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Introduction

The biological significance of monosaccharides stimulates their studies due to electronic interactions. Understanding the mechanisms of energy dissipation in organic and biomolecules is extremely important both for studying processes occurring in living organisms and for studying radiation damage of biological matter. Interaction of ionizing radiation with a living organism can cause various genotype changes by affecting DNA and RNA macromolecules. Penetrating the body, radiation generates a flow of low-energy secondary electrons with energies ranging from 0.1 to tens of electron-volts. Secondary electrons initiate destructive changes in DNA and RNA due to inelastic excitation and ionization processes [1], the consequences of which can be estimated by studying the most probable channels of fragmentation of these biomolecules. Among inelastic processes in electron-molecular collisions, the main ones are direct and dissociative ionization.

Monosaccharides (D-ribose, D-fructose, 2-deoxyribose, -D-glucose) serve as an energy carrier and structural component for all living organisms. Therefore, changes in their molecular composition and the reactions that occur by interaction with electrons are extremely important for biology and radiation chemistry. Detailed studies of the fragmentation of various monosaccharides have been greatly facilitated by the development of mass spectrometric and spectroscopic tools [2][3][START_REF] Papp | Matejčík[END_REF][5][6][7][8]. Interest in monosaccharide fragmentation is also motivated by the potential role of secondary low-energy electrons in radiation damage to DNA [3,[START_REF] Papp | Matejčík[END_REF]9], where the sugar fragment represents a major building block. The specificity of monosaccharide fragmentation is the loss of various amounts of H 2 O molecules and the release of carboncontaining fragments consisting of CH 2 O links [START_REF] Beynon | Mass spectrometry and its applications in organic chemistry[END_REF].

The mass spectrometric method of studying the processes of total and dissociative ionization is the most informative and allows, under identical experimental conditions, to obtain the complete mass spectrum of the molecule under study and to estimate the relative contribution of each dissociation fragment [START_REF] Beynon | Mass spectrometry and its applications in organic chemistry[END_REF]. A detailed analysis of experimental and theoretical data for structural characterization of complex biomolecules is given in [START_REF] Szarek | [END_REF][12][13][14]. The most general direction of fragmentation of complex molecules during electron impact is simple breaking of hydrocarbon skeleton bonds to form oxonium-type ions, as well as dehydration of fragment ions. The presence of a hydroxyl group increases the probability of dissociative breakdown of molecules during electron impact ionization, and this usually leads to the absence of the parent molecular M + peak in the mass spectrum. This characteristic feature of electron ionization of polyatomic alcohols was previously found for molecules of glycerol, sorbitol, and ribose [15][16][17][18].

Theoretical and experimental studies of monosaccharide molecules were carried out in [13,14,17,[19][20][21][22][23][24][25]. In [19], the gas-phase structures of five five-carbon monosaccharides (D-ribose, D-lysose, 2-deoxy-D-ribose, D-xylose, and D-arabinose) were studied and it was shown that these monosaccharides are cyclic molecules. The use of density functional theory allowed us to determine the low-energy electronic structure of these molecules, which is pyranose. The multichannel computational method of Schwinger [20] found the constituents of DNA including nucleotide bases, phosphate esters and sugar-base models and found the shape resonances. In [21], experimental and theoretical results on photoionization of deoxyribose under synchrotron radiation are reported. Using high-level electronic structure methods, the authors calculated the adiabatic and vertical ionization energies of this molecule and analyzed the dynamics of dissociative photoionization of deoxyribose. In [22], using synchrotron radiation, the photofragmentation of deoxyribose at energies above the ionization threshold of this molecule was studied. The formation of a large number of molecular cation fragments with different intensities was observed. The study of biotin molecules, which has a similar structure to ribose, is devoted to [23]. It was shown that during dissociation the ring structure and the carboxyl group are broken, leading to the formation of fragment anions. In [12][13][14][23][24][25] a detailed analysis of experimental and theoretical data on the structural characterization of complex biomolecules is given, and in the review [14] an analysis of the results on the study of the effect of low-energy electrons on biomolecules from the radiobiological point of view due to the formation of a transient anion is performed. A detailed study of the inelastic interaction of electrons with deoxyribose molecules was carried out in [24], in which the special role of secondary electrons in the irradiation of living cells was emphasized.

When molecules interact with electrons of low energies (0-10 eV), there is a process of electron capture by the molecule with the subsequent formation of negative ions. This process proceeds by resonance mechanisms and is well described in terms of energies and symmetry of vacant molecular orbitals (MOs) [26,27]. The decay of negative ions is possible by either electron autodetaching or dissociation (fragmentation) and depends on some characteristics of the target molecule [26][27][START_REF] Chernyshova | In contributed papers of the 32 nd ICPEAC (virtual ICPEAC[END_REF][START_REF] Bald | [END_REF].

We systematically investigate the processes of single and dissociative ionization of biomolecules by electron impact and measure their thresholds by mass spectrometric method. It is in the region of ionization threshold energies that many aspects of atomic and molecular structure, which are determinant for energy dissipation in the interaction of electrons with multi-atomic molecules, are manifested.

Experimental setup

The apparatus and experimental methods have been described in detail earlier [17], so we will dwell only on the main parameters used in this experiment. A molecular beam (MB) from an effusive source was intersected at an angle of 90 with an electron beam of adjustable energy from 5 to 70 eV. The concentration of molecules in the zone of interaction with the electron beam was of the order of 10 -11 cm -3 . The electron current could be varied within 0.05-0.5 mA, and the minimum electron energy spread was ΔE 1/2 = 250 meV. The energy scale was calibrated to an accuracy no worse than ±0.08 eV. The ions formed as a result of the interaction were analyzed by the MX-7304A monopole mass spectrometer. In this experiment, for the ionization cross section measurements, the range of recorded masses and MB source temperature were: for glucose 10-170 Da, 425K, for ribose 10-150 Da, 375K.

In addition to mass spectra in the above mass range, a full cycle of measurements of energy dependences of fragment ion formation was performed. The most intense mass-fragments were determined from the mass spectra. Then these masses were set (not more than 20), the energy range was set, with a step of 0.25-1.0 eV, and simultaneous measurement of the energy dependences of fragment ion formation was carried out. The required measurement time was calculated by the formula

T full = t 1 nС , ( 1 
)
where t1 is the measurement time of one fragment, n is the number of fragments, C is the number of cycles which was determined depending on the value of the useful signal.

This technique allows us to determine the relative cross sections of dissociative ionization of initial molecules. To obtain the total relative ionization cross section, it is necessary to measure the total current of positive ions formed by the interaction between electrons and molecules.

At zero potentials at the deflecting electrodes of the mass spectrometer, the total current of positive ions formed as a result of interaction of the target molecules with electrons was measured at the collector. The energy was varied in steps of 0.2 eV in the near-threshold region of 5-20 eV and 1.0 eV in the range of 20-60 eV. In this mode, the energy dependences of the total relative ionization cross section (ionization functions) were measured, and the ionization potential of the molecules under study was determined by the least-squares method using the threshold regions of these dependences [17]. Registration and processing of the experimental results were carried out in automatic mode using special computer codes.

The experimental data were fitted to the curve given by the extended Wannier law convolved with the energy dispersion of the incident electron beam [17,30]. The energy interval at which the fitting was performed was 6-20 eV up to the inflection curve to the maximum. The determined ionization potential was stable with respect to the change of the energy interval. The background value was not more than 10%. The measurement error of the useful ionization signal was within 5-15%.

In experiments, two types of ionization cross sections (CSs) are measured: total ionization CSs [1,31] and single ionization CSs (generally dissociative) of a certain fragment [32]. In the 1st case, all positive fragment ions of different masses formed in the collision of a molecule with an electron by various ionization processes, both without excitation and with excitation of the accompanying fragments: single, double, and dissociative ionization, are measured. Thus, in the experiments [1,31], the total ionization CS of the amino acid molecules valine, glutamine, and glutamic acid was measured. In the 2nd case, only single-charged positive ions of a certain mass are measured [32]. Here, if the mass of a certain ion fragment is fixed, it is possible to directly measure the CS of the dissociative single ionization process in a direct experiment and determine the energy appearance of this fragment. If it is the mass of the ion of the parent molecule, the CS and threshold of its single ionization process will be measured.

Results and discussion

Glucose and ribose formulas

By their chemical nature, monosaccharides are aldehyde or keto alcohols [18], they are divided into two groups: D-and L-forms. The most important representatives of aldopentoses are D-ribose, Ddeoxyribose and aldohexoses are D-glucose. One of the fundamental properties of monosaccharides is due to the manifestation of different types of isomerism. Isomers, have the same molecular formula but differ in the arrangement of atoms in space. Glucose (C 6 H 12 O 6 ) is one of the most common monosaccharides of hexose group, the most important source of energy in living cells, it is a part of various oligosaccharides, polysaccharides and some glycoproteins. Ribose (C 5 H 10 O 5 ) -belongs to the group of aldopentoses, and in furanose form D-ribose is a part of RNA.

Glucose has four asymmetric carbon atoms -chiral centers, each of which is bound by substituenthydrogen atom and OH. This structural formula suggests the possibility of 16 stereoisomers, among which 8 pairs are enantiomers. One of these 8 pairs consists of D-and L-optical isomers, their structural features and relations between atoms are displayed using E. Fischer's projection formulas: the number of vertical and horizontal lines corresponds to the number of asymmetric carbon atoms, the aldehyde group is written above the vertical line, and the H and OH atoms are written at the ends of the horizontal lines. The linear formulas of E. Fisher (a in Fig. 1) make it possible to visually explain most of the physical and chemical properties of monosaccharides.

Figure 1 Linear (a) and cyclic (b) glucose and ribose forms

Some properties are not shown by these formulas because not all hydroxyl groups have the same features. Therefore, to explain these properties, structural formulas are presented in cyclic form (b in Fig. 1). Ring forms are spatial isomers that can have five-membered (furanose) and six-membered (pyranose) rings. The cyclic form of glucose is a five-membered ring in which the fifth and fourth carbon atoms are as close as possible to the first, which ensures that the carbonyl group of the hydrogen atom from the hydroxyl is attached to the oxygen. D-ribose has two cyclic forms as β-D-ribofuranose and β-D-ribose (deoxyribose). D-ribose belongs to the group of polyhydric hydrocarbon alcohols (polyols).

Calculations for single ionization cross sections of monosaccharide molecules by electron impact

To estimate the summarized single ionization cross sections of molecules σ ( E )= ∑ k σ k ( E ) for the k-th MOs taken into account, the following pair collision models are used: the dipole Binary-Encounter-Dipole (BED), the semiclassical Binary-Encounter-Bethe (BEB) [25,33,34], and the classical Gryzinski approximation (Gryz ) [35] (also see [36]). We calculate CS in the BEB and Gryz models.

In the BEB model, the expression for a single ionization CS of a molecule (electron removal) from the k-th MO is as follows:

σ k (t k )= S k t k +u k +1 ⋅ { 1 2 Q k ⋅ ( 1-1 t k 2 ) ⋅ln t k +(2-Q k )⋅ [ ( 1-1 t k ) -ln t k t k + 1 ]} . ( 2 
)
Here t k =E/ B k , E -is the kinetic energy of the incoming electron, B k -is the binding energy of the electron removed from the k-th MO, u k =U k /B k , where U k -is the average kinetic energy of electrons at the k-th MO. The values S k , Q k are found from the expressions:

S k =4 π⋅a 0 2 ⋅N k ⋅( R / B k ) 2 ; Q k = 2⋅B k ⋅M k 2 N k ⋅R ; M k 2 = R B k ⋅ ∫ 0 ∞ 1 w k +1 ⋅ d f ( w k ) d w k d w k , (3) 
Where w k =W /B k , W -is the kinetic energy of the removed electron, d f (w k )/d w k -is the differential oscillator strength for the molecule, N k -is the number of electrons on the k-th MO, R = 13.6058 eV is the Rydberg constant,

a 0 =5 . 2918⋅10 -11
m is the Bohr radius (atomic unit of length). The value of Q k is assumed to be equal to 1 [25].

The expression for the single ionization CS of a molecule from the k-th MO in the Gryzinski approximation is as follows:

σ k ( t k )= σ 0 B k 2 ⋅ 1 t k ⋅ ( t k -1 t k +1 ) 3/2 ⋅ { 1+ 2 3 ⋅ ( 1-1 2 t k ) ⋅ln [ 2 .7+ ( t k -1 ) 1/2 ] } , (4) 
where σ 0 = 6.56 × 10 -18 eV 2 m 2 . The CS in this approximation is determined only by the binding energy B k of the electron on the MO. Using two methods, Hartree-Fock (HF) and density functional theory (DFT), the structure of D-and L-forms of glucose molecules were calculated using the Gaussian 16 code [37]. The energy characteristics of their MOs -binding B k and average kinetic U k energies -were used to calculate the summarized single ionization CSs based on the MOs (48 for Glc and 40 for Ribf).

The ionization potentials of glucose and ribose molecules calculated from binding energies B 48 HOMO and B 40 HOMO (I = -B HOMO ) and the measured experimental values are presented in Table 1. We see that the HF data are about 4 eV larger than the data obtained by the DFT method. It is the appearance of fragment ions as a result of the dissociative ionization process that determines the partial ionization and the total ionization CSs and possible changes in the structure of their energy dependencies -small maxima, breaks, irregularities. In the case of glucose molecule the most intense peaks in the mass spectra correspond to fragment ions: CHO

+ , CH 3 O + , C 2 H 3 O + , C 2 H 4 O 2 + , C 2 H 5 O 2 + , C 3 H 5 O 2 + , C 3 H 7 O 3 + ,
which form a series of peaks with a mass difference of 1 Da [30]. As can be seen, in addition to CH 3 O + , they contain from 2 to 4 carbon atoms, as well as the aldehyde group CHO + . In the case of the Dribose molecule a general characteristic of the mass spectra is the presence of groups of lines, the central ones being the peaks corresponding to ions with m/z = 29, 43, 60, 73, 86 and products of secondary fragmentation of fragmentation ions -CO + and CH 3 + [17].

At low energies, close to the threshold, the total ionization CS is determined as a rule by the single ionization CS of the parent molecules. This is valid for the glucose molecule. But in the case of ribose molecule, the appearance energy of C 4 H 9 O + cation is 10.84 eV [17], which is close to the ionization energy of the molecule 10.46  0.25 eV. Therefore, in the near-threshold region, the total ionization cross section is determined by the partial ionization cross sections of the molecule and dissociative ionization of the C 4 H 9 O + cation formation (see also [26-29, 38, 39]).

Calculations of the cross sections of single ionization of glucose and ribose molecules by electron impact and the absolute values of the experimental total ionization cross sections

One of the simplest ways to obtain absolute values of the measured CSs is to normalize their relative counts to sufficiently reliable theoretical data. In the experiments presented in this paper, we used the theoretical single ionization CSs to normalize the experimental total ionization CSs in the pre-threshold region. Since we did not take into account the dissociative ionization process leading to the appearance of the C 4 H 9 O + fragment ion and did not calculate the corresponding cross section, our normalization of the relative experimental values to the theoretical cross section of one-electron ionization gives an underestimated value of the total ionization cross section of the ribose molecule. To calculate the single ionization CSs, we use the (2)-(4) formulas of the two pair collision models.

Glucose. The measured threshold of single ionization of the glucose molecule is 12.25 ± 0.25 eV (see Table 1). Fig. 2 presents a comparison of the measured normalized (absolute values) total CSs and theoretical summarized CSs for the D-and L-forms of the glucose molecule. We see that the Gryz-DFT energy behavior CS is similar to the measured one. In general, the CSs with DFT MOs increase faster than those with MOs calculated in the HF approximation. Also, Gryz CSs increase faster than BEB CSs. The absolute values of the measured total CSs of ionization of the glucose molecule are given in Table 2.

The normalization of the relative experimental CSs values at 11 eV was performed on the Gryz-DFT single ionization CS for the D-form. In this case, the Gryz-DFT CS (curve 2) was shifted toward higher energies by 1 eV. As mentioned above, the energy characteristics of the MO of both forms of the glucose molecule are very similar (see Table 1). Therefore, it is expected that the single ionization CSs will be similar in magnitude. For the L-form, the same absolute values are plotted in Fig. 2, where the Gryz-DFT CS (curve 2) is also shifted by 1 eV to the right. We can see that the experimental total ionization CS exceeds the summarized theoretical single ionization CSs, increases faster with increasing collision energy, and the maximum value is 84.31  10 -20 m 2 at 40.6 eV.

Ribose. The measured threshold of single ionization of the ribose molecule is 10.46 ± 0.25 eV (see Table 1). Fig. 3 presents a comparison of the normalized total ionization CSs measured up to 69.59 eV and the summarized theoretical CSs for the D-and L-forms of the ribose molecule. We can see that the energy behavior of the Gryz-DFT CS is similar to the measured one. In general, the CSs with DFT MOs increase faster than those with MOs calculated in the HF approximation. Also, Gryz cross-sections increase faster than BEB CSs. The absolute values of the measured total ionization CSs of the ribose molecule are given in Table 3.

The normalization of the relative experimental values at 12.65 eV was performed on the Gryz-DFT single ionization CS for the D-form. In this case, the Gryz-DFT CS (curve 2) was shifted toward higher energies by 3.15 eV, which is the difference between the experimental ionization threshold and the binding energy of the HOMO orbital. The background was subtracted from the experimental values, the average energy dependence of which is a straight line у=0 . 22327+0 . 01375⋅E . As mentioned above, the energy characteristics of the MOs of both forms of the ribose molecule are very close. Therefore, it is expected that the single ionization CSs will be similar in size. For the L-form in Fig. 3, the same absolute values are plotted, where the Gryz-DFT cross section (curve 2) is also shifted by 3.15 eV to the right. We can see that the experimental total ionization CS exceeds the summarized theoretical single ionization CSs, increases faster with increasing collision energy, and the maximum value is 65.63  10 -20 m 2 at 43.1 eV. 

Calculation of the ionization cross sections of the highest (HOMO) molecular orbitals by electron impact

It is important to determine the contribution in the single ionization CS from the highest occupied (HOMO) orbital into the summarized CS. This relative contribution from the higher MO is defined by the expression:

P( E)=[ σ k HOMO ( E)/ ∑ k=k HOMO k=(k HOMO -n+1 ) σ k ( E ) ]⋅100 % ,
here k is the number of MO, n is the number of MO taken into account at a given collision energy E. It is obvious that the contribution from HOMOs is dominant at initial energies. The magnitude of the contribution P(E) and the number of molecular orbitals n in the total cross section depend on the collision energy.

Glucose. Fig. 4 shows the energy dependence of the relative contribution of P(E) from the highest MO (k HOMO = 48) to the calculated summarized Gryz-DFT σ ( E ) single ionization CS of the D-form of the glucose molecule. This contribution is compared with the behavior of the single ionization CSs of the summarized σ ( E ) and higher MO σ k HOMO ( E) . The latter CS, σ k HOMO ( E) , reaches a maximum of 4.442  10 -20 m 2 at 29 eV. The contribution of P(E) decreases rapidly with increasing collision energy: in the interval from the threshold of 8 eV to 20 eV, it decreases by a factor of more than 9, from 94.2 to 10.5%. In Fig. 4 we can see that at energies close to the ionization threshold, the contribution of P = 100%, i.e. the summarized CS is determined by one high-lying MO (n = 1). Starting from 30 eV, the summarized CS is determined by all 36 (from 13 to 48) MOs (n=36). In general, the contribution P(E) of the HOMO orbital is quite significant: 13.9% at 15, 8.2% at 30, 6.8% at 50, and  6.2% at 70 eV. Ribose. Fig. 5 shows the energy dependence of the relative contribution of P(E) from the highest MO, k HOMO =40 to the calculated summarized Gryz-DFTCS σ ( E ) of the single ionization of the D-form of the ribose molecule. This contribution is compared to the behavior of the single ionization CSs of the summarized σ ( E ) and higher MO σ k HOMO ( E) . The latter cross section, σ k HOMO ( E) , reaches a maximum of 5.337 × 10 -20 m 2 at 27.5 eV. The contribution of P(E) decreases rapidly with increasing collision energy: in the interval from the threshold of 7.5 eV to 20 eV, it decreases by a factor of more than 7, from 100 to 13/3%. Fig. 5 shows that at 7.5 eV, i.e. at the ionization threshold, the contribution of P = 100%, i.e., the summarized CS is determined by one higher MO (n = 1), while at 8 eV P = 82.6%. Starting from 30 eV, the summarized CS is determined by all 30 (from 11 to 40) MOs (n = 30). In general, the contribution of the P(E) HOMO orbital is quite significant: 17.9% at 15, 10.3% at 30, 8.5% at 50, and  7.8% at 70 eV.

Note, that the contributions of the HOMO-1, HOMO-2 to the Gryz-DFT (E) also rapidly decrease from the threshold B k and at finite energies their values are: at 73.7 eV (Glc) -5.8 and 5.7% and at 68.5 eV (Ribf) -7.2 and 6.4%.

Summarized cross-sections of single ionization of atomic and molecular fragments of glucose and ribose molecules in the BEB model

Glucose (C 6 H 12 O 6 ) and ribose (C 5 H 10 O 5 ) molecules, as organic molecules, consist of a corresponding number of C, H, O atoms and a certain number of fragments (see their linear forms above). It is worth to compare the summarized single ionization CSs of a molecule and the corresponding single ionization CSs of all its atoms and all its fragments.

In the case of the D-form of glucose and ribose molecules, the summarized single ionization CSs of the atoms σ at (Glc), σ at (Ribf) and fragments σ frag (Glc), σ frag (Ribf) are as follows:

σ at (Glc) = 6σ(C) + 12σ(H) + 6σ(O) , (5) 
σ frag (Glc) = 4σ(CH) + σ(CH 2 ) + 5σ(OH) + σσ(СOH) , (6) 
σ at (Ribf) = 5σ(C) + 10σ(H) + 5σ(O) , (7) 
σ frag (Ribf) = 3σ(CH) + σ(CH 2 ) + 4σ(OH) + σ(СOH) . (8) 
In such a comparison, it is necessary that all CSs are calculated in the same approximation. We choose the BEB model because it is already well-tested. Of course, there are many ways to separate fragments in complex molecules. But, in our opinion, this will not significantly change the summarized ionization CS  frag . To a greater extent, the value and behavior of this CS depends on the approximation in which it is calculated (BEB or Gryz) and to a lesser extent on the method of calculating the fragment MO (DFT or HF) (see Figs. 2 and3).

The basis for this representation of the ionization CSs by expressions ( 5)-( 8) is the model of independent atoms as it was used in the problem of electron scattering by molecules. The imaginary part of the optical potential describing the interaction of the incoming electron with the molecule determines the inelastic CS, which is the sum of all inelastic CSs.

The ionization potentials of atoms are as follows (in eV) [40]: I(H) = 13.5985; I(S) = 11.260; I(O) = 13.618. The ionization potentials of molecular fragments and the binding energy of electrons on HOMO are as follows (in eV): I(CH) = 10.9 [START_REF] Radzig | Reference Data on Atoms, Molecules and Ions[END_REF], B HOMO = 10.64 [40]; I(CH 2 ) = 10.396 [START_REF] Radzig | Reference Data on Atoms, Molecules and Ions[END_REF], B HOMO = 10.40 [40]; I(OH) = 13.18 [START_REF] Radzig | Reference Data on Atoms, Molecules and Ions[END_REF], I(OH) = 13. 0170 ± 0.0002 [START_REF] Wiedmann | [END_REF]; I(SO) = 14.0142 ± 0.0003 [43], B HOMO = 14.01 [40]; I(SO) = 8.14 ± 0.14 [44], B HOMO = 9.20 [40]. At a given energy of the ionizing electron, the contribution to the process is given by those fragments whose ionization threshold is less than this electron energy. According to the BEB formula, the contribution to the ionization CS is given by those MOs whose binding energy, starting from B HOMO , is less than the electron energy.

In the literature, the BEB approach has been used to calculate the single ionization CSs of the above mentioned atoms H [45], C and O [46], and fragments CH [47], CH 2 and CO [48], OH [49], COH [START_REF] Kim | Proc. 2nd Int. Conf. On Atom. Molec. Data and Their Applications[END_REF]. Note that the calculated CSs are in good agreement with the experimental data (see [START_REF] Tarnovsky | [END_REF][52][53][54] in [START_REF] Tarnovsky | [END_REF]). At their maxima, they are within the measurement errors. In [46], two approximations, BEB and BED, were used for the ionization of a hydrogen atom (see expressions (3)-(4) above). In this case, the BEB approximation gives better agreement with the experiment [55].

Glucose. In Fig. 6, we compare the BEB CSs of the single ionization of atoms 12σ(H), 6σ(C), 6σ(O),the summarized atomic σ at (E) (see (5)) and the summarized BEB-DFT σ(E) CSs of the glucose molecule. In Fig. 7, we compare the single ionization CSs of fragments 4σ(CH), σ(CH 2 ), 5σ(OH), σ(COH), the summarized of σ frag (E) (see (6)) and the BEB-DFT σ(E) CSs of the glucose molecule. From Figs. 6 and7, we can see that the total cross section of the single ionization of atoms σ at (E) is slightly higher than the summarized CS of the fragment ionization σ frag (E). The main contribution to the σ at (E) CS is made by the ionization of six carbon and twelve hydrogen atoms (up to 95 eV), and to the σ frag (E) CS by the ionization of four CH and five OH fragments. The CSs σ at (E) and σ frag (E) are much smaller than the summarized BEB-DFT σ(E) CS of a single ionization of a glucose molecule. The energy behavior of the CSs is similar due to the fact that the BEB approximation formulas were used. Ribose. In Fig. 8, we compare the BEB CSs of the single ionization of atoms 10σ(H), 5σ(C), 5σ(O), the total atomic cross section σ at (E) (see (7)), and the summarized BEB-DFT σ(E) of the ribose molecule. In Fig. 9, we compare the single ionization CSs of fragments 3σ(CH), σ(CH 2 ), 4σ(OH), σ(COH), the summarized CSs of σ frag (E) (see (8)) and the BEB-DFT σ(E) of the ribose molecule. From Figs. 8 and9, we can see that the summarized CS of the single ionization of atoms σ at (E) is almost equal to the summarized CS σ frag (E) of fragment ionization. The main contribution to the σ at (E) CS is made by the ionization of five carbon and ten hydrogen atoms (up to 90 eV), and to the σ frag (E) CS by the ionization of three CH fragments and four OH fragments. The CSs σ at (E) and σ frag (E) are smaller than the summarized BEB-DFT σ(E) CS of a single ionization of a glucose molecule. The energy behavior of the CSs is also similar. 

Conclusions

The total relative ionization cross sections of glucose and ribose molecules have been measured in the energy range of 5-70 eV by mass spectrometry. By approximating the threshold region of the energy dependence of the cross sections, the ionization potentials of the studied molecules have been determined. Using standard packages of quantum-chemical software, the structure of two forms (D, L) of glucose and ribose molecules was calculated ab initio by Hartree-Fock and density functional theory methods. The ionization potentials of these molecules have been estimated in the molecular orbitals approximation. Their values obtained by the density functional theory method are smaller than the measured ones, while those obtained by the Hartree-Fock method are close to them.

The summarized cross sections of single ionization of D-and L-forms of glucose and ribose molecules by electron impact calculated by the Binary-Encounter-Bethe and Gryzinsky models have been compared with the energy characteristics of molecular orbitals calculated by the above mentioned methods. The cross sections calculated by the Gryzinsky model with the characteristics of molecular orbitals found by density functional theory were used to normalize the measured total cross sections at energies close to threshold. This allowed us to obtain absolute values of the measured ionization cross sections. The relative contribution of the HOMO orbital to the summarized ionization cross section at an electron energy of 70 eV is: 6% for glucose molecule and 8% for ribose. The Binary-Encounter-Bethe calculated ionization cross sections of glucose and ribose molecules exceed the summarized ionization cross sections of atoms and structural fragments of these molecules.

Figure 2

 2 Figure 2 Ionization cross sections of the D-and L-forms of the glucose molecule. The experimental total ionization cross section are normalized to the Gryz-DFT calculation at 11 eV (D-form) -1 (ooo). Calculations of the summarized cross sections of single ionization: 2 -Gryz-DFT; 3 -BEB-DFT; 4 -Gryz-HF; 5 -BEB-HF.

Figure 3

 3 Figure 3 Ionization cross sections of the D-and L-forms of the ribose molecule. The experimental total ionization cross section are normalized to the Gryz-DFT calculation at 12.65 eV (D-form) -1 (ooo). Calculations of the summarized cross sections of single ionization: 2 -Gryz-DFT; 3 -BEB-DFT; 4 -Gryz-HF; 5 -BEB-HF.
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 45 Figure 4 Energy dependence of the calculated Gryz-DFT cross-sections of single ionization of the D-form of the glucose molecule (in 10 -20 m 2 ) and the relative contribution from the higher k HOMO = 48 MO. 1 -σ(E), 2 -HOMO σ k HOMO ( E) , 3 -relative contribution P(E) Figure 5 Energy dependence of the calculated Gryz-DFT cross-sections of single ionization of the D-form of the ribose molecule (in 10 -20 m 2 ) and the relative contribution from the higher k HOMO = 40 MO. 1 -summarized σ(E), 2 -HOMO σ k HOMO ( E) , 3 -relative contribution P(E)
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 657 Figure 6 Ionization cross sections of glucose molecule atoms. The calculated cross sections of single ionization: BEB-DFT for the glucose molecule σ(E) -1, summarized for all atoms σ at (E) -2 and individual atoms 6σ(C) -3, 12σ(H) -4, 6σ(O) -5
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 859 Figure 8 Ionization cross sections of ribose molecule atoms. The calculated cross sections of single ionization: BEB-DFT for the ribose molecule σ(E) -1, summarized for all atoms σ at (E)-2 and individual atoms 5σ(C) -3, 10σ(H) -4, 5σ(O) -5

  

Table 1 .

 1 Ionization potentials (in eV) of glucose and ribose molecules

	Method Experiment HF D-form HF L-form DFT D-form DFT L-form	D-Glucose (Glc) 12.250.25 Theoretical calculations 11.56 11.63 7.64 7.71	D-Ribose (Ribf) 10.460.25 11.15 11.41 7.31 7.60

Table 2 .

 2 Absolute values of the experimental total ionization cross-section of glucose molecule by electron impact.

	E, eV 9.99 10.19 10.39 10.59 10.79 10.99 11.49 12.09 12.59 13.09 13.59 14.09 14.59 15.09 15.59 16.09 16.59 17.09 17.59 18.09	CS, 10 -20 m 2 0.17 0.25 0.81 2.81 3.70 4.34 7.55 9.71 12.76 15.39 18.54 21.74 25.11 29.69 32.17 34.50 35.46 38.35 39.39 44.20	E, eV 18.59 19.09 19.59 20.09 20.59 21.09 21.59 22.59 23.59 24.59 25.59 26.59 27.59 28.59 29.59 30.59 31.59 33.59 35.59 37.59	CS, 10 -20 m 2 46.45 49.02 51.98 54.63 57.04 57.84 59.44 62.65 65.06 68.27 69.71 72.28 74.68 76.29 77.89 79.78 81.30 81.94 83.51 84.00	E, eV 39.59 41.59 43.59 45.59 47.59 49.59 51.59 53.59 55.59 57.59 59.59 61.59 63.59 65.59 67.59 69.59 71.59 73.46 --	CS, 10 -20 m 2 84.31 84.31 84.40 84.03 83.39 82.12 82.03 81.88 81.76 81.53 81.40 80.27 81.08 79.39 78.99 78.83 78.51 78.52 --

Table 3 .

 3 Absolute values of the experimental total ionization cross-section of ribose molecule by electron impact. E, eV CS, 10 -20 m 2 E, eV CS, 10 -20 m 2 E, eV CS, 10 -20 m 2 E, eV CS, 10 -20 m 2

	10.39 10.49 10.60 10.71 10.84 10.94 11.03 11.18 11.21 11.34 11.49 11.59 11.69 11.84 11.91 12.05 12.17 12.29 12.41 12.48 12.59 12.70 12.87 12.91 13.07 13.18 13.24 13.38	0.43 0.48 0.58 0.60 0.65 0.74 0.80 0.87 0.95 1.02 1.20 1.347 1.50 1.56 1.73 1.91 2.08 2.20 2.49 2.71 2.87 3.02 3.30 3.68 3.96 4.21 4.42 4.95	13.49 13.61 13.70 13.81 13.94 14.02 14.15 14.25 14.38 14.50 14.60 14.73 14.83 14.94 15.06 15.17 15.29 15.39 15.47 15.63 15.72 15.81 15.92 16.03 16.14 16.28 16.41 16.50	5.26 5.54 5.81 6.25 6.68 6.96 7.19 7.54 8.07 8.41 8.71 8.93 9.65 9.99 10.32 10.29 10.91 11.32 11.56 11.44 11.76 12.36 12.59 12.80 13.46 13.91 14.22 14.45	16.60 16.71 16.83 16.93 17.05 17.17 17.26 17.39 17.52 17.62 17.67 17.85 17.95 18.06 18.20 18.29 18.39 18.48 18.59 18.71 18.82 18.94 19.06 19.16 19.29 19.39 19.49 19.61	14.82 15.66 16.16 16.60 17.30 17.91 19.14 19.61 20.41 21.34 22.53 23.72 24.51 25.46 26.45 26.75 26.76 27.07 27.94 28.26 28.59 29.93 30.70 32.98 33.95 34.66 35.72 37.85	20.07 21.07 22.07 23.07 24.07 25.07 26.07 27.07 28.07 30.07 31.27 33.07 35.47 38.07 40.37 43.07 45.27 48.07 50.37 53.07 55.47 58.07 60.31 62.33 64.18 66.59 68.47 69.59	40.38 42.70 44.80 48.53 52.02 54.35 56.68 59.41 61.08 63.61 64.51 64.83 65.17 65.29 65.46 65.63 65.40 65.41 64.89 63.77 63.04 61.92 61.04 61.01 60.67 59.69 59.66 59.62
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