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S:JMMA.RY 

Oxygen and fluorine K, X-ray emission spectra have 

been obtained for a number of oxygen-containing compounds: 

H20, CH30H, C6"50$ C6H50CH3, C6P50H and 4-XC6F40CH3 ( X = P, 

0CH3, CF3) in the solid or gaseous states and interpreted on 

the basis of the IJV photoelectron and RSCA data and the results 

of MIND0/3 calculations. The mixing of the oxygen 2p-A0 with the 

highest occupied ?r-orbitals of the benzene ring is concluded 

to be small. The main contribution of the 2p(O)-A0 is shown to 

be to the system of u-levels and lower-lying *-levels. CH30H 

is assumed to have hyperconjugation. Comparison of the 

electronic structures of oxygen in phenol and anisole with those 

in their polyfluorinated analogues shows the reduced effective- 

ness of oxygen 2p-A0 conjugation with the n-system of the 

benzene ring in the latter cases. 

INTRODUCTION 

Our recent [l] X -ray studies of fluorine electronic 

structures in fluorinated compounds have shown that the contri- 

bution of the fluorine 2p-A0 to the highest occupied *-orbitals 

of the benzene ring and a-orbital of the ethylene bond is small 

and that the major contribution is to the system of o-levels 

and lower-lying n-levels. At the same time, changes in the HOMO 
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energies and the charges on the carbon atoms, on introduction of 

fluorine to the benzene ring, revealed by the physical methods, 

suggest changes in the electronic structures of atoms of 

functional groups bonded to the polyfluorinated benzene ring. 

Our UV photoelectron and X-ray fluorescent studies of the 

aromatic sulphides and phosphines [2,3] indicate decreased 110840 

energies, increased positive charges on the sulphur and phospho- 

rus atoms and a reduced efficiency of p-r-conjugation of the 

non-bonding electron pairs sulphur or phosphorus with the T- 

system of the fluorinated benzene ring in comparison with non- 

fluorinated analogues. If the efficiency of interaction of the 

2p-electrons of these elements with the s-system of the benzene 

ring depends on their energy position, the contribution of oxygen 

2p-electrons to the highest occupied r-level of the molecule 

is expected to be small for oxygen aromatic derivatives, as in 

the cases of fluoroaromatic compounds ( for example, according 

to[ 41' the ionization potentials of hypothetical lone-electron 

pairs of fluorine and oxygen in hydrogen fluoride and water are 

equal to 16.06 and 12.62 eV; cf L with the elg-level of benzene 

9.24 eV>. The analysis of the oxygen Ka X-ray emission spectrum 

of @-naphthol in [5] showed a very low intensity of X-ray 

signals corresponding to transitions from the highest occupied 

v-orbitals of that compound. The authors attributed this to 

strong delocalization of the electron density from the lone 

electron pairs of the oxygen atom, due to overlap with the 

aromatic n-orbitals, which we consider to be doubtful. 

In the present work, the oxygen Ka X-ray emission spectra 

of some aromatic and polyfluoroaromatic derivatives of oxygen 

.are interpreted to reveal oxygen 2p-A0 distribution in NOs, 

the effects of fluorine atoms introduced into the benzene ring 

on the efficiency of p- n-interaction of oxygen non-bonding 

electron pairs with the T-system of the benzene ring, and to 

obtain data on the nature of p- r-interactions of oxygen with 

an unsaturated fragment. We used the X-ray spectroscopy method, 

since it gives information on the distribution of element 2p- 

electrons in MOs [6]. The oxygen K, X-ray emission spectra, 

where the energy position, form and intensity of emission peaks 

depend on the character of the chemical bond, give important 

information for predicting the reactivities of organic compounds. 
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Earlier, such information has been obtained from the oxygen 

K, X-ray emission spectra of dialkyl ethers and alcohols, and 

was used for predicting their extractive ability [7]. 

!Che objects of our investigation were the simplest aromatic 

derivatives of oxygen: phenol, anisole, substituted polyfluoro- 

aromatic anisoles 4-XC6F40CI13 ( X 3 F, 0C!13, CF3), pentafluoro- 

phenol: rlso the model compounds for this series - water and 

methanol in the gaseous and solid states. 

RRS:JLTS AND DISC GSION 

Let us consider the X-ray and JV photoelectron spectra 

of the simplest oxygen derivative, water, in various physical 

states. The electronic structure of its molecule is well-knovm 

There is a large number of quantum-chemical calculations. The 

photoelectron spectra of water have been analysed [8-121, as 

have the X-ray spectra [ 1+16], and ESCA [17]. These studies 

formed the basis for rationalising the nature of the chemical 

bond in the molecule of water The oxygen K, X-ray emission spect- 

rum and the 4V photoelectron spectrum of gaseous water matched 

in a single scale of ionization potentials are given in Fig.1 

(the oxygen K, X-ray emission spectrum was obtained by the 

electron impact method for water vapour). The spectra were 

superimposed with respect to the internal O,s level taken from 

C’71. 
Identification of the X-ray spectral transitions corres- 

ponding to emission peaks is shown in Fig.1. The highest occupied 

level of water is lb, (unshared electron pair localised on oxygen). 

The molecular orbital wave function corresponding to that level 

involves a single 2p-110 of oxygen This ?!I0 corresponds to the 

most intensive maximum A in the X-ray spectrum, which coincides, 

when the spectra are superimposed one upon another, with the 

lowest energy (ionization potential scale) and the most inten- 

sive signal A' of the UV photoelectron spectrum (Fig.1). The 

next level is an MO of a, -symmetry (3a,) which consists of 

oxygen 2p- and 2s-A0 and hydrogen Is-AO. Therefore, the inten- 

sity of the X-ray transition corresponding to that MO will be 

lower. In the region of higher energies (ionization potential 
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scale), the A signal is followed by the less intensive B 

signal, which should be assigned to the 3a, MO. The lb2 

orbital, which consists of oxygen 2p-A0 and hydrogen Is-AC, 

shows itself as maximum C in the X-ray spectrum. In the UV 

photoelectron spectrum, the two latter MOs correspond to 

signals B' and Cl. The most low-lying valent level is the 2a, 

level, the MO of which consists mainly of oxygen 2s-AO. The 

X-ray spectra do not show this level. Each of maxima A, B and 

C of the X-ray spectrum has a complex structure involving a 

number of signals which seem to result from vibrations of the 

molecule and multi-electron transitions in the X-ray spectra 

['"I* 
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b 

20 15 10 I, eV 

Fig.?. The oxygen K, X-ray emission spectrum of gaseous 

water (a) and the He (I) photoelectron spectrum of water (b). 

Consider the X-ray spectrum of water as ice, reported 

earlier [13,16]. The X-ray spectra of water in a solid state 

differ from those of gaseous water both in the number of 

maxima and their relative intensities (Fig.2). For the purpose 

of comparison, Fig. 2 shows also the X-ray fluorescent 
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spectrum of liquid water obtained by us. Changes in the X-ray 

spectra of water as a solid may be attributed to changes in the 

nearest environment of the oxygen atom [15]. The X-ray spectra 

of ice and liquid water resemble the sulphur K, X-ray emission 

spectra of a number of period III compounds, where the environ- 

ment of the sulphur atom represents a distorted tetrahedron. 

The structure of ice is known 1153 to be determined by the 

tetrahedrally directed bonds at the oxygen a.tom. Due to non- 

equivalence of the O-II bonds the-tetrahedron gets distorted, 

which shows itself in our spectrum. 

1 I I I I I I 1 I I 
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Fig.2. The oxygen Ka X-ray emission spectra of water as a: 

gas (a>, solid (b), liquid (c). 

!Ye compared the X-ray spectra of gaseous and solid water 

to clarify whether the UV photoelectron spectra and the calcula- 

tion results for gaseous water are useful in interpretations. 

This analysis allowed us to conclude that the X-ray spectra of 

solids are substantially affected by intermolecular inter- 

actions (for example, hydrogen bonding), which leads to 
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considerable differences between them and the spectra of 

gaseous compounds. 

The electronic structure of another model compound, CH30 

has also been extensively studied (quantum-chemical calculn- 

tions [19-221, UV photoelectron [22-251, X-ray photoelectron 

[17]and X-ray [ 161 spectroscopy). These methods allow us to 

interpret the oxygen and carbon K c( X-ray emission spectra of 

CH30H, represented in Fig.3 in a single scale of ionization 

potentials, together with the LJV photoelectron (He (I) [25]) 

spectrum. 

a 
E 

h A 
DC 

E, eV 

20 15 IO I, eV 

Fig.3. The oxygen K, X-ray emission spectrum of gaseous 

methanol (a>, the carbon K4 X-ray emission spectrum of 

gaseous methanol (b) and the He (I) photoelectron spectrum 

of methanol (c). 

As shown by the above-mentioned quantum-chemical calculations 

and the UV photoelectron data, the highest occupied level of 

methanol is that of a** (2a.l') symmetry and the contribution 

of oxygen 2p-A0 to that level is 80%. The carbon 2p-A0 

contribution indicates n-bonding between oxygen and carbon 
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(hyperconjugntion effect). The elec.tron transition from that 

level shows itself in the oxygen K, X-ray emission spectrum 

as maximum A, in the carbon Ka X-ray emission spectrum as 

maximum Al, which coincides with the 2a" bond in the iJV photo- 

electron spectrum when the spectra are superimposed. Then follovI 

the higher energy level 'i'a', the electrons of which are respon- 

sible for the formation of a a-bond of oxygen with carbon and 

hydrogen. In the oxygen K, X-ray emission spectrum it 

corresponds to maximum R, in the-carbon K, X-ray emission 

spectrum to maximum B'. Levels 6a' and la" mry be defined as 

the carbon-hydrogen a-bond levels. The presence of C and D 

maxima in the oxygen KOL X-ray emission spectrum corresponding 

to these levels indicates the hyperconjugation effect. In the 

carbon K, X-ray emission spectrum transitions 6a'-Cts and 

la"_ Cls show themselves as the most intensive maxima Cl 

and D'. Molecular orbital 52’, electrons of which are respon- 

sible for the formation of a a-bond between oxygen, carbon 

and hydrogen atoms, shows itself as maximum E in the oxygen 

K, X-ray emission spectrum and as maximum R'in the carbon 

Ka X-ray emission spectrum. Levels 4a' and 3a' consist mainly 

of oxygen and carbon 2p-A0 respectively and partly of hydrogen 

IS. Levels 2a' and le.' involve carbon ‘Is-A0 and oxygen Is-A0 

respectively and are, therefore, of atomic character. Their 

energy position may be determined by X-ray photoelectron 

spectroscopy [17]. 

Figure 4 shows the oxygen K &X-ray emission spectra of 

gaseous and solid methanol. The molecule of solid methanol has 

a strong hydrogen bond. Differences between the oxygen K4 

X-ray emission spectra of gaseous and of solid methanol arise 

mainly from differences in the highest levels of the molecules. 

The spectra, as in the case of water, show merging of maxima 

A and B (the lone-pair of oxygen and MOs of o-bond of oxygen 

with carbon and hydrogen). 

Thus for systems with a stong hydrogen bond (1120, CH30H), 

molecular crystal approximation in the analysis of the 

electronic structure is not valid. 

The oxygen and carbon K, X-ray emission spectra of phenol, 

(see Pig.5) provide a guide to the interpretation of the 
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Fig.4. The oxygen K, X-ray emission spectra of methanol as a: 

gas (a), solid (b). 

corresponding ilV photoelectron spectrum [26]. Identification 

of the first ionization potentials of phenol has been carried 

out [26-281. IJsing intensity arguments, based on an NINDO/3 

calculation of the one-center X-ray intensities, the lb, and 

3al (O2p lone pair) orbitals could be identified in the oxygen 

K, X-ray emission spectrum. As shown in [4], the position of 

the oxygen non-reacting lone-pair is close to the bonding a2u 

r-level of benzene. The contribution of oxygen to the highest 

occupied *-level of the molecule is small. As follows from the 

oxygen K, X-ray emission spectrum of phenol, the 2p-electron 

density of oxygen and HOMO-shows itself as a low-energy 

(ionization potential scale) main maximum (line A'>. The values 

of inner 0 1s and cls levels are taken from [17,29]. In the 

carbon K, X-ray emission spectrum the two HOMOs are represented 

by maximum A. Then, as show by the calculation results, follows 

a higher-energy group of levels that may be correlated based on 

its origin with la2u and3e2g of benzene and lb, of water (the 

lone electron pair). In the oxygen Kc X-ray emission spectrum, 
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Pig.5. The carbon Ka X-ray emission spectrum of gaseous phenol 

(a>, the oxygen Ka X-ray emission spectrum of gaseous phenol 

(b) and the He (I) photoelectron spectrum of phenol (c). 

these levels show themselves as maximum B', in the carbon K, 

X-ray emission spectrum as maximum B coinciding with B' when 

the spectra are superimposed one upon another. 

Figure 6 represents the oxygen K 4 X-ray emission spectra 

of phenol in solid end gaseous states. The spectra show very 

slight variations in structure as opposed to large variations 

for water and methanol. This seems to be connected with the 

reduced hydrogen bonding for the phenol molecule. Thus it be 

concluded that the electronic structure of oxygen aromatic 

derivatives in the solid state may be analysed using the oxygen 

Ka X-ray emission spectra. Further treatment involves interpre- 

tation of the fluorescent oxygen K Q X-ray emission spectra of 

some oxygen derivatives in the solid state. 
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Fig.6. The oxygen K, X-ray emission spectra of phenol as a: 

solid (a), gas (b). 

Figure 7 shows the oxygen K a X-ray emission and IJV photo- 

electron spectra of anisole, the UV photoelectron spectrum 

from [27]. The two IiOMOs are the r-type orbitals correlating 

with letg of benzene. The contribution of oxygen 2p-A0 to 

these MOs is small, which shows itself in the low-energy 

structure of the main maximum. 

Now will introduction of fluorine into the benzene ring 

affect the oxygen X4 X-ray emission spectrum ? Figure 8 

represents the oxygen Y \a X-ray emission and the UV photoelectron 

spectrum of pentafluorophenol, superimposed relative to the 

values of Ols level (taken from [30], the UV photoelectron 

spectrum from [31]). The same Figure shows also the oxygen 

K, X-ray emission spectrum of pentafluorophenol. 

According to the MIND0/3 results, the highest occupied 

levels of the molecule are those correlating with the 

le,g level of the fluorinated benzene ring, as was the case with 

the phenol molecule. The next level is the g-bond level 

(correlating with the a2u level of hexafluorobenzene). As shown 
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Fig.7. The oxygen K, X-ray emission spectrum of solid anisole 

(a) and the Ile (I) photoelectron spectrum of anisole (b). 

a 

E, eV 

15 10 I, eV 

Fig.8. The oxygen K, X-ray emission spectrum of solid penta- 

fluorophenol (a> and the He (I) photoelectron spectrum of 

pentafluorophenol (b). 
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by the X-ray spectral data, the contribution of 2p(O)-~10 to 

these MOs is small. As is perfluorination of the phenyl 

rings to prove the assignment of r-ionizations ('perfluoro 

effect' [ I 32 >. As shown by the calculations and X-ray 

spectral data for polyfluorinated phenol - phenol, the 

interaction of oxygen 2p-electrons with the 2p-electrons of 

the benzene ring is small. But the calculations also show 

that in fluorinated phenols the interactions of fluorine 2p- 

electrons with oxygen 2p-electrons are enhanced. 

Figure 9 shows the oxygen and fluorine K, X-ray emission 

and the LJV photoelectron (taken from [31]) spectra of penta- 

fluoroanisole (the values of inner O,s and F,s levels are take 

from [30]). In this case the ?.TIND0/3 calculations have also 

been ca.rried out. These studies show a small contribution of 

oxygen 2p,-electron density in the highest a-level of the 

molecule (as in the case of anisole) and the substnntial 

contribution of 2p(O)-A0 in the n-levels of lower energy. 

C 

15 IO I, eV 
Fig.9. The oxygen K, X-ray emission spectrum of solid penta- 

fluoroanisole (a), the fluorine K cL X-ray emission spectrum of 

solid pentafluoroanisole (b) and the IIe (I) photoelectron 

spectrum of pentafluoroanisole Cc>. 
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Figure 10 represents the X-ray spectra of a number of 

substituted anisoles. The spectra of both the anisoles and the 

phenols show the tendency of oxygen electron density transfer 

to lower-lying r- and u-orbitals. This is also confirmed by 

the calculation results. Taking into account that fluorination 

of the benzene ring does not result in any changes in its 

r-level position, the electron density transfer to lower-lying 

orbitals leads to the reduced contribution of oxygen 2p- 

electrons to the high-lying levels (or to the reduced efficiency 

of P,-P lr -interaction). 

514 518 522 526 530 534 F, eV 

Fig.10. The oxygen K, X-ray emission spectra of solid 

4-CF3C6F40CH3 (a), 4-CI130C6F40CI13 (b) and Cg"5OCII3 (c). 

We attribute these changes to a decrease of the electron 

density on oxygen (as shown by the X-ray photoelectron data 

[303* on passing to polyfluorinated benaenes, the positions 

of internal O,s levels are changed by 1-2 eV) as a result of 

the electron density transfer in the r-system to fluorine atoms 
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FXPERIM?'UAL J ,/ 

The oxygen snd carbon K, X-ray emission spectra have been 

obtained on the ultralong-wave X-ray spectrometer, using the 

organic acid salt monocrystal (2d = 26.6 ,and 52.4 R) PS a 

dispersing element. !Che Rowland circle radius - 0.25 m. The 

spectrometer resolution for an oxygen K, X-ray emission 

spectrum - at least 0.25 eV, for a carbon K, X-ray emission 

spectrum - at least 0.15 eV. 

The X-ray spectra of solid samples have been obtained by 

fluorescent spectroscopy, , using the method of freezing the 

sample vapours in vacuum (-lOeb torr) onto the secondary 

anode being cooled with liquid nitrogen. The spectra were 

initiated by breaking radiation of the copper anode. The X-ray 

tube setting: voltage 8 kV, current 0.5 A. 

The gas-phase X-ray spectra have been obtained by the 

electron impact method. Electron energy 3-4 keV, current 0.5 A, 

the pressure of stream vapours - fractions of part torr. The 

spectra were registered by the proportional meter with methane 

filling under the pressure of 0.2-0.3 atm. The meter window 

was made of a polymer film. The intensity of the oxygen Kn 

X-ray emission spectra at maximum for solids ~10~ pps, of 

the oxygen and carbon K, X-ray emission spectra of gases 

-10 pps. Approximation of superposition - 0.2 eV. 

The compounds used in this study have been obtained by the 

procedures described in [33]. 
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