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Absolute total cross section (TCS) for electron scattering from tetrahydropyran [THP: (CH 2 ) 5 O] molecules has been measured from 1 to 400 eV, using a linear electron-transmission technique. The TCS energy function for electron-THP collisions is characterized by the broad enhancement spanned between 3 and 15 eV, which can be attributed to resonant processes. Comparison is also made between the present results for THP and earlier TCS measurements for tetrahydrofuran [THF: (CH 2 ) 4 O] and α-tetrahydrofurfuryl alcohol [THFA: C 5 H 10 O 2 ].

Introduction

The discovery that slow electrons can induce strand breaks in the DNA (Boudaïffa et al 2000) stimulated an increasing interest in experimental and theoretical studies concerning electron interactions with living-cell constituents (Sanche 2005, Winstead andMcKoy 2008, andreferences therein). To overcome difficulties in investigations of electron-induced reactions in vivo state, the studies are focused on the basic DNA components as well as on molecules which may serve as simple models of building blocks for living matter, like furanose-structured molecules: tetrahydrofuran [THF: (CH 2 ) 4 O] and its derivatives. It is believed that the comprehensive and reliable electron-scattering data for such isolated subunits may help to understand and model the electron-assisted processes occurring within the cell in the complex DNA (RNA) compound (Sanche 2009). Tetrahydropyran [THP: (CH 2 ) 5 O], with O atom embedded in the six-membered ring, is a homologue of the THF molecule (see figure 1). The THP ring is the core of pyranose sugars and is a structural base for numerous molecules important in synthesis of biologically active and pharmaceutically effective compounds (Smith et al 2006). The THP moiety has been also identified as a highly advantageous component of liquid crystal mixtures for LCD devices (Kirsch and Maillard 2006).

In contrast to THF, for which extensive studies on the electron impact have been performed, the THP has received much less attention in the electron-scattering research.

For THP there are, till now, available only the core excitation spectra taken at 2.5 keV electron energy (Newbury et al 1986) and recent calculations of elastic and ionization cross sections at intermediate energies (Szmytkowski et al 2009). In the literature, one can find also an experiment concerned the electron diffraction study of the THP molecular structure (Breed et al 1979).

The main goal of the present work is to provide absolute values of total cross sections (TCSs) describing electron-THP scattering over impact energies from low (1 eV) to intermediates (400 eV). The results are then compared with experimental TCS for THF and its derivative α-tetrahydrofurfuryl alcohol [THFA: C 5 H 10 O 2 ].

Experimental

The absolute electron-scattering total cross sections (TCSs) reported in this work have been measured from low to intermediate energies employing the electron-transmission (ET) technique in a linear configuration. In the ET method, the experimental procedure is based on the relation between the total cross section Q(E) and the attenuation of an electron beam of given energy E passing through the target under study. This relation is, to the first approximation, given by the Bouguer-de Beer-Lambert (BBL) attenuation formula,

I(E, n) = I(E, 0)exp[-nLQ(E)],
where I(E, n) and I(E, 0) are the intensities of the electron beam currents, transmitted through the scattering cell, taken in the presence and absence of the target, respectively. The target density number, n, is derived from ideal gas law using the target vapour pressure, measured with a MKS Baratron capacitance gauge. As the temperature of the absolute manometer head, T m = 322 K, is a few degrees higher than that of the target vapour in the scattering cell, T t , the thermal transpiration formula of Knudsen (1910) is applied to convert the pressure reading, p m , into the target pressure, p. Then the density is n

= p/k √ T t T m ,
where k is the Boltzmann constant. L represents the length of the electron pathway within the target approximated with the distance (= 30.5 mm) between entrance and exit cell apertures.

In the reported experiment, the electron beam was energy selected before entering the scattering chamber by an electrostatic 127 • cylindrical condenser; ΔE 0.1 eV (FWHM). The electrons emerging from the reaction volume through the exit aperture were directed into a Faraday cup (FC) and their intensity was measured with a Keithley 617 electrometer. To reduce the number of inelastically scattered electrons which might be accepted by the collector, together with the transmitted electrons, a retarding-field energy selector was applied before the FC detector. The acceptance angle of the detector system, defined by the electron lens apertures, is 0.7 msr. Intensity of the ambient magnetic field along the electron pathway in the electron optics region is kept below 0.1 μT. This ensures that the trajectories of the unscattered electrons are straight lines within the scattering and the detector volumes. The electron energy scale is calibrated against the low-energy resonant oscillatory structure visible in the electron current transmitted when the N 2 is admixtured. The calibration has been carried out several times during the experiment. The uncertainty of the energy scale is estimated to be about 0.1-0.2 eV, mostly due to the shift in the contact potentials observed in the course of the long-lasting experiment, related to the target molecules deposition on the electron optics elements. The spectrometer electron optics is housed in a vacuum chamber with the background pressure lower than 40 μPa.

When the vapour sample is fed into the scattering cell, some amount of the target molecules emerge through the cell orifices into the electron optics region. It was noticed that the presence of target particles in surrounding of the filament changes the electron emission and that the electron current leaving the electron gun is sensitive to changes of the partial target pressure in the electron filament region, what in consequence might affect the measured TCS values. To keep the conditions in the electron optics volume invariable throughout the experiment, irrespective of whether the target is present or absent in the scattering cell, the target vapour was supplied alternately into the collision cell or its surrounding, so the residual target pressure in the electron optics region is below 0.1 mPa and practically constant. The pressure of the target in the reaction volume, when the sample was directed into the cell, was usually about three orders of magnitude higher. In addition, before starting the TCS measurements, the electron optics was passivated in the presence of the THP during some pilot runs, until the filament emission and the electron transmission become stabilized. After such procedure applied, it was found that the TCS values obtained at the same energy were, within the random experimental uncertainties, independent of the applied target pressures (0.08-0.3 Pa) and the electron-beam intensities (0.04-20 pA). Other details of the experimental arrangement and data processing employed have been described elsewhere (e.g. Szmytkowski et al 1997, Szmytkowski andMożejko 2001).

Research-grade THP from Sigma-Aldrich, of a stated purity 99% (the boiling point of 361 K), was used in the experiment. Prior to use, however, the sample was subjected to several liquid-nitrogen freeze-pump-thaw cycles to remove dissolved air and other volatile impurities. The sample-handling system has been maintained at an elevated temperature around 310 K what ensured the sufficient inlet pressure of the target vapour.

The quantities necessary for the TCS derivation are taken directly in the experiment, so the TCSs reported in this work (see table 1 andfigure 2) are in absolute scale. The statistical uncertainty (one standard deviation of the weighted mean value) of the TCS does not exceed 1% over the entire energy range investigated. The inability to discriminate against electrons which are scattered elastically through the small angles (≤ 2 • ) in the forward direction may systematically lower the measured TCS by about 4% at low impact energies. The error related to the effusion of the target particles through orifices of the scattering cell, that leads to inhomogeneity of the target density in the reaction volume and to elongation of the effective path over which the scattering events may take place, is about 2.5%. Other possible TCS systematic error components are estimated to be less than 1% each. The overall systematic uncertainty of our measured absolute TCS, estimated as a sum of possible systematic errors, amounts up to 9-11% below 2 eV, 4-6% within 2-150 eV, and 7-9% at higher energies applied.

Results and discussion

The present work reports the absolute electron-scattering total cross sections (TCSs) for tetrahydropyran [THP: c-(CH 2 ) 5 O] measured in the electron-transmission experiment over the 1-400 eV energy range. The numerical TCS values are listed in table 1, while in figure 2 The distinctive feature of the measured e --THP TCS is its relatively large magnitude across the entire energy range investigated. Between 1 and 50 eV the TCS values lie above 50 × 10 -20 m 2 , and even at the highest energy used (400 eV) the TCS exceeds 16 × 10 -20 m 2 . Such high cross-section values can be related, at least in part, to the large geometrical size of the THP molecule.

With respect to the shape, four regions can be distinguished in the experimental TCS energy dependence for THP. In the lowest (1-3 eV) energy region studied, the TCS first decreases only just from 51 × 10 -20 m 2 at 1 eV to about 50 × 10 -20 m 2 in the vicinity of 2.2 eV where some weak minimum is noticeable; then it slowly increases and shows a subtle structure located near 2.6 eV. The most pronounced feature-a broad asymmetric TCS enhancement-is clearly visible in the energy range between 3 and 15 eV. This enhancement is composed of three structures: the shoulder of a value 59-61 × 10 -20 m 2 spanned between 3.8 and 5 eV; the change of the slope distinguishable around 7 eV; and the main maximum (68 × 10 -20 m 2 ) located close to 8.5 eV. In the third energy range, 15-30 eV, worth noting is the very broad shoulder where the TCS is nearly constant (∼ 55 × 10 -20 m 2 ). Beyond 30 eV the TCS decreases with increasing energy as E -a , where a ∼ 0.5; at 400 eV the TCS falls to 16 × 10 -20 m 2 . As it can be seen in figure 2, above 60 eV, the experimental TCS is satisfactorily reproduced with the sum of elastic and ionization cross sections calculated by Szmytkowski et al (2009); differences do not exceed the experimental uncertainties. Such agreement seems to be a bit surprising, as the calculated cross section (elastic plus ionization) does not include cross sections for the variety of inelastic processes allowed in this energy range. It is also worth to mention that, above 50 eV, the measured TCS is in good agreement with the TCS predictions based on the simple additivity group rule (Szmytkowski et al 2009).

Due to a lack of detailed experimental and theoretical investigations of electron-THP scattering, suppositions concerning origins of the observed low-energy TCS features may be based only upon the data for molecules of similar geometry and/or composition, especially those oxygen-containing. Taking into account results available for numerous polyatomic hydrocarbons one can make an assumption that the 3-15 eV enhancement is to a large extent connected with indirect (resonant) scattering processes occurring in this energy range. The resonant scattering appears when the impinging electron is temporarily attached to target molecule forming a short-lived negative ion state (resonance) which decays with an emission of the extra electron-leaving the parent molecule in the excited state, or dissociates into negative and neutral fragments.

Figure 3 compares the present electron-scattering TCS for THP to that for THF molecule (Możejko et al 2006a). The THF, a five-membered hetero cyclic homologue of THP (cf. figure 1), has been recently intensively investigated, especially in the low energy range. The experimental (Lepage et al 1998, Aflatooni et al 2006, Sulzer et al 2006, Dampc et al 2007a-b, Colyer et al 2007, Allan 2007) and theoretical (Bouchiha et al 2006, Trevisan et al 2006, Tonzani and Greene 2006, Winstead and McKoy 2006) studies of the e --THF scattering have shown that the low-energy structures in the THF curve can be explained through the formation of the shape and/or core-excited resonances. A close similarity in the shape of the TCS curves for THF and THP targets along with similarity in their molecular geometry suggests that the same mechanisms may be responsible for the low-energy TCS features in both curves. However, the resonances in THP seem to be formed at slightly lower energies.

In addition, figure 3 comprises the TCS results for α-tetrahydrofurfuryl alcohol [THFA: C 5 H 10 O 2 ] measured earlier by Możejko et al (2006b). The THFA compound is the derivative of the THF molecule in which one hydrogen atom was substituted with the hydroxy-methyl group, CH 2 OH (see figure 1). It is interesting that, in spite of differences in chemical constitution of the THF, THFA and THP molecules, the general character of their TCS energy functions is similar with respect to the shape. A general likeness of the low-energy TCSs for the THF-THFA-THP family might suggest that the substitution of the hydrogen atom in THF with the CH 2 OH group and/or increasing the C-ring does not influence the resonant scattering too much. Support for such statement comes also from earlier studies for other hydrocarbons. Similarity in location of resonant structures has been noticed by Allan and Andric (1996) and Allan (2007) in the elastic and vibrational excitation cross sections measured for several cyclic hydrocarbons. Also, recent low-energy elastic calculations for THF and for its derivative, 3-hydroxytetrahydrofuran [3-hTHF: C 4 H 8 O 2 ], show the same trend in the integral cross sections for both molecules (Vizcaino et al 2008).

The differences visible in figure 3 concern mainly the magnitude of TCSs. At energies below 20 eV, the TCS distinctly increases across the series THF, THP and THFA. The embedding of one methylene group, CH 2 , into the THF ring to form THP increases the size of the resulting target molecule, what reflects in the enhancement of the TCS magnitude for THP. A similar effect arises while replacing one hydrogen atom in THF with the CH 2 OH group. On the other hand, change of the molecular constitution affects the electric charge distribution in the molecule: the electric dipole moment and for: tetrahydropyran (THP), ( • ), present; tetrahydrofuran (THF), ( ), Możejko et al (2006a); α-tetrahydrofurfuryl alcohol (THFA), ( ), Możejko et al (2006b).

electric dipole polarizability (cf. table 2). In consequence, such substitutions influence an effective potential of the electron-molecule interaction. Some difference across the series is visible also in the relative intensities of the structures located within 4-7 eV and 7-9 eV. This effect might be related to substitution of functional groups. It can be supported by the observation that the presence of the hydroxy (OH) group in THFA increases the electron-dissociative-attachment cross section around 6 eV, with respect to that of THF, by more than one order of magnitude (Aflatooni et al 2006). At higher energies, above 60 eV, the ratio of TCSs reflects the atomic constitution of molecules. At these energies the impinging electron sees individual atomic components (or functional groups) of the target molecule rather than the molecule as the whole (see Szmytkowski et al 2009). [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF]; electrical polarizability (α), estimation based on the additivity formula [START_REF] Miller | [END_REF]. 

Conclusions

The present paper provides the absolute TCS for electron scattering from THP molecules over impact energies from 1 to 400 eV. The most characteristic features of the measured TCS are: (i) relatively large magnitude of the TCS over whole energy range investigated;

(ii) the pronounced, resonant-like TCS enhancement spanned between 3 and 15 eV. Comparison of the TCS curve for THP with respective data for THF and its derivative, THFA, allows us to assume that the TCS enhancement for THP is mainly related to the formation of resonances in this energy range. At intermediate energies, the experimental TCS is in good agreement with previous TCS (sum of elastic and ionization cross sections) calculations and TCS estimations based on the additivity group rule (Szmytkowski et al 2009). α-tetrahydrofurfuryl alcohol (THFA), ( ), Możejko et al (2006b).

  Figure 1. Schematic of the tetrahydropyran [THP: c-(CH 2 ) 5 O] geometry. For comparison, the geometry of tetrahydrofuran [THF: c-(CH 2 ) 4 O] and αtetrahydrofurfuryl alcohol [THFA: C 5 H 10 O 2 ] is shown.

  the energy dependence of our experimental TCS is shown together with earlier TCS (elastic plus ionization) calculations at intermediate energies (Szmytkowski et al 2009). Finally, in figure 3, the experimental results for THP molecule are compared to the TCS curves for two hetero-cyclic furanose-structured molecules taken in our laboratory (Możejko et al 2006a-b): tetrahydrofuran [THF: C 4 H 8 O] and αtetrahydrofurfuryl alcohol [THFA: C 5 H 10 O 2 ].
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 2 Figure 2. Total cross-section for electron scattering from tetrahydropyran, c-(CH 2 ) 5 O, molecules: (• ), experimental, present, error bars represent overall uncertainties; (--), calculated, sum of elastic and ionization cross sections, Szmytkowski et al (2009).
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 2 Figure 2. Total cross-section for electron scattering from tetrahydropyran, c-(CH 2 ) 5 O, molecules: (• ), experimental, present, error bars represent overall uncertainties; (--), calculated, sum of the elastic and ionization cross sections, Szmytkowski et al (2009).
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 3 Figure 3. Comparison of total electron-scattering cross sections (TCSs) measured for: tetrahydropyran (THP), ( • ), present; tetrahydrofuran (THF), ( ), Możejko et al (2006a);

Table 1 .

 1 Absolute experimental electron-scattering total cross sections for tetrahydropyran, c-(CH 2 ) 5 O, molecules; in units of 10 -20 m 2 .

	E (eV) TCS E (eV) TCS E (eV) TCS E(eV) TCS E(eV) TCS
	1 50.8	3.7 57.6	8.5 67.8	23.5 55.4	100 38.7
	1.2 50.5	3.8 58.7	9.0 66.8	26 55.3	110 36.7
	1.4 50.3	4.0 59.5	9.5 64.4	28.5 54.8	120 35.3
	1.6 50.4	4.3 59.9	10.0 62.8	30 54.5	140 32.7
	1.8 50.2	4.5 60.2	10.5 61.1	35 53.4	160 30.0
	2.0 50.1	4.7 60.8	11 60.0	40 52.3	180 27.9
	2.2 49.8	5.0 61.1	12 58.2	45 51.0	200 26.5
	2.4 50.2	5.5 61.5	13 56.9	50 49.9	220 25.0
	2.6 50.9	6.0 63.0	15 55.8	60 47.5	250 23.0
	2.8 51.2	6.5 64.7	17 55.4	70 44.4	300 20.1
	3.0 51.6	7.0 66.0	19 55.4	80 42.3	350 17.6
	3.3 53.1	7.5 66.6	21 55.5	90 40.4	400 16.3
	3.5 55.6	8.0 67.4			

Table 2 .

 2 Parameters of THF [(CH 2 ) 4 O], THP [(CH 2 ) 5 O] and THFA [C 5 H 10 O 2 ] compounds: permanent electric dipole moment (μ), from
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