of water in the direction of high frequencies at the transition from a 

liquid to a solid atate is attributed by the appearance of additional force, preventing O–H 

bond bending. Deformation absorption band in IR-spectum of water has a frequency at 

1645 cm-1 and weak temperature dependence. It changes little in the transition to the 

individual H2O molecule at a frequency of 1595 cm-1. This frequency is found to be 

sufficiently stable, while all other frequencies are greatly affected by temperature changes, 

the dissolution of the salts and phase transitions. It is believed that the persistence of 

deformation oscillations is stipulated by processes of intermolecular interactions, i.g. by the 

change in bond angle as a result of interaction of H2O molecules with each other, as well 

as with cations and anions. 

Thus the study of the characteristics of the IR spectrum of water allows to answer the 

question not only on the physical parameters of the molecule and the covalent bonds at 

isotopic substitution with deuterium, but also to make a certain conclusion on associative 

environment in water. The latter fact is important in the study of structural and functional 
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properties of water assotiates and its isotopomers at the isotopic substitution with 

deuterium. 

CONCLUSIONS 

The experimental data demonstrated that the effects observed at the cellular growth 

on 2Н2О-media possess a complex multifactor character stipulated by changes of 

morpholodical, cytological and physiological parameters, a ratio of amino acids, protein, 

carbohydrates and fatty acids synthesized in 2Н2О, and with an evolutionary level of 

organization of investigated object as well. The cell evidently implements the special 

adaptive mechanisms promoting functional reorganization of work of the vital systems in 

the presence of 2Н2О. Thus, the most sensitive to replacement of 1Н on 2Н 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 the consideration of adaptation to 2Н2О 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 deuterated macromolecules.  

 

STRUCTURAL MODELS OF WATER DESCRIBING WATER ASSOCIATIVE 

ELEMENTS (CLUSTERS) 

 

Introduction 

 

Water with its anomalous physical and chemical properties outranks all other natural 

substances on the Earth. The ancient philosophers considered water as the most 

important component of the matter. It performs a vital role in numerous biochemical and 

metabolic processes occurring in cells with participation of water, being a universal polar 

solvent for hydrophilic molecules having an affinity for water. Hydroxyl groups (-OH) in 

H2O molecule, are polar and therefore hydrophilic. Moreover water act as a reagent for a 

big number of chemical reactions (hydrolysis, oxidation-reduction reactions). In chemical 

processes water due to its high ionizing ability possesses strong amphoteric properties, 

and can act both as an acid and a base in reactions of chemical exchange. 

Modern science has confirmed the role of water as a universal life sustaining 

component, which defines the structure and properties of inorganic and organic objects, 

consisted from water. The recent development of molecular and structural-chemical 
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concepts has enabled to clarify an explanation of ability of water molecules to form the 

short-lived hydrogen bonds with neighbour molecules and many other chemical 

substances to bond them into intermolecular associates. It has also become clear the role 

of bounded water in forming hydrated substances and their physicochemical conduct in 

aqueous solutions.  

The great scientific and practical interest have the studies of a variety of specific 

supramolecular structures – cyclic water clusters described by general formula (H2O)n, 

which may be calculated and studied with the help of modern numerical computing 

methods. The clusters are also important for studying the structure of water and hydration 

phenomena at molecular level since they form the basic building blocks of the hydrated 

substances. This paper deals with studying the mathematical modeling of the water 

structure and water associates.  

 

Results and Discussion 

 

Nature of hydrogen bond in water and ice 

 

The peculiarities of chemical structure of Н2О molecule and weak bonds caused by 

electrostatic forces and donor-acceptor interaction between hydrogen and oxygen atoms 

in Н2О molecules create favorable conditions for formation of directed intermolecular 

hydrogen bonds (О–Н…О) with neighboring Н2О molecules, binding them into complex 

intermolecular associates which composition represented by general formula (H2O)n, 

where n can vary from 3 to 50 units [1]. The hydrogen bond – a form of association 

between the electronegative O oxygen atom and a H hydrogen atom, covalently bound to 

another electronegative O oxygen atom, is of vital importance in the chemistry of 

intermolecular interactions, based on weak electrostatic forces and donor-acceptor 

interactions with charge-transfer [2]. It results from interaction between electron-deficient 

H-atom of one Н2О molecule (hydrogen donor) and unshared electron pair of an 

electronegative O-atom (hydrogen acceptor) on the neighboring Н2О molecule; the 

structure of hydrogen bonding, therefore may be defined as О...Н+–О-. As the result, the 

electron of the H-atom due to its relatively weak bond with the proton easily shifts to the 

electronegative O-atom. The O-atom with increased electronegativity becomes partly 

negatively charged – -, while the Н-atom on the opposite side of the molecule becomes 

positively charged – +, that leads to the polarization of О-–Н+ of the covalent bond. In this 

process the proton becomes almost bared, and due to the electrostatic attraction forces 
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are provided good conditions for convergence of O…O or О…Н atoms, leading to the 

chemical exchange of a proton in the reaction O–H...O  O...H–O. Although this 

interaction is essentially compensated by mutual repulsion of the molecules’ nuclei and 

electrons, the effect of the electrostatic forces and donor-acceptor interactions for Н2О 

molecule compiles 5–10 kcal per 1 mole of substance. It is explained by negligible small 

atomic radius of hydrogen and shortage of inner electron shells, which enables the 

neighbour H2O molecule to approach the hydrogen atom of another molecule at very close 

distance without experiencing any strong electrostatic repulsion. 

The Н2О molecule has four sites of hydrogen bonding – two uncompensated positive 

charges at hydrogen atoms and two negative charges at the oxygen atom. Their mutual 

disposition is characterized by direction from the centre of regular tetrahedron (nucleus of 

oxygen atom) towards its vertexes. This allows to one Н2О molecule in condensed state to 

form up to 4 classical hydrogen bonds, two of which are donor bonds and the other two – 

acceptor ones (taking into consideration bifurkate (“two-forked”) hydrogen bond – 5) [3]. 

A hydrogen bond according to Bernal–Fowler rules [4] is characterized by the 

following parameters: 

1) An oxygen atom of each Н2О molecule is bound with four neighbour hydrogen 

atoms: by covalent bonding with two own hydrogen atoms, and by hydrogen bonding – 

with two neighbour hydrogen atoms (as in the crystalline structure of ice); each hydrogen 

atom in its turn is bound with oxygen atom of neighbour Н2О molecule; 

2) On the line of oxygen atom – there can be disposed only one proton Н+; 

3) The proton, which takes part in hydrogen bonding situated between two oxygen 

atoms, therefore has two equilibrium positions: it can be located near its oxygen atom at 

approximate distance of 1,0 Å, and near the neighbour oxygen atom at the distance of 1,7 

Å as well, hence both a usual dimmer HO–H...OH2 and an ion pair HO...H–OH2 may be 

formed during hydrogen bonding, i.e. the hydrogen bond is part electrostatic (90 %) and 

part (10 %) covalent [5]. The state of “a proton near the neighbour oxygen” is typical for 

the interphase boundary, i.e. near water-solid body or water–gas surfaces; 

4) The hydrogen bonding of a triad О–Н...О possess direction of the shorter O–H () 

covalent bond; the donor hydrogen bond tends to point directly at the acceptor electron 

pair (this direction means that the hydrogen atom being donated to the oxygen atom 

acceptor on another H2O molecule). 

The most remarkable peculiarity of hydrogen bond, however, consists in its relatively 

low strength; it is 5–10 times weaker than chemical covalent bond [6]. In respect of energy 

hydrogen bond has an intermediate position between covalent bonds and intermolecular 



 23 

van der Waals forces, based on dipole-dipole interactions, holding the neutral molecules 

together in gasses or liquefied or solidified gasses. Hydrogen bonding produces 

interatomic distances shorter than the sum of van der Waals radii, and usually involves a 

limited number of interaction partners. These characteristics become more substantial 

when acceptors bind H-atoms from more electronegative donors. Hydrogen bonds hold 

H2O molecules on 15 % closer than if water was a simple liquid with van der Waals 

interactions. The hydrogen bond energy compiles 5–10 kcal/mole, while the energy of О–

Н covalent bonds in H2O molecule – 109 kcal/mole [7]. The values of the average energy 

(∆EH...O) of hydrogen Н…О-bonds between H2O molecules make up 0,1067 ± 0,0011 eV 

[8]. With fluctuations of water temperature the average energy of hydrogen H...O-bonds in 

of water molecule associates changes. That is why hydrogen bonds in liquid state are 

relatively weak and unstable: it is thought that they can easily form and disappear as the 

result of temperature fluctuations [9].  

Another key feature of hydrogen bond consists in its cooperativity coupling. Hydrogen 

bonding leads to the formation of the next hydrogen bond and redistribution of electrons, 

which in its turn promotes the formation of the following hydrogen bond, which length 

increasing with distance. Cooperative hydrogen bonding increases the O–H bond length, 

at the same time causing a reduction in the H…O and O…O distances. The protons held 

by individual H2O molecules may switch partners in an ordered manner within hydrogen 

networks [10]. As the result, aqueous solutions may undergo autoprotolysis, i.e. the H+ 

proton is released from Н2О molecule and then transferred and accepted by the neighbour 

Н2О molecule resulting in formation of hydronium ions as Н3О+, Н5О2
+, Н7О3

+, Н9О4
+, etc. 

This leads to the fact, that water should be considered as associated liquid composed from 

a set of individual H2O molecules, linked together by hydrogen bonds and weak 

intermolecular van der Waals forces [11].  The simplest example of such associate can be 

a dimmer of water: 

 

(H2O)2 = H2O…HOH 

 

The energy of the hydrogen bonding in the water dimmer is 0,2 eV (5 kcal/mol), 

which is larger than the energy of thermal motion of the molecules at the temperature of 

300 K. Hydrogen bonds are easily disintegrated and re-formed through an interval of time, 

which makes water structure quite unstable and changeable. This process leads to 

structural inhomogeneity of water characterizing it as an associated heterogeneous two-

phase liquid with short-range ordering, i.e. with regularity in mutual positioning of atoms 
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and molecules, which reoccurs only at distances comparable to distances between initial 

atoms, i.e. the first H2O layer. As it is known, a liquid in contrast to a solid body, is a 

dynamic system: its atoms, ions or molecules, keeping short-range order in mutual 

disposition, participate in thermal motion, the character of which is much more complicated 

than that of crystals. For example H2O molecules in liquid state under normal conditions (1 

atm, 22 0С) are quiet mobile and can oscillate around their rotation axes, as well as to 

perform the random and directed shifts. This enabled for some individual molecules due to 

cooperative interactions to “jump up” from one place to another in an elementary volume of 

water. Random motion of molecules in liquids causes continuous changes in the distances 

between them. The statistical character of ordered arrangement of molecules in liquids 

results in fluctuations – continuously occurring deviations not only from average density, 

but from average orientation as well, because molecules in liquids are capable to form 

groups, in which a particular orientation prevails. Thus, the smaller these deviations are, 

the more frequently they occur in liquids. 

The further important feature is that the hydrogen bonds are spatially oriented. As 

each Н2О molecule has four sites of hydrogen bond formation (two non-shared electron 

pairs at an oxygen atom and two uncompensated positive charges at a hydrogen atom), 

one Н2О molecule in a condensed state is capable to form hydrogen bonds with four Н2О 

molecules (two donor and two acceptor) (Fig. 1), which results in forming a tetrahedron 

crystal structure clearly observed in ice crystals. 

 

 

Fig. 1 – Hydrogen bonding between four individual Н2О molecules (red spheres 

indicate the central atoms of oxygen, white balls – hydrogen atoms). It is shown the value 

of the angle between the covalent H–O–H bond in Н2О molecule. 

 

At present time 14 crystalline modifications of ice are known, each of them has its 

own structure and a character of disposition of hydrogen atoms (Table 1). Crystals of all 
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ice modifications are made up from H2O molecules, linked by hydrogen bonds into a 3D 

carcass, consisting of individual tetrahedrons, formed by four H2O molecules (Fig. 2). In 

the crystalline structure of natural ice Ih hydrogen bonds are oriented towards the 

tetrahedron apexes at strictly defined angles equal to 109°5’ (in liquid water this angle is 

10405’). In ice structures Ic, VII and VIII this tetrahedron is nearly the same as a regular 4 

triangular tetrahedron. In ice structures II, III, V and VI the tetrahedrons are noticeably 

distorted. In ice structures VI, VII and VIII two intercrossing systems of hydrogen bonds 

are distinguished. In the centre of the tetrahedron is located an oxygen atom, at each of 

the two vertices – H-atom, which electron take part in formation of covalent bond with an 

electron pair of O-atom. The rest two vertices of the tetrahedron are occupied by two pairs 

of non-shared electrons of O-atom not participating in formation of molecular bonds.  

 

Table 1  

Ice сrystal modifications and their physical characteristics 

 

Modification Crystal structure Hydrogen bond 

lengths, Å 

Angles H–O–H in 

tetragonals, 0 

Ih Hexagonal 2,76 109,5 

Ic Cubic 2,76 109,5 

II Trigonal  2,75–2,84 80,0–128,0 

III Tetragonal 2,76–2,8 87,0–141,0 

IV Rhombic 2,78–2,88 70,1–109,0 

V Monoclinic 2,76–2,87 84,0–135,0 

VI Tetragonal 2,79–2,82 76,0–128,0 

VII Cubic 2,86 109,5 

VIII Cubic 2,86 109,5 

IX Tetragonal 2,76–2,8 87,0–141,0 

X Cubic 2,78 109,5 

XI Hexagonal 4,50 90,0 

XII Tetragonal 4,01 90,0 

XIII Monoclinic  7,47 90,0–109,7 

XIV rhombic 4,08 90,0 

Notes: 

Ih – natural hexagonal ice; Ic – cubic ice.  
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High pressure ice of trigonal II and tetragonal III modifications is formed by hollow 

combs, formed by the hexagonal corrugated elements shifted from each other by 1/3 (Fig. 

2 b,c ). These ice structures are stabilized in the presence of the noble gases as helium 

and argon. In the monoclinic structure of ice V the angles between the neighboring O-

atoms are varied from 860 to 1320, which is very different from the valence angle in the 

H2O molecule makes up 105047'. Ice of VI tetragonal modification consists of two inserted 

into each other scaffolds, between which there are no H-bonds, resulting in a body-

centered crystal lattice (Fig. 2 e). The basis of the structure of ice VI constitutes the 

hexamers – blocks of six H2O molecules. Their configuration is exactly the same as the 

structure of a stable cluster of water, which gave computer calculations. A similar structure 

with frames of ice I, inserted into each other, have ice of cubic modification of VII and VIII, 

which are low temperature ordered forms of ice VII. Upon the pressure increasing the 

distance between O-atoms in the crystal lattice of ice VII and ice VIII will decreases, as a 

result is formed the ice structure X, in which O-atoms are arranged in a regular grid with 

arranged protons. 

Ice XI is formed by deep freezing of ice Ih with addition of alkali below 72 K at 

normal pressure. Under these conditions, the hydroxyl defects of the crystal are formed, 

allowing to the growing ice crystals change their structure. Ice XI has a rhombic crystal 

lattice with an ordered arrangement of protons and is formed simultaneously in many 

centers of crystallization around the hydroxyl crystal defects. 

Among the ice there and metastable forms of IV and XII, which lifetimes are 

seconds (Fig. 2 d,f). For obtaining the structures of the metastable ice, the ice Ih is to be 

compressed to a pressure of 1.8 GPa at a temperature of liquid N2. These ice structures 

are formed much easier and especially stable if supercooled heavy water is subjected to 

pressure. Another modification of the metastable ice IX is formed by supercooling of ice III 

and, therefore, is its low temperature form. 

The last two modifications of ice – the monoclinic XIII and rhombic XIV configuration 

were discovered by scientists from Oxford (UK) in 2006. On Earth, such modifications of 

ice cannot be formed, but they can exist on the cooled frozen planets and comets. The 

calculation of density and the heat flows from the surface of the moons of Jupiter and 

Saturn suggests that Ganymede and Callisto has to be the ice shells, in which alternate 

ice I, III, V and VI. At the Titan's the ice does not form a crust shell, but the mantle, the 

inner layer of which consists of ice VI and other high-pressure ice modifications and 

clathrate hydrates, on the top of which is located hexagonal ice Ih. 
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              a)                                                     b)                                               c) 

 

           d)                                                     e)                                                    f) 

Fig. 2 – Ice crystalline modifications: a) - natural hexagonal ice Ih; b) – ice of II 

configuration; c) – ice of III configuration; d) – ice of IV configuration; e) – ice of VI 

configuration; f) – ice of XII configuration. 

 

In ice Ih the carcasses of hydrogen bonds allocate H2O molecules in form of a spatial 

hexagon network with internal hollow hexagonal channels. In the nodes of this network O-

atoms are orderly organized (crystalline state), forming regular hexagons, while H-atoms 

have various positions along the bonds (amorphous state). When ice melts, its network 

structure is destroyed: H2O molecules begin to fall down into the network hollows, resulting 

in a denser structure of the liquid – this explains why water is heavier than ice. The 

hydrogen bonding explains other anomalies of water (anomaly of temperature, pressure, 

density, viscosity, fluidity etc. According to theoretical calculations, at the melting of the ice 

breaks about 15% of all hydrogen bonds [12]; by further heating up to +40 0C breaks down 
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about half of hydrogen bonds in water associates. In the water vapor hydrogen bonds are 

absent. The physical properties of ice Ih are shown in Table 2. 

 

Table 2 

Physical properties of ice Ih configuration 

 

Property Value Note 

Heat capacity, cal/(g.0C) 0,51 (0 0C) Significantly decreases with 

decreasing temperature 

Heat of melting, cal/g 79,69 – 

Heat of vaporization, cal/g 677 – 

The coefficient of thermal 

expansion, 1/0C 

9,1·10-5 (0 0C) Polycrystalline ice 

Thermal conductivity, 

cal/(сm·sec·0C) 

4,99·10 –3 Polycrystalline ice 

Refractive index 1,309 (-3 0C) Polycrystalline ice 

Specific electrical conductivity, 

Ohm-1·см-1 

10-9 (0 0C) The apparent activation 

energy of 11 kcal/mol 

Surface conductivity, Ohm-1 10-10 (-11 0C) The apparent activation 

energy of 32 kcal/mol 

Modulus of elasticity Young’s, 

1 g·cm/s2/cm2 

9·1010 (-5 0C) Polycrystalline ice 

Resistance, МН/м2: 

Crushing 2,5 Polycrystalline ice  

Rupture 1,11 Polycrystalline ice  

Shear 0,57 Polycrystalline ice 

Dynamic viscosity, Poise 1014 Polycrystalline ice 

The activation energy during 

deformation and mechanical 

relaxation kcal/mol 

11,44-21.3 Increases linearly at 0.0361 

kcal/(mol.0C) from 0 to 273.16 

K  

Notes: 1 cal/(g.0C) = 4.186 kJ/(kg.K); 1 Ohm-1.cm-1 = 100 Sim/m; 1 dyn = 10-5 N; 1 N = 1 

kg.m/s²; 1 dyn/сm=10-7 Н/м; 1 cal/(сm·s.0С) = 418.68 W/(м·К); 1 Poise = g/cm·s = 10-1 

N.s/м2. 
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The main difference between the structure of ice and water is more diffuse 

arrangement of the atoms in the lattice and disturbance of long-range order. Thermal 

oscillations (fluctuations) lead to bending and breaking of hydrogen bonds. Those out of 

the equilibrium positions H2O molecules fall into the adjacent structural voids and for a 

time held up there, as cavities correspond to the relative minimum of potential energy. This 

leads to an increase in the coordination number, and the formation of lattice defects. The 

coordination number (the number of nearest neighbors) varies from 4.4 at t = +1.5 0С to 

4.9 at t = +80 0С. 

 

  

       a)                                                   b) 

Fig. 3  – Structures of water crystals in carbon nanotubes according to computer 

simulations [14] (diameter of nanotubes: 1,35–1,90 nm; preassure: 10–40000 atm; 

temperature: -23 °C): a) – a general view of the crystal structure of water in nanotubes, b) 

– the inner wall of the structure of water. 

 

Fig. 4 – Image of hexamer nanocrystal of ice water (average size 1 nm) by a 

scanning tunneling microscope after freezing water to 17 K on the hydrophobic metallic 

plates of Cu and Ag [13]. 
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Reports about evidence of existence of crystal structures in water have become more 

frequent in scientific literature nowadays [13]. As computer modelling showed, H2O 

molecules being placed in carbon nanotubes under high pressure and low temperatures 

formed crystalline nanostructures like DNA double helix [14]. In modelling experiment 

water got frozen inside carbon nanotubes with diameter 1,35–1,90 nm with pressure 10–

40000 atm and temperature –23 °C. Hydrogen bonds in an ice crystal got distorted leading 

to the formation of a double-walled helix. The inner wall of this structure represents a four–

fold twisted helix, while the outer consists of four double helixes, resembling a helix of 

DNA molecule (Fig. 3). While being frozen at 17 К on hydrophobic surfaces of Cu, Ag and 

their salts, water became crystallized into two-dimensional ice hexamer nanocrystal, 

consisting of six attached together H2O molecules (Fig. 4).  

 

Structural models of water 

 

There have been several groups of models, describing structure of liquids – 

microcrystalline, quasicrystalline, continious, fractal and fractal-clathrate models. The 

microcrystalline model of J. Bernal and P. Fowler suggests that water is a non-equilibrium 

2-phase liquid containing groups of oriented molecules – microcrystals with several 

dozens or hundreds of molecules [15]. Within each microcrystal in liquid a solid body 

ordering (long-range order) is strictly kept. As water is denser than ice, it is assumed that 

its molecules are allocated in a different way than in ice: like the аtoms of silicon in mineral 

tridymite or in its more solid modification of quarz. The intermittent increase in water 

density from t = 0 °C to 3,98 °C and other anomalous properties of water was explained by 

the existence of tridymite component at low temperatures [16]. 

Quasicrystalline model by analogy with a quasicrystal, i.g. a structure that is ordered 

but not periodic [17], suggests that relative disposition of particles in liquids is nearly the 

same as in crystals; deviation from regularity increases with the distance from the initial 

H2O molecule; far apart at londer distances there is no regularity in the disposition of H2O 

molecules. Each H2O molecule is surrounded by the four neighbouring ones, which are 

arranged around it in quite the same way, as they are in an ice crystal. However, in the 

second layer there appear deviations from regularity rapidly increasing with distance from 

the initial H2O molecule. Studies of X-ray scattering in liquids consisting of polyatomic 

molecules, revealed not only some regular arrangement of H2O molecules, but consistent 
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pattern in mutual orientation of the molecules [18]. This orientation becomes even more 

expressed for the polar molecules because of the hydrogen bonding effect. 

Kinetic theory of liquids proposed by Y.I. Frenkel, also called a “jump-wait“ model, 

explains the structural properties of liquids by peculiarities of thermal motion of their 

molecules [19]. The thermal motion of H2O molecules is characterized by two parameters: 

a period of oscillation of H2O molecule around an equilibrium position and a period of 

“settled life”, i.e. period of oscillation around one particular equilibrium position. Average 

time of “settled life” of a H2O molecule, within which H2O molecules keep unchanged 

equilibrium orientation is called relaxation time ():  

 

 = 0  eW/RT,             (1) 

 

where 0 is an average period of oscillations of a H2O molecule around an equilibrium 

position (sec), W – a value of potential energy barrier, separating two neighbour 

equilibrium positions from each other (J), R – Boltzmann constant (J/К), T – absolute 

temperature (К). 

 

According to calculations the relaxation time at room temperature makes up 4,5.10-

12 sec, while the period of one oscillation of H2O molecules – 10-12–10-13 sec. That is why 

each H2O molecule performs approximately 100 oscillations relative to the same 

equilibrium position before changing its place. Due to thermal fluctuations one H2O 

molecule within its “settled life” period of time oscillates around an equilibrium position, 

after then jumps up to new location and it continues to fluctuate up to the next jump. 

Through these abrupt movements of molecules in liquids occurs diffusion, which, in 

contrast to the continuous diffusion in gases, called diffusion jump. With increase in 

temperature the period of “settled life” of H2O molecules in a temporary state of equilibrium 

is reduced that brings the structure of water closer to a gas, in which translational and 

rotational motions of H2O molecules prevail. Theoretical studies show that, along with the 

fluctuation of molecules surrounded by his neighbors and activation jumps in liquids occurs 

flowing movement of molecules along with their immediate environment. In other words, 

being in oscillating state, the molecules in the liquid displaced each time by a certain 

distance (less than the interatomic distance), causing continuous diffusion. It is believed 

that in the liquefied inert gases and metals dominates continuous diffusion, while for 

associated liquids as water is more likely the jump diffusion mechanism. The thermal 

motion of H2O molecules leads to continuous changes in distances between them, which 
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cause fluctuations – continual deviations not only from the average density, but from the 

average orientation of the molecules as well, because H2O molecules can form groups in 

which a certain orientation predominates. An attempt to change the water volume (even by 

small quantity) triggers the process of deformation of hydrogen bonds that fact may 

explain low water compressibility. Ice melting also causes weakening and deformation of 

hydrogen bonds, which makes water denser than ice. At the temperature 3,98 °С water 

acquires anomalous state, in which the quasicrystalline phase is maximally densified by 

filling up of ice carcass hollows with H2O molecules. Further increase in temperature and 

energy of thermal motion of H2O molecules leads to the gradual disintegration of 

associated water structures and to the partial rupture of hydrogen bonds with essential 

reduce of the “settled life” of each H2O molecule in water associates. 

The continuous and “fractal” models consider water as a complex dynamic system 

with a hydrogen network, forming the empty cavities and non-bonded H2O molecules 

distributed within the network (Fig. 5–Fig. 6). The structure is based upon dimensional 

carcasses of individual H2O molecules, joined together into a multi-molecular associate 

similar to a clathrate having a configuration of a regular polyhedron. Stated geometrically, 

this model represents the packed spheres with varying degrees of packaging.  

 

Fig. 5 – The model composing of 3456 water molecules at a temperature of 297 K. 

Red balls - molecules with the low values of the Voronoi polyhedra volume (less than 

26.33 Å3), i.e. molecules in areas with a higher local density. Blue - molecules with the 

large volumes of values (more than 34.1 Å3). It was selected by 25% of the molecules of 
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each kind. It is evident that the molecules of each kind have a tendency to associate with 

each other, showing the scale of existing structural inhomogeneities in the water. 

 

Fig. 6 – Coloring of hydrogen bonds according to their lifetimes. Small ball shows 

molecular centers, bound by bonds living longer than 19 ps. The largest cluster (885 

molecules) shows red. Blue shows a cluster of 154 molecules. The remaining, smaller 

clusters are shown in gray. The molecules in the clusters are tended to move in unison. 

The water model consisting of 3456 molecules at a temperature of 262 K (supercooled 

water). 

In 1957 S. Frank and W. Wen proposed a model, postulating arbitrary formation of 

cyclic associates in water, which presumably had random groups of water associates – the 

“flickering clusters” with general formula (Н2О)n, which are in a dynamic equilibrium with 

free H2O molecules [20]. The hydrogen bonds between H2O molecules are in dynamic 

equilibrium; they are constantly broken and re-formed in new configurations within a 

certain time interval; these processes are occurred cooperatively within short-living 

associated groups of H2O molecules (clusters), which life spans are estimated from 10-10 

to 10-11 sec. 

Water associates evidently may have polymer structure, because hydrogen bond is 

on 10 % partially covalent bond [21]. In 1990 G.А. Domrachev and D.А. Selivanovsky 

formulated a model of Н2О-polimers based on the existence of mechanochemical 
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reactions of ionization and dissociation of water in aqueous solutions [22]. Water was 

thought as dynamically unstable quazi-polymer, composed of (Н2О)n blocks with partially 

covalent by 10 % hydrogen bonds, permitting at least to 10 % of Н2О molecules to 

combine in a sufficiently long-lived polymer associates. Similarly with mechano-chemical 

reactions in polymers, in case of mechanical impact on water, the energy absorbed by 

water required for splitting up the Н–ОН bond, concentrates in a micro-scale area of the 

liquid water structure.  

The splitting up reaction of the Н–ОН bond in water polymer associates is expressed 

by the following equation: 

 

(Н2О)n(Н2О...H–|–OH) (Н2О)m  + E = (Н2О)n+1 (H·) + (OH·) (Н2О)m, (2) 

 

where Е – the energy of the Н–ОН bond, 460 кJ/mole; the dot denotes an unpaired 

electron. 

 

Splitting up of the Н–ОН bond is accompanied by formation of new disordered bonds 

between “fragments” of the initial molecules, leading to the formation of fluctuation areas 

with different density fluctuations that can be observed in aqueous solutions. 

Another interesting physical phenomenon was discovered by A. Antonov in 2005 [23]. 

It was established experimentally that at evaporation of water droplet the contact angle θ 

decreases discretely to zero, whereas the diameter of the droplet changes insignificantly. 

By measuring this angle within a regular time intervals a functional dependence f(θ) can be 

determined, which is designated by the spectrum of the water state. For practical purposes 

by registering the spectrum of water state 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 О–Н…О–Н 

groups [24]. 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-1) and may be varied under the influence of various 

external factors on water as temperature and pressure. 

For calculation of the function f(E) experimental dependence between the water 

surface tension (θ) and the energy of hydrogen bonds (E) is established: 
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where b = 14,33 eV-1    

 

The energy of hydrogen bonds (Е) is measured in electron-volts (eV) and is 

designated by the spectrum of energy distribution. The water spectrum is characterized by 

a non-equilibrium process of water droplets evaporation, thus the term “non-equilibrium 

energy spectrum of water” (NES) is applied. 

The difference ∆f(E) = f (samples of water) – f (control sample of water) is called the 

“differential non-equilibrium energy spectrum of water” (DNES). DNES is a measure of 

changes in the structure of water as a result of external influences. The cumulative effect 

of all other factors is the same for the control sample of water and the water sample, which 

is under the influence of this impact. 
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Fig. 7 – The total number of hydrogen bonds depending on the number of H2O 

molecules in clusters. 

 

 

In 2005 R. Saykally (USA) calculated the possible number of hydrogen bonds and the 

stability of water clusters depending on the number of H2O molecules (Fig. 7) [25]. It was 

also estimated the possible number of hydrogen bonds (100) depending on the number of 

H2O molecules (250) in clusters [26]. O. Loboda and O.V. Goncharuk provided data about 

the existence of icosahedral water clusters consisting of 280 H2O molecules with the 

average size up to 3 nm [27]. The ordering of water molecules into associates corresponds 

to a decrease in the entropy (randomness), or decrease in the overall Gibbs energy (G = 

H – TS). This means that the change in enthalpy H minus the change in entropy S 
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(multiplied by the absolute temperature T) is a negative value.  These results are 

consistent with our data on research of DNES spectrum of water on which it may make 

conclusion about the number of H2O molecules in water clusters. DNES spectrum of water 

has energy ranges from –0,08 to –0,14 eV (Figure 8). The spectral range lies in the middle 

infrared range from 8 to 14 m ("window" of the atmosphere transparency to 

electromagnetic radiation). Under these conditions, the relative stability of water clusters 

depends on external factors, primarily on the temperature. 

  

 

Fig. 8 –  DNES-spectrum of deionized water (chemical purity – 99,99%, pH – 6,5–

7,5, total mineralization – 200 mg/l, electric conductivity – 10 S/cm). On the horizontal 

axis shows the energy of the H...O hydrogen bonds in the associates – E (eV). The vertical 

axis – the energy distribution function – f (eV-1). k – wave number (cm-1); λ – wavelength 

(mm). 

 

It was shown that the H2O molecules change their position in clusters depending on 

the energy of intermolecular H…O hydrogen bonds. The values of the average energy 

(EH…O) of hydrogen bonds between the H2O molecules in the formation of cluster 

associates with formula (H2O)n  compile 0,1067 ± 0,0011 eV. As the energy of hydrogen 

bonds between H2O molecules increases up to –0,14 eV, the cluster formation of water 
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becomes “destructuring”. In this case occures the redistribution of the energies between 

the individual H2O molecules (Fig. 8). 

All these data indicate that the water is a complex associated non-equilibrium liquid 

consisting of associative groups containing according to the present data, from 3 to 20 

individual H2O molecules [28]. Associates can be perceived as unstable groups (dimmers, 

trimmers, tetramers, pentamers, hexamers etc.) in which H2O molecules are linked by van 

der Waals forces, dipole-dipole and other charge-transfer interactions, including hydrogen 

bonding. At room temperature, the degree of association of H2O molecules may vary from 

2 to 6 units. In 1993 K. Jordan (USA) [29] calculated the possible structural modifications 

of small water clusters consisting of six H2O molecules (Fig. 9a–c). Subsequently, it was 

shown that H2O molecules capable of hydrogen bonding by forming the structures 

representing topological 1D rings and 2D chains composed from numerous H2O 

molecules. Interpreting the experimental data, they are considered as pretty stable 

elements of the structure. According to computer simulations, clusters are able to interact 

with each other through the exposed protons on the outer surfaces of hydrogen bonds to 

form new clusters of more complex composition. 

 

              

          a)                                   b)                                             c) 

Fig. 9 – Calculation of small water cluster structures (a–c) with general formula 

(H2O)n, where n = 6 [29] 

 

In 2000 it was deciphered the structure of the trimmer water, and in 2003 – tetramer, 

pentamer and the water hexamer [30]. Structures of water clusters with formula (H2O)n, 

where n = 3–5, similar to the cage structure. Hexagonal structure with n = 6, consisting of 

six H2O molecules at the hexagon vertices, is less stable than the cage structure. In the 

hexagon structure four H2O molecules can be cross-linked by hydrogen bonds (Fig. 10). 
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Fig. 10 – Cluster structure of a trimer, tetramer, pentamer and hexamer of water. 

 

Quantum-chemical calculations of middle size clusters with the general formula 

(H2O)n, where n = 6–20, have shown that the most stable structures are formed by the 

interaction of tetrameric and pentameric structures [31]. Thus the structures of (H2O)n, 

where n = 8, 12, 16, and 20 are cubic, and structures (H2O)n where n = 10 and 15 – 

pentagons. Other structures with n = 9, 11, 13, 14, 17, 18 and 19 evidently have a mixed 

composition (Fig. 11). Large tetrahedron clusters as (H2O)196, (H2O)224, (H2O)252 (Fig.12) 

composed from the smaller ones formed a vertex of a (H2O)14 tetrahedron are also 

described [32]. 
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Fig. 11 – Possible structure and conformation of water clusters (a–h) of the 

composition (H2O) n, where n = 5–20 [32]. The oxygen atoms designated in red, hydrogen 

atoms – in gray color: a, b – 6; c – 5; d – 10; e – 12; f – 8; g – 15; h – 20 (M. Chaplin, 

2011). 

 

 

 

Fig. 12 – Tetrahedron water clusters (H2O)n with different symmetry (n = 196, 224, 

252) [32]. 

 

It is reasonable that the structure of liquid water should be related to the structure of 

hexagonal ice, formed from H2O tetrahedrons, which exist under atmospheric pressure. In 
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the computer simulation H2O tetrahedrons grouped together, to form a variety of 3D-

spatial and 1D, 2D-planar structures, the most common of which is hexagonal structure 

where 6 H2O molecules (tetrahedrons) are combined into a ring. A similar type of structure 

is typical for ice Ih crystals. When ice melts, its hexagonal structure is destroyed, and a 

mixture of clusters consisting of tri-, tetra-, penta-, and hexamers of water and free H2O 

molecules is formed. Structural studies of these clusters are significantly impeded, since 

the water is perceived as a mixture of different clusters that are in dynamic equilibrium with 

each other.  

S.V. Zenin (Russia) calculated a cluster model based on a minimum ”quantum” of 

water [33], which is a 4 triangular tetrahedron composed of four 12 pentagonal 

dodecahedrons (Fig. 13). The “quantum” consisted of 57 H2O molecules interacting with 

each other at the expense of free hydrogen bonds exposed on the surface. Of 57 H2O 

molecules in the “quantum” 17 H2O molecules compose tetrahedral completely 

hydrophobic, i.e. saturated with four hydrogen bonds in the central carcass, and four 

dodecahedra on the surface of each there are 10 centers for the formation of hydrogen 

bond (O–H or O). 16 “quanta” form a bigger cluster structure consisted from 912 H2O 

molecules similar to a tetrahedron.  

 

    

                               а)                                                                    b) 

Fig. 13 – Model of water associates according to S.V. Zenin: a) – assosiate of 57 

H2O molecules, tetrahedron of four dodecahedron (“quantum”); b) – bulk packaging of 

“quanta” (Zenin, 1999). 

 

M. Chaplin (London South Bank University, UK) [34] (Chaplin, 2011) calculated the 

water structure based on 20 triangular icosahedron (Fig. 14). The structure is based on 

minimal tetrahedral water cluster, consisting of 14 H2O molecules.  Arrangement of 20 of 
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these 14-molecule structures forms an icosahedral network, consisting from 280 H2O 

molecules. Each 280-molecule in icosahedral contains several substructures with each 

H2O molecule involved in four hydrogen bonds; two as donor and two as acceptor. 13 

overlapping icosahedra may form more large cluster (tricontahedron) consisting from 1820 

H2O molecules, which has twice more H2O molecules than in the previous model.  

 

 

Fig. 14 – Icosahedron cluster based on 100 H2O molecules and the underlying 

structure according to M. Chaplin. 

 

The clusters, evidently, may be rather stable under a certain conditions, and can be 

obtained in the isolated state within a very short interval of time. There is also a reason to 

believe that the charged ions stabilize the clusters. Therefore, the clusters can be divided 

into positively and negatively charged ionic clusters – [(H2O)n]+, [(H2O)n]-, and not having a 

charge – neutral clusters with general formula (H2O)n. Clusters, containing 20 individual 

H2O molecules and a proton in the form of hydronium ion H3O+ (“magic” number) form the 

most stable ionic clusters (H2O)20H3O+ or (H2O)21H+ (Fig. 15) [35]. It is assumed that the 

stability of ionic clusters is due to the special clathrate structure in which 20 H2O molecules 

are formed 12 pentagonal dodecahedron, in which cavities is captured the H3O+ ion. It is 

occurred because of all the clusters only the dodecahedron has large cavities enough to 

accommodate a bulky H3O+ ion. Subsequently, due to cooperative interactions H3O+ is 

further able to move to the surface of the cluster and lose a proton H+ leading to the 

formation of hydronium ions like H5O2
+, H7O3

+, and H9O4
+, fixed on the surface of the 

cluster. These data show the diversity of supposed water structures and the complexity of 

molecular interactions between the different water clusters, the nature of which we are 

only beginning to understand. 
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Fig. 15 – Formation of ionic clusters (H2O)20H3O+ or (H2O)21H+ with captured 

hydronium ion H3O+. 

 

Methods of study of water clusters 

 

Cluster structures in water calculated theoretically on computer were confirmed by 

1H-NMR, IR, Raman, Compton scattering, EXAFS-spectroscopy and X-ray diffraction [36, 

37]. Information obtained with using the modern detection methods corresponds to 

femtosecond time, i.e instantaneous dynamics of intermolecular interactions in the 

molecular scale. The presence of hydrogen bonding causes the noticable effect on 

vibrational and 1H-NMR spectra. In 1H-NMR the chemical shift of the proton involved in the 

hydrogen bonding shifts about 0.01 ppm reducing strength of hydrofen bonding while the 

temperature is raised (Yamaguchi et al., 2001). Increased extent of hydrogen bonding 

within clusters results in a similar effect; the higher chemical shifts with greater 

cooperativity, the shorter hydrogen bonded O-H…O distances. 1H peaks shift to greater 

ppm with increasing hydrogen bonding strength. 

In IR-spectroscopy the characteristic vibration frequency bands containing hydrogen 

are reduced in spectra if hydrogen atom is included in the hydrogen bonding. Infrared 

absorption bands, such as OH-groups are much expanded when the hydrogen bond is 

formed, and their intensity increases. The main stretching band in liquid water is shifted to 

a lower fequency (v3 = 3480 cm-1 and v1 = 3270 cm-1), while the bending frequency (v2 = 

1640 cm-1) increased by hydrogen bonding [38] Increased strength of hydrogen bonding 

shifts the stretch vibration to lower frequencies with greatly increased intensity in the 

infrared due to the increased dipoles. With raising the temperature the stretch vibrations 

shift to higher frequency, while the intramolecular vibrations shift to lower frequencies [39]. 

Hydrogen bond energy lies in the range of 2,3 kcal/mole for the N–H...O-bonds up to 7,0 

kcal/mol for the bonds with hydrogen fluoride F–H...F. The strength of the hydrogen 

bonding depends on the cooperative/anticooperative character of the surrounding 
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hydrogen bonds with the strongest hydrogen bonds giving the lowest vibrational 

frequencies.  

In X-ray absorption spectroscopy (EXAFS-spectroscopy) X-ray radiation excites the 

electrons of the inner shell of an oxygen atom in H2O molecules and stipulates their 

transition onto unoccupied upper electronic levels in the molecules [40]. Probability of 

electron transitions and characteristics of the absorption contour depends mostly on the 

molecular environment. This allows by varying the energy of the X-rays to study the 

distribution of associations for HOH...OH2 bond judging on lengths and angles of the 

covalently bonded hydrogen atom in the molecule. EXAFS spectrum near the oxygen 

atom is also sensitive to hydrogen bonding. This method is used to obtain information 

about the molecular structure of water in the first coordination sphere. Since the time of 

excitation of electrons is much smaller than the vibrational motions in liquids, X-ray probe 

of the electronic structure provides information about the instantaneous changes of 

configurations of the water structure. 

Diffraction techniques (X-ray and neutron diffraction) on liquid water allow calculate 

the function of density radial distribution (O or H) and the probability of detection of H2O 

molecules at a certain distance from a randomly chosen individual H2O molecule [41]. This 

allows detect the irregularities in water by constructing the radial distribution function, i.e. 

the distance between the atoms of O, H, and O–H in H2O molecule and its nearest 

neighbors. Thus, the distribution of the distances between the oxygen atoms at a room 

temperature, gives three major peaks measured at 2,8; 4,5 and 6,7 Å. The first maximum 

corresponds to the distance to the nearest neighbor and its value is approximately equal to 

the length of the hydrogen bond. The second maximum is close to the average edge 

length of a tetrahedron, as H2O molecules in the crystalline structure of ice Ih arranged at 

the vertices of the tetrahedron allocated around the center of the molecule. The third peak, 

expressed very weakly, corresponds to the distance to the third and more distant 

neighboring H2O molecules on the hydrogen network. In 1970 I.S. Andrianov and I.Z. 

Fisher calculated the distance up to the eighth of the neighboring H2O molecule; the 

distance to the fifth the neighboring H2O molecule turned out to be 3 Å, and to the sixth 

molecule –  3,1 Å. This allowed draw conclusions about the geometry of hydrogen bonds 

and farther surroundings of H2O molecules. 

Another method for structural studies – neutron diffraction is similar to X-ray 

diffraction. However, because the neutron scattering lengths vary slightly among different 

atoms, this method is limited in the case of the isomorphous substitution of hydrogen 

atoms in H2O molecule by deuterium (D). In practice generally operate with a crystal 
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whose molecular structure is approximately defined by other methods. Then, it is 

measured the intensity of the neutron diffraction of this crystal. From these results, the 

Fourier transform is carried out; the measured neutron intensity and phase are using for 

calculation. Then, on the resultant Fourier map hydrogen and deuterium atoms are 

represented with much greater atomic weight than on the electron density map, as the 

contribution of these atoms in neutron scattering is essentially big. On the resulting density 

map is determined the arrangement of hydrogen 1H (negative density) and deuterium D 

(positive density) atoms. A variation of the method consists in that the crystal of an 

ordinary protonated water (H2O) before measurements kept in 99,9 at.% of heavy water 

(D2O). In this case the neutron diffraction can not only establish the localization of the 

hydrogen atoms, as well as to identify those protons that can be exchanged by deuterium, 

that is particularly important for the study of isotopic (H–D) exchange. Such information in 

some cases may help confirm the correctness of the water structure established by other 

methods. 

Clusters formed of D2O are some more stable and resistant than those ones from 

H2O due to isotopic effects of deuterium caused by 2-fold increasing nuclear mass of 

deuterium (molecular mass of D2O is more by 11 % than that of H2O). The structure of 

D2O molecule is the same, as that of Н2O, with small distinction in values of lengths of 

covalent bonds. D2O crystals have the same structure as a conventional ice Ih, the 

difference in unit cell size is very insignificant (0,1 %). But they are heavy (0,982 g/cm3 at 0 

0C over 0,917 g/cm3 for conventional ice). D2O boils at 101,44 0С, freezes at 3,82 0С, has 

density 1,105 g/cm3 at 20 0С, and the maximum density (1,106 g/cm3) occurs not at the 

3,89 0C, as for H2O, but at 11,2 0C. The mobility of D3O+ ion is on 28,5 % lower than that of 

H3O+ ion and OD- ion – 39,8 % lower than that of OH- ion, the constant of ionization of D2O 

is less than the constant of ionization of H2O, which means that D2O has a bit more 

hydrophobic properties than H2O. All these effects lead that the hydrogen bonds formed by 

deuterium atoms differ in strength and energy from ordinary hydrogen bonds (O–H length 

– 1,01 Å, O–D length – 0,98 Å, D–O–D angle – 1060). Commonly used molecular models 

use O–H lengths 0,955 Å and 1,00 Å and H–O–H angles from 105,50 to 109,40. The 

substitution of H with D atom affects the stability and geometry of hydrogen bonds in 

apparently rather complex way and may, through the changes in the hydrogen bond zero-

point vibrational energies, alter the conformational dynamics of hydrogen (deuterium)-

bonded structures of associates. In general, isotopic effects stabilize hydrogen bond with 

participation of deuterium, resulting in somewhat greater stability of associates formed 

from D2O molecules [42]. 
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According to the international SMOW standard the absolute content of D (isotopic 

shift, δ, ppm) in sea water: D/H = (155,76±0.05).10-6 (155,76 ppm). For SLAP standard 

isotopic shifts for D in seawater: D/H = 89.10-6 (89 ppm). The content of the lightest 

isotopologue – H2
16O in water corresponding to SMOW standard is 997,0325 g/kg (99,73 

mol.%), and for SLAP standard – 997,3179 g/kg (99,76 mol.%). In surface waters, the ratio 

D/H = (1,32–1,51).10-4, while in the coastal seawater – (1,55–1,56).10-4.  

 

Table 3  

Changes in the physical properties of water with its isotopic substitution with deuterium 

 

Physical properties H2
16O D2

16O 

Density at +20 0C, g/сm3 0,997 1,105 

Temperature of maximum density, 

0C 

3,98 11,24 

Melting point under 1 atm, 0C 0 3,81 

Boiling point temperature at 1 atm, 

0C 

100,00 101,42 

The vapor pressure at 100 0C, mm 

Hg 

760,00 721,60 

Viscosity at +20 0C, cP 1,002 1,47 

 

As a result of experiments on quasi-elastic neutron scattering was measured the 

most important parameter – the coefficient of self-diffusion of water at different 

temperatures and pressures. To analyze the self-diffusion coefficient on quasi-elastic 

neutron scattering, it is necessary to know the character of moving of molecules. If they 

move in accordance with the “jump-wait“ model, then the “settled” life time (the time 

between jumps) of H2O molecule compiles 3,2 ps. The newest methods of femtosecond 

laser spectroscopy allow estimate the lifetime of the broken hydrogen bonds: a proton 

needs 200 fs to find a partner. 

The studying the full details of the structure of associative elements in water can be 

made, considering all the parameters by computer simulation or numerical experiment 

(Fig. 16). For this in a given space is chosen random ensemble of n H2O molecules and 

are optimal parameters – the energy of interatomic interactions, bond length, the 

arrangement of atoms and molecules, most consistent with the diffraction data. Data thus 

obtained are then extrapolated to the actual water structure, and further used to calculate 
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thermodynamic parameters. Data obtained by computer experiments, show that the nature 

of the thermal motion of the molecules in the liquids corresponds on the whole to a 

vibration of the individual H2O molecules near the equilibrium centers, with occasional 

jumps up to the new position. 

 

Fig. 16 – Cluster structure of water in a numerical experiment 

 

The comparative analysis of IR-spectra of H2O solutions and its deuterated 

analogues (D2О, HDO) is of considerable interest for biophysical studies, because at 

changing of the atomic mass of hydrogen by deuterium atoms in H2O molecule their 

interaction will also change, although the electronic structure of the molecule and its ability 

to form H-bonds, however, remains the same.  The IR spectra of water usually contain 

three absorption bands, which can be identified as 1 – absorption band of the stretching 

vibration of OH- group; 2 – absorption band of the first overtone of the bending vibration of 

the molecule HDO; 3 – absorption band of stretching vibration of OD- group. OH- group is 

able to absorb much infrared radiation in the infrared region of the IR-spectrum. Because 

of its polarity, these groups typically react with each other or with other polar groups to 

form intra-and intermolecular hydrogen bonds. The hydroxyl groups not involved in 

formation of hydrogen bonds are usually given the narrow bands in IR spectrum and the 

associated groups – broad intense absorption bands at lower frequencies. The magnitude 

of the frequency shift is determined by the strength of the hydrogen bond. Complication of 

the IR spectrum in the area of OH- stretching vibrations can be explained by the existence 

of different types of associations, a manifestation of overtones and combination 

frequencies of OH- groups in hydrogen bonding, as well as the proton tunneling effect (on 
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the relay mechanism. Such complexity makes it difficult to interpret the IR spectrum and 

partly explains the discrepancy in the literature available on this subject. 

The local maximums in IR-spectra reflect vibrational-rotational transitions in the 

ground electronic state; the substitution with deuterium changes the vibrational-rotational 

transitions in H2O molecule that is why it appears other local maximums in IR-spectra. In 

the water vapor state, the vibrations involve combinations of symmetric stretch (v1), 

asymmetric stretch (v3) and bending (v2) of the covalent bonds with absorption intensity 

(H2O) v1;v2;v3 = 2671; 1178.4; 2787.7 cm-1. For liquid water absorption bands are 

observed in other regions of the IR-spectrum, the most intense of which are located at 

2100, cm-1 and 710–645 cm-1. For D2О molecule these ratio compiles 2723,7; 1403,5 and 

3707,5 cm-1, while for HDО molecule – 2671,6; 1178,4 and 2787,7 cm-1. HDO (50 mole% 

H2O + 50 mole% 2Н2О; ~50 % HDO, ~25 % H2O, ~25 % D2О) has local maxima in IR-

spectra at 3415 cm-1, 2495 cm-1 1850 cm-1 and 1450 cm-1 assigned to OH- -stretch, OD- -

stretch, as well as combination of bending and libration and HDO bending respectively. 

In the IR-spectrum of liquid water absorbance band considerably broadened and 

shifted relative to the corresponding bands in the spectrum of water vapor. Their position 

depends on the temperature. The temperature dependence of individual spectral bands of 

liquid water is very complex. Furthermore, the complexity of the IR-spectrum in the area of 

OH- stretching vibration can be explained by the existence of different types of H2O 

associations, manifestation of overtones and composite frequencies of OH- groups in the 

hydrogen bonds, and the tunneling effect of the proton (for relay mechanism) [43]. Such 

complexity makes it difficult to interpret the spectrum and partly explains the discrepancy 

in the literature available on this subject. 

In liquid water and ice the IR-spectra are far more complex than those ones of the 

vapor due to vibrational overtones and combinations with librations (restricted rotations, 

e.g. rocking motions). These librations are due to the restrictions imposed by hydrogen 

bonding (minor L1 band at 395,5 cm-1; major L2 band at 686,3 cm-1; for liquid water at 0 0C, 

the absorbance of L1 increasing with increasing temperature, while L2 absorbance 

decreases but broadens with reduced wave number with increasing temperature [44]. The 

IR spectra of liquid water usually contain three absorbance bands, which can be identified 

on absorption band of the stretching vibration of OH- group; absorption band of the first 

overtone of the bending vibration of the molecule HDO and absorption band of stretching 

vibration of OD- group [45]. Hydroxyl group OH- is able to absorb much infrared radiation in 

the infrared region of the IR-spectrum. Because of its polarity, these groups typically react 

with each other or with other polar groups to form intra-and intermolecular hydrogen 
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bonds. The hydroxyl groups, which are not involved in formation of hydrogen bonds 

usually produce the narrow bands in IR spectrum, while the associated groups – broad 

intense absorbance bands at lower frequencies. The magnitude of the frequency shift is 

determined by the strength of the hydrogen bond. Complication of the IR spectrum in the 

area of OH- stretching vibrations can be explained by the existence of different types of 

associations of H2O molecules, a manifestation of overtones and combination frequencies 

of OH- groups in hydrogen bonding, as well as the proton tunneling effect (on the relay 

mechanism). 

Assignment of main absorption bands in the IR-spectrum of liquid water is given in 

Table 4. The IR spectrum of H2O molecule was examined in detail from the microwave till 

the middle (4–17500 cm-1) visible region and the ultraviolet region – from 200 nm-1 to 

ionization limit at 98 nm-1. In the middle visible region at 4–7500 cm-1 are located rotational 

spectrum and the bands corresponding to the vibrational-rotational transitions in the 

ground electronic state. In the ultraviolet region (200 to 98 nm-1) are located bands 

corresponding to transitions from the excited electronic states close to the ionization limit 

in the electronic ground state. The intermediate region of the IR-spectrum – from 570 nm 

to 200 nm corresponds to transitions to higher vibrational levels of the ground electronic 

state.  

The results of IR-spectroscopy with device Infra Spec VFA-IR show that at 4,1 μm, 

even at low concentrations of deuterium of 0,35 and 0,71%, there is observed a decline in 

the local maximums relative to the local maximum of 100% pure water (the local 

maximums in IR-spectra reflect vibrational-rotational transitions in the ground electronic 

state because at changing the atomic mass of hydrogen and deuterium atoms in the water 

molecule their interaction will also change, although the electronic structure of the 

molecule and its ability to form H-bonds, however, remains the same; with the substitution 

with deuterium the vibrational-rotational transitions are changed, that is why it appears 

other local maximums in IR-spectra. 

At further transition from H2O monomers to H4O2 dimmer and H6O3 trimmer 

absorption maximum of valence stretching vibrations of the O-H bond is shifted toward 

lower frequencies (v3 = 3490 cm-1 and v1 = 3280 cm-1) [46] and the bending frequency 

increased (v2 = 1644 cm-1) because of hydrogen bonding. The increased strength of 

hydrogen bonding typically shifts the stretch vibration to lower frequencies (red-shift) with 

greatly increased intensity in the infrared due to the increased dipoles. In contrast, for the 

deformation vibrations of the H–O–H, it is observed a shift towards higher frequencies. 

Absorption bands at 3546 and 3691 cm-1 were attributed to the stretching modes of the 
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dimmer [(H2O)2]. These frequencies are significantly lower than the valence modes of ν1 

and ν3 vibrations of isolated H2O molecules at 3657 and 3756 cm-1 respectively). The 

absorption band at 3250 cm-1 represents overtones of deformation vibrations. Among 

frequencies between 3250 and 3420 cm-1 is possible Fermi resonance (this resonance is a 

single substitution of intensity of one fluctuation by another fluctuation when they 

accidentally overlap each other). The absorption band at 1620 cm-1 is attributed to the 

deformation mode of the dimmer. This frequency is slightly higher than the deformation 

mode of the isolated H2O molecule (1596 cm-1). A shift of the band of deformation vibration 

of water in the direction of high frequencies at the transition from a liquid to a solid state is 

attributed by the appearance of additional force, preventing O-H bond bending. 

Deformation absorption band in IR-spectrum of water has a frequency at 1645 cm-1 and 

very weak temperature dependence. It changes little in the transition to the individual H2O 

molecule at a frequency of 1595 cm-1. This frequency is found to be sufficiently stable, 

while all other frequencies are greatly affected by temperature changes, the dissolution of 

the salts and phase transitions. It is believed that the persistence of deformation 

oscillations is stipulated by processes of intermolecular interactions, e.g. by the change in 

bond angle as a result of interaction of H2O molecules with each other, as well as with 

cations and anions.  

 

Table 4  

The assignment of main frequencies in IR-spectra of H2O and D2О 

 

 Main vibrations of liquid H2O and 2Н2О 

Vibration(s) H2O (t = +25 0C) D2О (t = +25 0C) 

v, cm-1 E0, M-1 cm-1 v, cm-1 E0, M-1 cm-1 

Spinning ν1 + 

deformation ν2 

780-1645 21,65 1210 17,10 

Composite ν1 + ν2 2150 3,46 1555 1,88 

Valence 

symmetrical ν1, 

valence 

asymmetrical ν3, 

and overtone 2ν2 

3290-3450 100,65 2510 69,70 
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Thus the study of the characteristics of the IR spectrum of water allows to answer 

the question not only on the physical parameters of the molecule and the covalent bonds 

at isotopic substitution with deuterium, but also to make a certain conclusion on 

associative environment in water. The latter fact is important in the study of structural and 

functional properties of water associates and its isotopomers at the isotopic substitution 

with deuterium. The substitution of H with D affects the stability and geometry of hydrogen 

bonds in an apparently rather complex way and may, through the changes in the hydrogen 

bond zero-point vibration energies, alter the conformational dynamics of hydrogen 

(deuterium)-bonded structures of macromolecules as DNA and proteins in D2O [47]. 

 

Conclusions 

 

The experimental data obtained during the last years suggest that water is a complex 

dynamic associative system, consisting of tens and possibly hundreds individual H2O 

molecules binding by multiple intermolecular hydrogen bonds, being in a state of dynamic 

equilibrium. Up till now is scientifically proven the existence of associative water clusters 

with general formula (H2O)n, where n = 3–20. Although calculated structural models 

explain pretty well many anomalous properties of water and being in a good agreement 

with the experimental data on the diffraction of X-rays and neutrons, Raman, Compton 

scattering and EXAFS-spectroscopy, they are the most difficult to agree with the dynamic 

properties of water – flow, viscosity and short relaxation times, which are measured by 

picoseconds. 

 

GROWTH OF A CHEMOHETEROTROPHIC BACTERIUM BACILLUS 

SUBTILIS ON HEAVY WATER MEDIUM AND BIOSYNTHESIS OF 

INOSINE 

 

Introduction 

 

Natural nucleosides labeled with deuterium (2H) are of considerable scientific and 

practical interest for various biochemical and diagnostic purposes [1], structure-function 

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 1H-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 
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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 combine 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 2Н2О 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 0,0015 atom%; however, despite a 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 



 52 

substrates for growth of other bacterial strains-producers have been developed in this 

country [15]. However, these experiments discovered a bacteriostatic effect of 2Н2О 

consisted in inhibition of vitally important cell functions in 2Н2О; this effect on micro algal 

cells is caused by 70% (v/v) 2Н2О and on protozoan and bacterial cells – 80–90% (v/v) 

2Н2О [16]. Attempts to use biological organisms of various taxonomic species, including 

bacteria, micro algae, and yeasts [17] for growth in 2Н2О 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 2Н2О 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 able to grow on minimal salt media containing 2–4% (v/v) 

[2H]methanol, whereon other bacteria are unable to reproduce, and may easily be adapted 

to maximal 2Н2О concentrations, that is the most important for the biosynthesis of 2H-

labeled natural compounds [20]. 

The aim of this research was studying the biosynthetic pathwaysof 2H-labeled inosine 

usung a Gram-positive chemoheterotrophic bacterium Bacillus subtilis B-3157 by FAB-

method. 

 

Experimental Part 

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 2Н2О 

concentration and subsequent selection of individual cell colonies stable to the action of 2Н2О. 
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Chemicals  

Growth media were prepared using 2Н2О (99,9 atom% 2Н), 2НСl (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 2Н2О. 

2Н2О was distilled over KMnO4 with subsequent control of the isotope purity by 1H-NMR 

spectroscopy on a Brucker WM-250 (“Brucker Daltonics” Germany) with a working frequency 

70 MHz (internal standard – Me4Si). According to 1H-NMR, the level of isotopic purity of the 

growth medium was by 8–10 atom% lower than the isotope purity of the initial 2Н2О. 

Biosynthesis of [2H]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 M9 

medium, containing 3 g/l KH2PO4, 6 g/l Na2HPO4, 0,5 g/l NaCl, 1 g/l NH4Cl and 2% (v/v) 

[2H]methanol with a stepwise increasing gradient of 2H2O concentration (0; 24,5; 73,5, and 

98% (v/v) 2H2O). Raw methylotrophic biomass (output, 200 g/l) was suspended in 100 ml of 

0,5 N 2HCl (in 2H2O) and autoclaved for 30–40 min at 0,8 atm. The suspension was 

neutralized with 0,2 N KOH (in 2H2O) 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% 2H2O containing 12% (w/v) glucose, 2% (w/v) 

hydrolysate of deuterated biomass of B. methylicum B-5662, 2% (w/v) NH4NO3, 1% (w/v) 

MgSO4 7H2O, 2% (w/v) СаСО3, 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 °С 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 2H2O-content, as well as on 

the optical density of the cell suspension measured on a Beckman DU-6 spectrophotometer 

(“Beckman Coulter”, USA) at λ = 540 nm in a quartz cuvette with an optical pathway length 10 

mm.  
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Analytical determination of [2H]inosine 

Inosine was analytically determined in 10 μl of liquid culture (LC) samples on Silufol 

UV-254 chromatographic plates (150150 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/v)). Spots were eluted with 0,1 N HCl. 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).  

 

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 (35 ml). The mixture was kept 

for ~10 h at 4°С, 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 °С. 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°С 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 (210 

ml), and dried over anhydrous СaCl2. Inosine was crystallized from 80% (v/v) ethanol ([]D20 = 

+1,610; output, 3,1 g/l (80 %)). Inosine was finally purified by ion exchange chromatography 

using a calibrated column (15010 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 NH4Cl 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°С in frost camera. 2H-inosine: yield – 3,1 g/l (80%); Tm = 68–70 °C; []D20 = 

1,61 (ethanol); Rf = 0,5; рКa = 1,2 (phosphate buffer with pH = 6,87). UV-spectrum (0.1 N 

HCl): λmax = 249 nm; ε249 = 7100 M-1 . cm-1. 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 

2Н); 274, 38 % (5 atoms 2Н); 275, 28% (6 atoms 2Н); 276, 14% (7 atoms 2Н); [А + H]+ 136, 

46%; [В + Н]+ 138, 55%; [В – НCN]+ 111, 49%; [В – 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 2HCl (in 2H2О). The ampules 
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were kept at 110 °С for ~24 h. Then the reaction mixture was suspended in hot 2H2О 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 2HCl (in 2H2О) and autoclaved at 60 0C for 

1,5 h. The reaction mixture was neutralized with 0,5 N NaOH (in 2H2О) 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 2H2О and 1,6 ml 25% (v/v) H2SO4 (in 2H2О), and boiled in a reflux water 

evaporator for ~90 min. After cooling, the reaction mixture was suspended in one volume of 

hot distilled 2H2О and neutralized with 1 N Ba(ОН)2 (in 2H2О) to pH = 7,0. BaSO4 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 

(2303,2 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 μm; working pressure – 50–60 atm; the 

eluent input rate – 18,5 ml/h; the ninhydrin input rate – 9,25 ml/h; detection at λ = 570 and λ = 

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 (25010 mm) as a 

stationary phase; the mobile phase, acetonitrile–water (75:25, % (v/v); the granule diameter – 

10 μm; the input rate – 0,6 ml/min. 

 

UV spectroscopy  

The UV spectra were registered with Beckman DU-6 programmed spectrophotometer 

(“Beckman Coulter”, USA) at λ = 220–280 nm. 

 

FAB mass spectrometry 
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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 °С) 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  

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 2H2O 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 °С) synthesizes 17–20 g of inosine per 1 liter of 

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 2H2О of high isotopic 

purity. For this purpose, we used 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 M9 with 98% (v/v) 2H2О 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 2H2О 

and [2H]methanol [22]. 

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 
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deuterated M9 medium. For this purpose, we used a stepwise increasing gradient of 2H2O-

concentration in M9 growth media (from 24,5; 49,0; 73,5 up to 98% (v/v) 2Н2О) in the 

presence of 2% (v/v) methanol and its 2H-labeled analog ([2H]methanol), because we 

assumed that gradual cell adaptation to 2Н2О would have a favorable effect on the growth 

parameters of the strain. 

 

Table 1  

Isotopic components of growth media M9 and characteristics of bacterial growth of B. 

methylicum B-5662* 

Experiment 

number 

Media components, % (v/v) 

 

Lag-

period 

(h) 

Yield of 

biomass, 

gram from 

1 l of LC 

Generation 

time (h) 

H2O 2H2O Methanol [2H]methanol                                               

1 98,0 0 2 0 20±1,40 200,2±3,20 2,2±0,20 

2 98,0 0 0 2 30±1,44 184,6±2,78 2,4±0,23 

3 73,5 24,5 2 0 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±0,90 140,2±1,96 3,0±0,32 

6 49,0 49,0 0 2 44±1,38 121,3±1,83 3,2±0,36 

7 24,5 73,5 2 0 45±1,.41 112,8±1,19 3,5±0,27 

8 24,5 73,5 0 2 49±0,91 94,4±1,74 3,8±0,25 

9 0 98,0 2 0 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±0,88 174,0±1,83 2,8±0,30 

Notes: * The data in Expts. 1–10 are submitted for B. methylicum at growing on growth 

media with 2% (v/v) methanol/[2Н]methanol and specified amounts (%, v/v) 2Н2О. 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 

[2Н]methanol and 98% (v/v) of 2Н2О. 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 
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concentration of 2H2O 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 2Н2О 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 2Н2О 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 2Н2О-

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) 2Н2О 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). 

The adaptation was monitored by recording the growth dynamics of the initial 

bacterium (Fig. 1, curve 1, control, protonated M9 medium) and adapted to deuterium B. 

methylicum B-5662  (Fig. 1, curve 3) on the maximally deuterated M9 medium with 98% 

(v/v) 2Н2О and 2% (v/v) [2H]methanol. Unlike the adapted bacterium (Fig. 1, curve 3), the 

growth dynamics of the initial bacterium (Fig. 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 2Н2О 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) 2Н2О and 2% (v/v) 

[2H]methanol, incubation period 3–4 days, and temperature 35 0С. 
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Fig. 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 M9 (Table 1, 

experiment 1); 2 – non-adapted bacterium on maximally deuterated medium M9 (Table 1, 

experiment 10); 3 – adapted to 2H2O bacterium on maximally deuterated medium M9 

(Table 1, experiment 10’) 

 

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 on 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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Fig. 2. – Yield of microbial biomass of B. methylicum, magnitude of lag-period and 

generation time in various experimental conditions: initial strain on protonated М9 medium 

(control) with water and methanol (a); initial strain on maximally deuterated M9 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 using 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 (1Н–2Н) in amino acid residues of protein molecules, the biomass was 

hydrolyzed by autoclaving in 0,5 N 2НCl (in 2H2О). 

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 M9 with 98% (v/v) 2H2О 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 λ = 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 
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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. 

 

 

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) 2H2O 

and 2% (v/v) [2H]methanol and levels of deuterium enrichment* 

Amino acid Yield, % (w/w) dry weight per 

1 gram of biomass 

 

Number of 

deuterium 

atoms 

incorporated 

into the 

carbon 

backbone of a 

molecule** 

 

Level of 

deuterium 

enrichment of 

molecules, % 

of the total 

number of 

hydrogen 

atoms*** 

 

Protonated 

sample 

(control) 

Sample from 

deuterated 

M9 medium 

Glycine 8,03 9,69 2 90,0±1,86 

Alanine 12,95 13,98 4 97,5±1,96 

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 49,0±1,50 

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 
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Lysine 4,34 3,98 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 

NH2- groups of amino acid molecules were not taken into account because of the 

dissociation in H2O/2H2O. 

*** A dash denotes the absence of data. 

 

The growth and biosynthetic characteristics of inosine-producing strain B. subtilis B-

3157 were studied on protonated yeast PVC medium with H2O and 2% (w/v) yeast PVC 

and on HW medium with 89% (v/v) 2H2О and 2% (w/w) of hydrolysate of deuterated 

biomass of B. methylicum (Fig. 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 (Fig. 3, curves 2, 2'), and glucose assimilation (Fig. 3, curves 3, 3'). The 

maximal output of inosine (17 g/l) was observed on protonated PVC medium at a glucose 

assimilation rate 10 g/l (Fig. 3, curve 2). The output of inosine in the HW medium 

decreased in 4,4-fold, reaching 3,9 g/l (Fig. 3, curve 2'), and the level of glucose 

assimilation – 4-fold, as testified by the remaining 40 g/l non-assimilated glucose in LC 

(Fig. 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 

H2O. 
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Fig. 3 – Growth dynamics of B. subtilis B-3157 (1, 1') (cells/ml), inosine accumulation 

in LC (2, 2') (g/l), and glucose assimilation (3, 3') (g/l) 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 μm, 

10250 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 Н2О 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 

biomass 

 

Level of deuterium 

enrichment of 

molecules, %** 

Protonated sample 

(control) 

Sample from the 

HW medium 

Glucose 20,01 21,40 80,6±1,86 

Fructose 6,12 6,82 85,5±1,92 

Rhamnose 2,91 3,47 90,3±2,12 

Arabinose 3,26 3,69 90,7±3,10 

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 [2H]Inosine from LC  

The use of a combination of physical-chemical methods for isolating [2H]inosine from 

LC was determined by the need for preparing inosine of a high chromatographic purity (no 

less than 95%). Since 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), 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 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 LC by precipitation with acetone at 4 °С 

with subsequent adsorption/desorbtion of total ribonucleosides on activated carbon. The 

desorbed ribonucleosides were extracted from the reacted solid phase by eluting with 

EtOH–NH3–solution at 60 °С; inosine – by extracting with 0,3 M ammonium–formate buffer 
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(pH = 8,9) and subsequent crystallization in 80% (v/v) ethanol. 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 NH4Cl with 

collection of fractions at Rf  = 0,5. The curves 1–3 on 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 

(λmax = 249 nm, ε249 = 7100 M-1 cm-1), and the absence of secondary metabolites II and III 

in the analyzed sample (Fig. 4, curve 3), demonstrates the homogeneity of isolated 

product and the efficiency of the isolation method. 

 

Fig. 4 – UV-absorption spectra of inosine (0,1 M HCl): (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, (II, III) – 

secondary metabolites. 

 

The studying of the level of deuterium enrichment of [2H]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 10-8 to 10-10 moles of 
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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, Fig. 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 [М + Н]+ at m/z = 274 with 38% (instead of [М + Н]+ at m/z = 269 with 

42% under the control conditions; Fig. 5a). That result corresponds to five deuterium 

atoms incorporated into the inosine molecule, obtained after growing of B. subtilis B-3157 

on HW-medium (Fig. 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). 

 

 

Fig. 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. 
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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 

[М+Н]+  

  

Contribution to the 

level of deuterium 

enrichment, mol.% 

The number of 

deuterium atoms 

Level of deuterium 

enrichment of molecules, 

% of the total number of 

hydrogen atoms* 

 

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 H2O/2H2O. 

 

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 hydrogen atoms in the carbon backbone of the molecule: 

 

1 2 2 2[ ] [ ] ... [ ]r r rn n

n

M C M C M C
TLDE

C

       



 ,  (1) 

 

where [M]+r – the values of the molecular ion peak of inosine; Сn – the contribution of the 

molecular ion peaks to TLDE (mol %). 

 

The fragmentation of the inosine molecule, shown in Figure 5, 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 (C5H9O4)+ fragment (II) at 

m/z = 133 and hypoxanthine (C5H4ON4)+ fragment (III) at m/z = 136 (their fragmentation is 

accompanied by the migration of Н+), which in turn, later disintegrated into several low-

molecular-weight splinter fragments at m/z = 109, 108, 82, 81, and 54 due to HCN and CO 

elimination from hypoxanthine (Fig. 6). Consequently, the presence of two “heavy” 

fragments of ribose II (C5H9O4)+ at m/z = 136 (46%) (instead of m/z = 133 (41%) in the 

control) and hypoxanthine III (C5H4ON4)+ at m/z = 138 (55%) (instead of m/z = 136 (48%) 
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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 (Fig. 6). 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. 

 

Fig. 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 [25]. 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 
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glucose. The numerous isotopic 1Н–2Н 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 2Н2О 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 N10–CHO–FH4 and N5,N10–

CH=FH4) (Fig. 7), that originated from the deuterated hydrolysate of methylotrophic 

bacterium B. methylicum obtained on 98% of 2H2O medium. A glycoside proton at -N9-

glycosidic bond could be replaced with deuterium via the reaction of СО2 elimination at the 

stage of the ribulose-5-monophosphate formation from 3-keto-6-phosphogluconic acid with 

the subsequent proton (deuteron) attachment at the С1-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 2H2O 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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Fig. 7 – Overall scheme of biosynthesis of IMP in microbial cell (adapted from 

Bohinski, 1983 [26]) 

 

Our experiments demonstrated that chemo-heterotrophic metabolism does not 

undergo significant changes in 2H2O. This testifies about a phenotypic nature of adaptation 

to 2Н2О phenomenon as the adapted cells eventually return back to the normal growth 

after some lag-period after their replacement back onto H2O-medium. However, the effect 

of reversion of growth on H2O/2Н2О media does not exclude an opportunity that a certain 

genotype determines the manifestation of the same phenotypic attribute in 2Н2О-media 

with high deuterium content. At placing a cell onto 2Н2О-media lacking protons, not only 

2Н2О is removed from a cell due to isotopic (1H–2Н) exchange, but also there are occurred 

a rapid isotopic (1H–2Н) exchange in hydroxyl (-OH), sulfohydryl (-SH) and amino (-NH2) 

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 
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not exposed to isotopic (1H–2Н) exchange and, thereof only molecules with bonds such as 

C–2Н can be synthesized de novo. Thus, the most sensitive to replacement of Н 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 2H2O 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 NH4Cl 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 2H2O-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 2H2O 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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