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ABSTRACT 

Methanol (CH OH) has been studied by binary (e,2e) coincidence 

spectroscopy at 1200eV using symmetric non-coplanar geometry. The 

binding energy spectrum has been determined in the energy range up to 

46eV at azimuthal angles of 0° and 7°. Momentum distributions measured 

for the valence orbitals are compared with calculations using the wave 

functions (essentially double-zeta quality) reported by Snyder and Basch 

[18], Agreement is generally quite good except for the outermost orbitals 

(2a" and 7a*) and the 5a' orbital which all show somewhat larger low 

momentum components than predicted by the calculations. This is indicative 

of a more spatially extended orbital than is predicted. 

Permanent address:- Department of Chemistry, University of British 
Columbia, Vancouver, Canada. 



INTRODUCTION 

Binary (e,2e) spectroscopy is now a well established technique for 

measuring the electron momentum distributions in individual valence shell 

molecular orbitals [1-3]. The method also permits the determination of 

the binding energy spectrum over the complete energy range of states 

resulting from valence shell ionization. Such spectra may be determined 

over a range of relative azimuthal angles which typically correspond to 

electron momenta in the range 0-3 a ~ . This corresponds to the outer 

spatial region of the wave function which is of prime importance from a 

chemical standpoint. This is in contrast to the result of photoelectron 

spectroscopy which probes the much higher momentum region (i.e. the inner 

spatial region). A desired ground-state orbital is selected in binary 

(e,2e) spectroscopy by tuning the instrument to the appropriate final ion 

state peak in the binding energy spectrum. In the noncoplanar symmetric 

geometry [1,2], variation of the azimuthal angle then gives the momentum 

distribution (MD) directly. 

Theory [1,2] has shown that, in the Plane Wave Impulse Approximation 

(PWIA), the noncoplanar symmetric momentum distribution is essentially 

directly proportional to the square of the molecular orbital momentum space 

wave function. The momentum space wave function tjj(g) is simply the Fourier 

transform of the more familiar position space wave function iKt)• Non

coplanar symmetric binary (e,2e) coincidence spectroscopy thus provides 

a direct experimental evaluation for literature molecular orbital wave 

functions and the method has been shown to be quite sensitive to the choice 

of basis set [1,2], Since the technique is most sensitive to low momentum 

(and therefore to large r) it provides a chemically sensitive test for 

energy optimised wave functions. It is well known that such variationally 

determined functions are not necessarily adequate for calculating properties 

like dipole moments and polarizabilities which are very sensitive to the 

spatial distribution of charge. As such, the results of binary (e,2e) 



spectroscopy have a major r o l e to play in the development and evaluat ion 

of be t t e r molecular o r b i t a l wave func t ions . Momentum d i s t r i b u t i o n s and 

momentum dens i ty maps [4 ,5 ,6 ] a l so offer important , complementary i n s i g h t s 

to the more famil iar charge dens i ty MO p i c t u r e s commonly in use for 

discussion of chemical bonding and molecular s t r u c t u r e . 

Binary (e,2e) coincidence spectroscopy has a l so been shown t o be a 

powerful q u a n t i t a t i v e tool for the inves t iga t ion of e l e c t r o n c o r r e l a t i o n 

e f f ec t s in atoms and molecules . I t provides an extremely s e n s i t i v e prcbe 

for e lec t ron c o r r e l a t i o n s in both the i n i t i a l ground s t a t e [7] as well as in 

the f inal ion s t a t e [ 7 , 8 , 9 ] . I t has recen t ly been appl ied ex tens ive ly to 

t e s t the accuracy of many-body c a l c u l a t i o n s [ 2 , 3 , 7 , 9 ] . 

In recent years some t h i r t y d i f f e r e n t small molecules have been 

studied in th i s l abora tory and elsewhere [10] and the r e s u l t s are providing 

a growing body of information of use in Quantum Chemistry. In general i t 

has been found for molecules composed of atoms from the f i r s t two rows of 

the per iodic t ab l e ( i . e . Z < 10) t h a t the momentum d i s t r i b u t i o n s of va lence 

e lec t rons a re in most cases adequately described by SCF wave funct ions of 

double-zeta q u a l i t y . Notable exceptions are the outermost (lone p a i r ) 

o r b i t a l s of the second row hydrides HF [ 3 ] , H 20 [11,12] and NH [13,14] 

where experiment has i n d i c a t e d , in a l l cases , a momentum d i s t r i b u t i o n 

appreciably shif ted to lower momentum than double-zeta or even more soph i s t i ca t ed 

wave functions p r e d i c t . This ind ica te s tha t the o r b i t a l s a r e s i g n i f i c a n t l y 

more extended in pos i t ion space than i s predic ted by "qu i t e good" wave 

funct ions. In c o n t r a s t i t was found tha t the momentum d i s t r i b u t i o n s of 

the thi rd row hydrides HC1 [ 3 ] , H.S [IS] and PH [16] were adequately 

represented by double-zeta wave func t ions . 

Methanol (CH.OH) i s a polyatomic molecule of C symmetry and can be 
3 S 

considered as methyl s u b s t i t u t e d H^O (C. symmetry). The d ipo le moments 

of CH.OH and H.O are 1.70D and 1.87D r e spec t i ve ly (17] and i t i s of chemical 

i n t e r e s t to see the e f fec t of methyl s u b s t i t u t i o n on the momentum d i s t r i b u t i o n s 
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for the lone pair orbitals and to see whether significant spatial extension 

is indicated as in the case of H_0. With this in mind we now report binary 

(e,2e) measurements of the binding energies and momentum distributions of 

the valence electrons of methanol. The momentum distributions are compared 

directly with (e,2e) cross-sections calculated using the double-zeta wave 

functions of CH-OH given by Snyder and Basch [18]. 

EXPERIMENTAL 

Measurements were made on a symmetric non-coplanar binary re,2e) 

spectrometer for which details of the construction and operation have 

already been published [3,19]. The electron impact energy was 1200eV 

plus the binding energy. Azimuthal angles were varied over the range 

0-24°. Instrumental settings of energy and angle, as well as data collec

tion, are achieved under computer control. Instrumental resolutions are 

0.1 a (momentum) and 1.7eV (energy). The sample of methanol was reagent 

grade and used without further purification other than freeze-thaw cycles 

which were used to remove dissolved air. No spurious peaks were observed 

in the binding energy spectra. 

RESULTS AND DISCUSSION 

The methanol molecule (C symmetry) has eighteen electrons and has 

the configuration: 

(la') 2(2a ,) 2(3a ,) 2(4a ,) Z(5a ,) 2(la") 2(6a') 2(7a') 2(2a") 2 

The core la' and 2a' orbitals are essentially 01s and Cls respectively. 

The fourteen valence electrons are contained in seven non-degenerate 

molecular orbitals of which five are of a' symmetry (symmetric, in-plane) 

and two are a" (antisymmetric and perpendicular out-of-plane). The 

plane referred to contains the OH group, the carbon and one hydrogen atom. 

Helpful position space molecular orbital drawings for the valence orbitals 

of CH-OH have been published by Jorgensen and Salem [20]. The 7a' and 
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. 2a" molecular orbitals art the oxygen lone pairs in valence bond theory 

, a r y terminology ariu are analagous to ine 3a. and lb- orbitals of H-0 [20]. 

r The other valence orbitals can also be categorized by the nature of 

,TCJ t n e localized orbital which gives the major contribution to the molecular 

orbital. Thus the 3a" is basically o and o , the 4a' orbital type is 

o„ , the 5a' is in-plane ir , the la" is basically out-of-plane v , LH 3 CH 3 CH 3 

and the 6a' is 0. 

The binary (e,2e) binding energy spectra at azimuthal angles of 

<(> = 0° and 7° are shown in figure 1. (At 1200eV these angles correspond to 

electron momenta q of approximately 0.1 and 0.6 a respectively). The 

spectra are compatible with expectations based on published photoelectron 

spectra. Studies of CH OH by high resolution ultraviolet photoelectron 

spectroscopy at Hel [21,22] and Hell [23,24,25] energies have given vertical 

ionization potentials of 11.0, 12.7, 15.1, 15.6, 17.6 and 22.7eV respectively 

for the six outermost orbitals with the la" and 6a' bands being onlv partially 

resolved even at high resolution. The binding energy spectrum has also been 

obtained at low resolution using X-ray photoelectron spectroscopy and an IP 

of 32.2eV was reported for the 3a' state [26]. A recent paper [25] gives 

a useful summary of the experimental IP data for CH^OH together with the 

results of many-body Green's function calculations of the binding energy 

spectrum. These calculations predict splitting of the 3a' ionization 

intensity with at least nine processes in the 32-36eV region. 

The binary (e,2e) spectrum shows six major bands at $ - 7° and five 

at <f> = 0°. The band at ll.OOeV which occurs at (J> = 7° is evidently due to 

the removal of a 2a" electron leading to the ground state of CH-0H , and the 

essential absence of this peak at $ = 0° is indicative of a nodal "p-type" 

orbital wiiich would be expected for such a "lone pair" of electrons. However, 

the second "lone pnir" orbital results in a band (12.7eV) of similar intensity 

at $ = 0° and 4> = 7°, which is quite unexpected from simple considerations. 

Ionization from the 6a' and la" orbital results in the unresolved band at 

rent 

ed 
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- 15.5eV while the partially resolved shoulder at ~ 18eV is due to 

ionization from the 5a' orbital. At higher energies, the two large bands 

at ~ 23eV and ~ 32eV are due to the processes (4a')" and (3a*)~ respectively. 

It is very noticeable that, other than for the first band (2a"), the 

intensities of all bands are quite similar both at $ = 0° and at $ = 7° thus 

indicating that all these bands have significant totally symmetric ("s-type") 

components in the wave functions of the corresponding molecular orbitals. 

The (3a') band shows considerable intensity on the high energy side extending 

out to ~ 46eV. There is also considerable intensity in the regicn 25-29eV 

between the main 4a' and 3a* peaks. 

Using peak positions and Franck-Condon widths derived from photoelectron 

spectra [22,25,26] we have performed a deconvolution of the binding energy 

spectra using a Gaussian fitting program which includes the instrumental 

energy bandwith (1.7eV FWHM). The spectral deconvolutions are shown in 

figure 1 and also the sum of the peaks which agrees well with the experimental 

points. Relative (e,2e) cross-sections determined from the peak areas are 

compared in table I with the calculations using the wave functions of CH.OH 

reported by Snyder and Basch [18]. They are all normalized relative to 

the cross section value of 100 foT the combined (6a' • la") band at $ = 7°. 

Also given in table I are the Green's function ionization energies and, for 

the inner valence 3a' and 4a' orbitals, the corresponding spectroscopic 

strengths obtained by von Niessen et al. [25]. 

The agreement between the measured and calculated cross sections is 

quite good for the outer four bands. However, the calculated 4a' and 3a' 

relative intensities are much larger than observed, both at 0* and 7*. This 

could be explained if the spectroscopic strengths for ionization from these 

two orbitals are severely split among a number of ion states. This is in 

qualitative a&.cement with the Tamm-Dancoff Green's function calculations of 

von Niessen et al. 125], who find that the spectroscopic strengths for both 

these orbitals are severely split (see figure 1 and table I). The Tamm-
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Dancoff approximation results show that the 4a' strength is largely split 

between two closely spaced states (0.44 each) with the remaining strength 

(0.12) spread over a wide energy range, and that approximately 70 percent of 

the 3a' strength is divided among ion states in the range 32.8-35.6eV. 

Based on the calculated MO intensities, which assume spectroscopic strengths 

of unity, the main 4a' and 3a' transitions both have spectroscopic strengths 

of approximately 0.6. Most of the 3a' and 4a' spectroscopic strength 

obviously must be attributed to states with binding energies above 34eV, 

although some strength could be attributed to ion states in the binding 

energy range 25-29eV. 

Momentum distributions have been derived from measurements of the 

angular correlations at binding energies of 10.6, 12.3, 15.6, 18.1, 22.7, 

32.1 and 36eV. Corrections were made where necessary for background contribu

tions from neighbouring transitions. These corrections were always small. 

The results are shown in figures 2-5 and are compared there with calculations 

of the (e,2e) cress-sections [1,2] using Snyder and Basch's wave functions 

for CH-0H which are effectively of double-zeta quality [18]. Also shown in 

the figures are molecular orbital shapes (charge densities), with full and 

dotted contours correspending respectively to positive and negative orbital 

amplitudes [20]. The cross sections are not absolute, but relative normaliza

tions have been maintained. 

In general the shapes and widths of the calculated momentum distributions 

agree quite well with the experimental measurements. In particular the 

positions of the maxima in the 2a" and 16a' •• la") distributions are 

correctly predicted. For the outer four bands the relative magnitudes 

of the cross sections are also well described by the M0 calculations. Thr; 

magnitudes for the main inner valence orbital transitions are not well 

described by the calculations, although the calculated shapes are in excellent 

agreement with the data (figure 4 ) . If the calculated 3a' and 4a' cross 

sections are multiplied by a factor of approximately 0.6, excellent agreement 
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is obtained between theory and experiment. As discussed earlier this means 

that the spectroscopic strength for the inner valence 3a' and 4a' orbitals 

must be severely split, with the dominant peaks having only 60 percent of 

the total spectroscopic strength. 

It is clear that the observed momentum distribution for the 5a', 4a' 

and 3a' orbitals are all of predominantly "s-type", that is these orbitals 

are dominated by totally symmetric components. The dominant orbital groups 

for the 3a' MO are a„. and o_. and for the 4a* is o_, . However, the Un Ln LH, 
calculated distributions for the 5a' molecular orbital, whose dominant 

orbital group is TT in plane, shows a significant "p-type" contribution 

leading to a falling off in the distribution at low q. It is evident froTi 

the data that the Snyder and Basch wave functions overestimate the contribution 

of p atomic orbitals for the 5a' molecular orbital. It is noticeable that 

the measured momentum distribution for the 2a" orbital (ionization of which 

leads to the ground state of CH,0H ) does not go to zero at q = 0 as rapidly 

as does,the calculated momentum distribution. This indicates that some 

diffuse functions are needed in the wave function in order to describe the 

low q region adequately. It is of interest to note that this essentially 

oxygen-lone pair orbital is behaving similarly to the corresponding orbital 

in H-0 (lb.) in that significantly more low momentum components .ire observed 

than are predicted by using double-zeta quality wave functions. This effect 

is also seen*to a lesser extent in the 7a' momentum distribution. This 

indicates that the 2a" and 7a' outermost valence orbitals in CH,0H are more 

spatially extended than predicted. This is in accord with a relatively low 

dipole moment of 0.9567 Debyes calculated for CH.OH by Snyder and Basch [18] 

compared with the experimental value of 1.7 Debyes [17]. A similar 

discrepancy between the calculated and measured dipole moment of H-0 is 

observed [17,18]. It is therefore evident that the Snyder and Basch wave 

function is not satisfactory for predicting the diffuse part of the charge 

density (electron distribution) for methanol. 
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xeans Figure 5 shows the measured momentum distribution at a binding energy 

als of 36eV. The shape of the momentum distribution is consistent with either 

of ionization from the 3a' or the 4a' orbital (figure 4) or both. This further 

supports the argument that these inner valence orbitals have their spectroscop 

4a' strengths severely split by electron correlation effects. 
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TABLE I 

Ionization energies and observed relative in tens i t ies of the valence orbitals 
of methanol. The calculated relative in tensi t ies using the wavefunctions 
of Snyder and Basch are given in square brackets. 

fill*) Binding 
Energy (eV) 

Relative i n t e n s i t i e s 
(errors in parenthesis) 

(a) GF energies v 

VrJ Binding 
Energy (eV) $=0 e 

q * 0.1a" 1 
n o 

*=7« 

q * 0.6a M o 

(a) GF energies v 

2a" 11.0 2 (1) 
[0.4] 

20 (2) 
[17] 

10.86 

7a' 12.7 21 (2) 
[15] 

20 (2) 
[21] 

12.42 

6a' 

la" 
> 15.3 96 (4) 

[76] 
lOO* 
[100] 

15.24 

15.64 

5a' 17.6 51 (3) 
[41] 

47 (3) 
[46] 

17.52 

4a' 22.7 84 (4) 
[131] 

67 (3) 
[107] 

23 .01 b (0.44) 
23.38 (0.44) 

3a' 32.2 88 (4) 
1175] 

5 7 (2) 
[93] 

32 .82 b (0.050) 
33.08 (0.077) 
33.41 (0.11) 
33.52 (0.11) 
34.14 (0.058) 
34.83 i0.068) 
35.33 (0.062) 
35.58 i0.063) 
35.62 (0.065) 

3a' 1 * 36 35 (4) 19 (4) 

4a' > 38 22 (4) 14 (4) 

a Green's function result with basis set (9s5p/4s) [25]. 

Tamn-Dancoff Green's function results; relative in tens i t i es (> 0.05) 
given in parenthesis [25]. 

r 
Normalization point . 



FIGURE CAPTIONS 

Fig. 1 Binding energy spectra of methanol at 1200eV taken at azimuthal 

angles of • = 0° (q * 0.1a" 1) and <t> = 7° (q «= 0.6a" 1). The 

dominant one-hole valence orbital transitions are as indicated. 

The curves are the results of Gaussian fit; to the data using the 

(a) known peak widths, positions, and experimental resolutions. 

The vertical lines in the 0° spectrum indicate the Tamm-Dancoff 

results for the positions and intensities of the main 4a' and 3a' 

transitions [25]. 

Fig. 2 Experimental and calculated momentum distributions for the outer 

2a" and 7a' orbitals of methanol using the MO wave functions of 

Snyder and Basch [18]. The full circles are obtained from the 

angular correlation measurements and opsn triangles from the 

binding energy spectra (fig. 1 and table I). The error bars are 

0.44) one standard deviation. Also illustrated are the corresponding 
(0.44) 

MO shapes in position space [20]. 

Fig. 3 The experimental and calculated momentum distribution for the 5a' 

and (6a' + la") orbitals of methanol and the position space MO 

shapes [20], The unresolved 6a' and la" cross sections (dashed 

lines) have been summed to give the full curve. Details as in 

figure 2. 

Fig. 4 The experimental and scaled calculated momentum distributions for 

the inner valence 4a' and 3a' orbitals of methanol. The details 

are given in the fig. 2 caption. 05) 

Fig. 5 The noncoplanar symmetric momentum distribution at a binding 

energy of 36eV. 
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