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Moleculat.Photoemission at 132.3 eV. The Secohd—Rdw Hydrides¥*
" 'M. S. Banna' and D. A. Shirley =~ =
Department of Chemistry

- and Lawrence Berkeley Laboratory
~ University of California, Berkeley 94720

» ABSTRACT
Photoemissibn spectra of the second-row hydridés_CBa, NH3, H20, and
HF, as well as. Ne, obtained with ultrasoft (132.3 eV) x-rays from the
yttrium MZ line and with soft x~rays are compared and;discussed. The
2s~derived Zal'or-Zq orbitals show large relaxation‘énéfgies, as do the
2s orbitals in thé free atoms. The high binding eﬁé%gies of the 2a, orbitals
in CH, and<NH3‘iﬁdicate that much of the bond enefgyvfésides iniﬁhése

Qrbitalé. 'Bondfehergies estimated from changes in tﬁe~average valence~-

'electron.binding energies from atoms to hydrides show:fough'agreement

- with litérature-Values. Relative molecular orbital_peak intensities show

dramatic changes. from 132.3 eVto 1253.6 eV photon'engrgies, with the atomic
cross-sectioh ratio 2p/2s near unity at 132.3 eV and-ﬁéaf 0.1 at

1253.6eV. This difference allows peaks to be assignédfto.molecular

orbitals in some cases by visual inspection, on the basis of atomic:

orbital composition. Comparison with theoretical intensities based on

plane-wave or OPW continum final states shows qualitative agreement,
proving the diagnostic value of this approach, but quantitative agreement
will require more theoretical work. = Values of o(2p)/o(28) for atomic C,

N, 0, F, and Ne were derived from the spectra at both.phbton energies.
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I. Introduction
0, NH,, CH comprise an

30 U,

The 10—e1¢¢tron second-row hydrides HF, H2
insfructive'series for the study of electronic préperties in the 1-10 eV
energy range, On this scale some subtleties of mblééular geometry are
‘ s .

blurred over; and.these hydrides can be regarded as bging derived from
atomic neonvbf‘moving l-érprétons from the nucleué tq the atomic periphery.
The attendan§ feduction in strength of the central{paténtial is manifest
pafticﬁlarly in‘;he variétion of orbital binding eﬁérgies, as well as
other properties; S

Furthervrémpval of the protons would lead to disSbéiation inté
neutral atomsl. " Reversing this path, the hydfides:mé§ be regarded as
being férmed f;dm atoms of the corresponding secoﬁd;fowielements by

bringing up hydrogen atoms from infinity. According:to this picture

vestigal atomic properties should be perceptible in the electronic

~ structures of thé‘hydridés. Of course these properties must bebsought‘

on an energy scale of 1-10 eV. Again orbital bindingﬁénergies provide
convenient indicators of the connection between atoms and their hydrides.
This péper deals with the binding energies of the electronic

orbitals in Ne, HF, HZO, NH3, and CH, as determined by x-ray photoemission

4 .
spectroscopy (XPS) using soft (~103 eV) and ultra—ébft7(~102 eV) x-rays.

Relative intensities of the peaks in the XPS spectra are interpreted in

terms of the atomic orbital composition of each moIeéulaf orbital. The

characteristic MZ x-rays from an yttrium anode were eépecialiy useful in
this regard, because the 2p/2s photoionization crOss:section ratio changes

dramatically between this photon energy (132.3 eV) and that of the MgKoc12

transition (1253,6,éV). We have measured the M{ XPS spectra of CH ‘NH3,

4°

H20, HF, and Ne, The Ne spectrum has been reported earlier by Krausez,



-2-

and our CH4 and HF spectra have been reported.previouély in a paper on

the fluorinated methanes.3 The H20 and NH3 resultS'are new; We also
report a ZrMC (151.4 eV) XPS spectrum for NHB.xbfhe.sofé—XPS spectra of all
five species are used for comparison. Most of these are now available in

the literature,4’5 from which we obtained data for CHa; HF, and H20.6 We

report MgKa speétra for Ne 7 and NH3. |

Experimental prqcedures are given in Section II. Binding energies
are discussed in Section ITI, with special referencé tb'trends along the
series. vSimilarities to the corresponding atomic binding energies are
noted. Finally, Section IV deals with changes in rélative orbital cross
sections betweén 132.3 eéVand 1253.6 eV.

IT. Experimental

The gases were purchased from Matheson Gas Compaﬁy and étudied at
10"2 torr pfessure in the Berkeley Iron-Free Photoelectron-Spectrometer,8
modified to accommodate an yttrium source. The x-rﬁyv;ube design is
described fully élsewhere’.9 Oxidation of the yttrium sﬁrface led to
broadening of tﬁe photoeléctron lines in some cases. " However, it was
always possible to.distinguish the individual levels éﬁd‘to 1eé$t—squares
fit the peaks without constfaining the linewidths (édch a constraint can
alter the area ratios in some éases). Our experiméntélvpeaks were found
to be well-represented by Lorentzianslo in all but.one'case, tﬁe_MgKa
spectrum of ammonia, for which gaussians were used. All area ratios
were computed aftgf eliminating the contributions dﬁe to satellite x-rays.
Our curve—fitting program aiso applies a point—by—point.cqrreqtion for
the change in speptrometer transmission with energy. Counts were_obtained
at increments of “{0.3 eV with MgKa (MO region) and ~b.2 eV with YMZ.

The spectra of methane and hydrogen fluoride wefe shown in Reference 7.

The MgKa, YMz, and ZrMg spectra of ammonia are shown in Fig. le_In the
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YMz spectrum!:é;ﬁroublesome interfering structure Qa# observed between

the two outer orbitals. Water has intense peaks inhgﬁaf region (Figure 2),
but it was eliminated by maintaiq}ng the sample ai,ary4ice temperature
throughout the‘experiment. The kinetic energy of the electroﬁs in the
interfering band is ;119 eV. When this is added to‘thé nitrogen ls binding.
energy of ammonia (405.6 eV)4 an x-ray enefgy of ~525 eV is obtained. Thus"
the most likeiy7ihterpretation is that the oxide 1a§gf qn the yttrium
surface produées_oxygen Ko x;réys which ejecf levélectrqns with kinetic
energy falling in the MO region obtained with YMt x—rayé. Future workers
with yttrium and other oxidizable anodes should be éware of this type of
interference; f&;tunately, in this case the peaks could‘be distinguished
enough to allowireliable deconvolution. This mechanism was confirmed by
using 151.4 eV ZrM¢ x-rays (Figure 1), which had thé'éffect of shifting

the interfering s;ructure to where it sould overlap wifh the 2a1 peak of
T |

One other experimental problem arose. The charagteristic Kalz radiation
of magnesium is éccompanied by Ka34 satellites of 10 eV higher energy.
This leads to corresponding peaks in'the‘photoemissibh'Spectrum. When
the satellites from a strong line coincide in energy'wifh a weak liqe,
the accuracy with which the position and intensity of thé latter can be
determined is decfeased. In this work the 1t2 peak iﬁ ﬁhe methane
spectrum and the le peak in the ammonia spectrum were:thus affected.

The MgKo and YM; of water are shown in Figure 2. The former was
reproduced from tﬁe work of Siegbahn 95_31.4’6 Neon sﬁéctra are shown
in Figure 3. |

ITI. Binding Energies

The MgKo speétra were experimentally referenced: to the neon 2s line

(48.42 eV)4. ‘The YMf spectra were not referenced to'é‘fare—gas‘standard;

instead, one of the ionization potentials measured with MgKa was'uSed'to

obtain absolute bihding energies in each case.
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In Téble'vae compare the XPS binding-energyvresults with a‘
selection of literature Values obtained from ultraviélet photoemission
spectroscopy (UPS). The agreement is good in most céseé. The largest
difference is in the binding energy of the le 1eve1»of mnmﬁda. This may
be due to the unceftainty introduced by the interferiﬁg x-rays discussed
above. However, the ZrM¢ spectrum (Figure 1) which is free of interference
in the outer MO region, also yields a value that is too-high (16.54(4)eV).
From the UPS measurement,11 a Jahn-Teller splitting'of‘*O.S éV was estimated
for the le peék. ‘We have therefore used two peaks‘witﬂ a fixed separation
of 05eV and‘equal areas to reproduce the le band. _A'good fit could also
" be obtained with one peak. Both types of fit yielded the same binding
energy. The mést likely explanation for the discrepanéi between the XPS
and UPS méasuremepts is the uncertainty of locating the mean of a'peak
witﬁ such a flattened summit. Another intrigﬁing péssibility is that the
intensity ordering df the two Jahn-Teller states may ﬁave changed in
going from uv to x-ray exciting photons. This would expléin the higher
XPS binding energy value since the vertical I.P. obfained by UPS corresponds
to the outer, ﬁore intense state.

The binding?energy systematics yield informatién about bonding, as
well as about relaxation during the photoemission proéess. To separate
these effects we have included in column 6 of Table I a complete set of
orbital energiés € from the calculation of Snyder-and‘_Basch.12 Column 7
lists "relaxation energies", ER’ obtained by thevrelééion

| E, = - - Ep . | (1)
The relaxation ehergy so defined absorbs correlation and relativistic
contributions as;well as relaxation effects per se. Column 9 lists atomic
binding energies; averaged over muifiplets,13 takenvffom calculations by

Wilson.14 Column 10 gives values of relaxation energigs for the atomic



order CH, > NH, > H

orbitals, aé'given by Geliusls. We shall use theéé.highly—réliable
calculated results for free atoms in making compafiéons asif they were
experimentaIIQQantities. |

The 1s binding_energies in atoms and hydrides_afe very similar, with
the hydride values beiﬁg lower by 0.3% in HF vs. F, 1;0% in H20 vs. 0, 1.2%

in NH, vs. N, and 1.9% in CH, vs. C. Because the total relaxation energy

3 4
accompanying.ls photoemission is identical to withih less than leV for
each elemeht invﬁhe atom and as a hydride, the 1owéf ls binding energies
in the hydrides must be attributed to additional repﬁlsioﬁ at the ls
orbitals in the initial states. The ls orbitals are slightly "reduced"
by addition 6f valence electrons to fill the n = 2 bétet.

Tﬁrnihg to the valence shell, it is convenient tq divide the peaks

into two‘groups; The most tightly-bound orbital in each molecule has 2al

or 20 symmetry. It is derived mostly from the 2s shell in a bonding

combination. Again ER is similar for each element in the hydride and

free afom. A similar observation was made earlier for the F(2s)-derived

orbitals in fluorinated methanes.5 A strikiﬁg feaéurehof thé present

data is the increase in binding energy of this orbitél in the hydrides

over the 2s orbitals in the free atoms. Sﬁch an increaSe signals stabiliza-

tion by bond formétion. Furthermore, EB(hydride)—EB(atom) varies in the
4 5 20 > HF, with the HF value being_slightly negative.

These two oBservations can be related to the chemiét;s simple picture

of bond energy.réSiding ﬁartl& in overlap of the s orbitals with ligand

functions. in'Figure 4 we havevplotted for these hydrides the total

bond energy and twice the excess binding energy of the 20 or 231 orbital,

to see whether-én appreciable fraction.of the totalvbond energy might

be attributed iﬁ.fhis simple picture to.this orbital. The data

suggest that the bond energy arises largely from 2al orbitals in’
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CH, and NH,,. The situation for H.O and HF is less clear. In O and F

4 3 2 .
the 2s 6rbitals are more'tightly bound: admixture:df.H orbitals may
not give a net increase in binding energy. This_mﬁét:not be interpreted
entirely in terms:of 2s vs. 2p bond character, becaﬁéé}éxcept in CH4 the
comparable orbitals can contain small admixtures of p“o;bitals. There
is a trend towardbhigher total overlap of ZS ofbitalé.with hydrogen from
HF to CH4, brought about ﬁartly because the number qf'h§drogens increases
and partly by thé trend for the 2s and 2p orbitals to»be more nearly
degenerate in the lighter elements.

A more conventional molecular orbital diagram fo’mefhane is shown

in Figure 5. Here we have plotted orbital bindiné eﬁéréies for C, H, and
CH4. This type of'plot is completely empirical: it.emp10ys data froﬁ
Table I and the H(ls) ionization potential of 13.6 eV;vIt'Qould be im-.
possible from'thése.data alone to calculate a C-H bond energy.» If we
just'empiricaliy'add up all the orbital bonding energiesvtimes the orbital
popuiations, however, and assign the difference in aVeragé bonding energy
of all eight valence electrons to the four C-H bonds in CHA’ this giﬁes

a bond-energy estimate of

1/4 [2'E(a1) + 6E(t,) - 4E(H_1s)' - 2E(C2s) - 2E(C.2§)] = 4.97 ev, (2)

in fair agreement with the experimental value of 10.29veV.-16 The corres-
ponding values fbr the other hydrides are: NH3, 3.88 eV vs. 4.05 eV;l.6
H,0, 2.24 eV vs. 4.80 eV;16 HF, 4.32 eV vs. 5.84 eV.16 ‘Thus the photoemission

2

spectrum can in most of these cases give a rough idea of bond strength.
In the less tightly-bound molecular orbitals the relaxation energies

ER are usually smali, in agreement with the observation that orbital

energies usually give the correct ordering of ionization energies. It is

interesting that larger values of ER are observed for the lone '

'pair"
orbitals, lb2 in HZO and 1min HF. This would be consistent with a large

amount of electron pb1arizati0n to screen a localized ﬁdlé,17 However,




the uncertainty about the value of ER(Zp) in atoms (sée Table I) pre-

cludes a definitive conclusion.

Iv. iIntensity Ratios

The differential cross section for producing photoelectrons in

the solid angle dQ by photons of energy hw is given byl-8

2 2 : C
| g% = :_;—c.u: IE .<.wo|zgn|\i'j> | o | ‘ | (3)
n

Heré Wo is ﬁhe iﬁitial séate, Wj the final state upon ionization; u is a
unit vector in the photon polarization direction; ﬁ'is thg linear momentum
operator for thé nth electron; and p(E) is the denéity of final states with
energy near E. ~For randomly oriented molecules, the expression must be
averaged ovér all directions. vAn average must also. be taken over all
orientatipné of u if the radiation employed is not pélarized. The final

expression has the general form19

<§—%> = (0/4m)[1 - 1/4B(3 cos26 - 1)] « (4)

where © is the total cross section (cross section fqr‘elecﬁron emis-
sion in all directions), B is the asymmetry parametef and 6 is the
angle between the direction of the exciting radiation and the direction
of photoelectrons in the solid angle dfl. In the present work, only
photoelectrons eﬁitted perpendicular to the direction of the unpolarized
photon beam were monitored (6 = 90°). Thus the reported cross-sections

are related to g, which is given by

o, = (0/4m) (1 + 1/4 B), 6 = /2, R | (5)
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0,'s of the MO's of a certain system were measured relative to one an-

L
other, both at the YM{ and MgKa12 energies.

Ellison19 derived expressions for(-%%) assuming a plane wave
(PW), or a plane wave orthogonalized to all tﬁe filled bound orbitals
(OPW), forvfhe continuum final state. He also assuﬁed that the bound
orbitals did not change upon ionization (frozen-orbital approximation).
The expreséions thus derived were employed by Debies and Rabalais20 to
compute cross sections and angular distributions for neon and the second-
row hydrides at various photon energies. Debies and Rébalais used ab
initio molecular wavefunctions with minimal bases of.non-orthogonal real
Slater-type orbitals for the bound states. Orbital exponeﬁts were deter-—
mined following Slater's rules.
The siﬁplifying assumptioné of a plane wave continuum state and

frozen passive orbitals were used by Geliu_s21 to derive an approximate

expression for the molecular orbital cross section:

g, (MO) = Z Pyj 0y (40) - (6)
J

Here Pij is the electron population of AO ¢j in molecuiar orbital i.
Equation (4) was derived for cross sections at x-ray energies above ~ 1000
eV. The same expression was used by Banna and Shirley3 to analyze the
fluoromethané spectra obtained with YM{ radiation (132.3 eV). Encouraged
by the good agreément obtained there and elsewhereS; we shall use the
Gelius model to analyze the relative peak intensities in the hydrides.

The qualitative.change in relative cross sections when the exciting
source is changed from MgKa to YMZ is best illustrated ﬁy referring to
the neon spectrum (Figure 3). A dramatic increase in the 2p/2s intensity

ratio occurs at low photon energy. This behavior can be explained qual-

itatively by considering the one~electron momentum matrix element,




(xg O [py5 1o Y, -
where ¢i (j) and xf(j) denote, respectively, the initial bound state and
final continuum state for electron j. Under the assumption that the final
state is formed upon ionization by promoting electrdq j from a bound to a
continuum orbitél orthogonal to the occupied MO's, while 1eaving the re-
maining electrons unchanged, equ;;ion (3) reduces fo'é,quaﬁtity propér-
tional to the square of the matfix element (7). wﬁen'fhe deBroglie wave-
length of the outgoing electron is such as to 'match' the curvature of the
orbital ¢i(j)’ the cross section would‘bé expected ﬁo be 1érge. In terms
of this overlap.picturé, discussed by Price et al.zz, it becomes clear why
“high-energy (‘1000 eV) radiation yields a high inpensity for 2s orbitals
relative to 2p orbitals, while the reverse is true with ~100 eV radiation.
We have noted'pfeviously3 that this trend is observed in the fluorinated
methanescas well as methane and hydrogen fluoride.__The spectra of water
and ammdﬁia provi&e further support for the overlap érgument (Figures 1
and 2). The lb2 orbital of water, which is purely 2p in character, gains
'substantially'iﬁ intensity relative to the 2s—like'2§1‘orbital at the
YMZ enefgy ofv132.3 eV. The 2p contributions to 3a1 and lb1 also result
in an intensi;y increase, but the presence of some svcharacter in 3a1
makes this increase less dramatic than for lbz. Intereétingly, lb1 re~
tains roughly the same intensity relative to lb2 1n.going from MgKa to
YMZ. This behavior would not be expected on the basis.éf 2p populations
alone, since Lbz is totally 2p in character while_lb1 is qnly 607 2p and
40% hydrogenvls. One possible explanation is that Fhe‘hydrogen ls cross
section increases.faster than the oxygen 2p cross section wﬁen the photon
energy is changed from 1254 eV to 132 eV. Another more likely explanation

is that, since lb1 is strongly O-H bondinglz, its diffuse electronic
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population errlaps with the outgoing electron better at 132 eV, thus re-
sulting in a cross section that is higher than would be expected on the
basis of the 2p.popu1ation alone. Similarly in ammodié, one‘of the le
orbitals is stréngly N-H bounding.12 From Figure 1 it can be seen that
le becomes mOre'intense than 3a1 at YMZ (or ZrMgp) énergy even though 351

12

is 90% 2p while le is only 60% 2p. Both le and 3a, gain with respect

1
to 2a1 at 1qw photon energy, as expected. |
In columns 4,6,8, and 9 of Table II we compare respectively the

relative peak intensities at 21 eV(Hel), 41 eV(Hell), 132 eV(YMC); and
1254 eY (MgKal,z) exciting photon energies. The values for YMZ and Mgkd
are also plotted in Figure 6. From Table II, it is seeﬁ that the relative
intensitieé obtained with the helium resonance lines are generally quite
similar to the values obtained with YMZ. This observation is in line
with the overlap pictufe discussed above, since, as'wifh YMZ, the wave
lengths of elecprons ejected with the heiium lines match 2p orbitals |
better than 2s.

The theoretical photoionization cross sections ofrDebies and
Rabala1320 at 132 eV and 1254 eV are shown in columns 5kand 7,vréépectively.
The computations correctly predict that the intensity ordering of the 2a1‘
and lt2 levels of methane is reversed in going from thé MgKa to the YMg
excitation energy (Figure 6). The correct intensity 6rdering at 1254 ev -
is also predicted for ammonia. However, at the YM{ energy, 3a1 is cal-
culated to have a‘slightly higher intensity than le, contrary to the ex-
perimental result. Similarly, the calculation reversés the intensity
order of the other two MO's of water at 132 eV. It is interesting to
note that if péak heights were compared instead of peak areas, the cal-

culations would-yiéld the correct intensity ordering, both in water and
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in ammonia."in.HF, however,_the wrong order is pfedictedvfor the outer
two MO's at tﬁe MgKa energy. The theoreticai fluorinebls inteﬁsity also
compares poorly with the experimental valué., Finall?, the neon 2p/2s
relative intensity agrees very well with experiﬁenﬁ;:both at 132 eV and
1254 eV excitétion energies.

Fadley23 has shown that the assumption tha; the érbitalé of the ion
remain frozen during ionization, used in these preéent qalculations,‘
leads to cross séctions which include thé probability fbr multiple-as
well as single-electron excitations. In the case 6f the hydrides, one
observes no intenée satellite ﬁeaks in the MO region. Core ionization,
howeﬁer, is offep accompanied by multiple-electron‘tranéitionS. In hydro-
gen fluoride, for example, the probability for multiplé—electron transi-_
tions isi; ZGvaf the probability for single-electr'onionization.24 The
core spectrum 6f neon is known to contain discrete‘éaféilites totalling
-~ 12% of the main 1ine.25 Addition of multiple—eleccroﬁ intensities to
the core intensiﬁies of these two systeﬁs widens the gap between the ex-
perimental and theoretical ratios. Absolute experiﬁéﬁtal subshell cross-
sections are available for neon.26 (See Table III). 'The'calculations
of Debies and Rabalais underestimate the neon ls cfbss-éection without
adding the shake~up contributions. The 2p and ZS‘crOSs—sections are over-
'eStimated, which means that including the multiple—eiectron transitions
should improve fﬁé agreement. From the work of Wuilleummier and Krause,27
it is known thaf shake-up prébabilities amount to ~ Szlﬁhe intensity of
each of 2p and 2s at the YM{ energy, ~ 11%Z and ~ 6% of 2p ana 2s, re-
spectively, at thengKa energy.

In general, the theoretical results are in better agreement with
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experiment a£.1254 eV than at 132 eV. This is not surprising, because -
tbe plane-wave approximation becomes better at higher electrdn enefgy.‘
For all-the hydrides as well as neon, the intensity ratio of tﬁe‘Zp—like
to the 2s-like orbitals seems to be ovefestimated af the YMC enérgy and
underestimatéd af the MgKa energy.

With the Gelius model (eq. 6) it is possible to obtain semiempirical
ol(Zp)/ql(Zs) ratios for the central atoms of the hydride éeries. Uéing
gross popuiations calculated from the wavefunctionsrof:Snyder and Basch12
and the experimental area ratios listed in Table II, Qe have estimated
relative intgnSities 01(2?)/01(28) at bdth YMZ and MgKoa energies. The
hydrogen 1ls cross section was taken to be zero. Fbr each hydride one
grgavratio of two MO's is needed to obtain ozp/ozs. The values listed in
Table IV represent the average of thé atomic cross—séciion rafios célcu—
lated.using the area of 231 relative to each of the'fémaining MO's.

(Only one value is possible for methane since it has on1y two MO's).

.The ratios at the MgKa energy indicate that Ozp/dés increases in

going across the periodic table from carbon to neon; This is supported

28,29 and of Nefedov gg_gl.zg

by the calculations of Huang and Ellison
listed in Table iv. The former assume a plane wavevfor the final con-
tinuum state. They employ either Slater-type orbitals orthogonalized

to the 1s core,28 or SCF Clementi atomic orbitals.29 ‘The latter are iﬁ
excellent agreement with our semiempirical results. vSlater-tyﬁe orbitals
yield ratios that are somewhat smaller than ours, but.the agreement is
still good. The SCF relativistic Hartree-Fock-Slater calculations 6f

Nefedov 25_31.30 (Table IV) represent ratios of total (as opposed to

differential) 2p to 2s cross sections. However, as the authors point out,
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the correction in this case is small (a factor of l;OQ'to 1.08). It must
also be noted ;he oxygen and fluorine ratios of Nefedov EE:El' were gomé,
puted for O; and F—, respectively, instead of the neut;al species. The
values listed ih Table IV are in good agreementfwith_ours.

At the YMZ photon energy of 132.3 eV. the ratios do not appear to
change mono;onically with atomic number, but the geheral.trend seems to
be the same és that at the MgKa photon eﬂergy of 1253.6 eV; i.e.,
Ul(2p)/0628) incfeases with Z. The ™ values are generally closer to
unity than the MgKo values. Thus the YMZ energy seems to fall in a re-
gion where the 2p and 2s intensities are about equal.

In conclusion, the relative intensities of tﬁe.hydride molecular
orbital photopeaks at YM{ phoﬁon energies, are significantly different
than at H{gh photon energies, in ways that can be siﬁply related to
atomic orbital composition of the molecular orbitalé. ‘The relative
intensities are predictable semi-quantitatively usingvtheories_based.on
plane-wave final states, but quantitative agreementhill require more
theoretical work. Finally, atomic 2p/2s cross-section.ratios derived
from the hydfide photoemission data using certain approximations show
an upward trend with atomic number from C to Ne for_1254 eV photons but
a minimum at N for(132 ev photons;' The former treﬁd agfeés well with

theoretical predictions.
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TABLE I. Orbital Binding Energies in Four Second-Row Hydrides, and Related Quantities (eV).
E )
Species Orbital MgKa ™ HeI, 11 -eh Eg nl tg E:
cnab le, 14.2(2) 14.5(1) 14.0 14.74 0.24 2p 10.79 0.3, 1.6
2a 23.05(2)  23.05(3) 23.0 25.68 2.63 2s 17.81 2.4
la, 290.8 ' 305.0° 14.2 1s  296.5 13.7
NH, 3a, 11.04(2)  11.04(2)% 10.85 11.22 0.18 2 15.05
le 16.74(6) 16.49(4) 15.8 16.97 " 0.48 :
2a, 27.74(2)  27.76(5) 31.16 '3.40 2s 23.86 3.0
la 405.6f 422.3 167 1s  410.7 16.6
nzod b, 12.6 12.60(2)%8 12.61(6)  13.78 1.18 2p 15.66
3a, 14.7 14.75(3) 14.73(6)  15.42 0.67
1b, 18.4 18.74(4) 18.55 19.52 0.78
2a 32.2 32.61(5) 37.07 4.46 2s 31.54 3.6
la, 539.7 559.3 19.6 "1s  545.0 19.3
HFe 1w 16.12(4)  16.12(4)8. 16.04 17.50 1.38 2p 17.12
k%] 19.89(¢7)  19.79(5) 19.90 20.50 0.71 '
20 39.65(2)  39.30(4) 43.61 4,31 28 40.02 4.1
1o 694.0 715.1 21.1 s 696.2 22.0
Nef 2p 21.59% 21.598°K 21.59% 23.14 1.55
2s 48.42(5)  48.49(1) 52.52 4,03
1s 870.2(1) 891.7 21.5

a. Vertical ionization potentials.
b. In CH,, AlKajpj (1486.6 eV) rather than MgKal

AlKalz energies from Ref. 5; He energies from Ref. 20.

c. Hel energies from Ref. 11.

radiation was used because of intetfefing satelllites.

d. MgKa energies from Ref. 4; He energies from C. R, Brundle and D. W. Turner, Proc. Roy. Soc. A307, 27 (1968).
Letters 7, 317 (1970).

e. MgKa values from Ref. 5; He values from C. R. Brundle, Chem. Phys.
f. MgKa energies from Ref. 4.
g. Reference peak.

h. From Ref. n, except neon, from P. S. Bagus, Phys. Rev. 139, A619 (1965).

i. References 13, 14. )
J. The 1s and 2s values were given by U. Gelius, Physica Scripta 9, 133 (1974). The 2p values given there
Both values are

do not agree with those calculated by us using the hole-state resultsvfrom Ref, 14.

given for carbon: the rest are omitted.
k. Weighted mean of 2p1/2 and 2p3/2 optical ionization energies. See Appendix D of Ref. 4.
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TABLE 1I. Differential Photoionization Cross Section Ratios at 21.21 eV, 40.8 eV, 132.3 eV, and 1253.6
eV Excitation Energy (0 = 90°). )

Molecule MO E, (eV)®  I(Mgka) 1 (Mgkon® M) IM)°  T(ern®  I(heD)®
) exp theo exp theo exp exp
cr,© it, 14.2(2) 0.12(2) 0.052 2.69(8) 7.564 7.14
2a b 23.05(2) 1.00 1.00 1.00 1.00 1.00
la, 290.8¢ 30(1) 26.41 — _— —
Nn3“ 3a, 11.04(2) 0.20(3) 0.020 0.81(5) 22,27 0.81 0.81
: le 16.74(6) 0.13(4)" 0.038 1.04(4) 18.71 1.54 1.78
Zali 27.74(2) 1.00 1.00 1.00 1.00 . -
la, 405.6% 33(1) 24.11 — —_— - —
H,0 b, 12.69 0.09sf 0.040 0.92(5) 32.38. 0.92 0.92
3a, 14.79 0.26f 0.22 1.04(6) 20.56 0.96 1.08
1b, 18.49 0.o081f ' 0.020 0.70(5) 12.56 0.77 0.92
2a 3 32,24 1.00 1.00 1.00 1.00 — —
la 539.7¢ 19 19.28 — — — —
HF In 16.12(4) 0.24(2) ©  0.12 2.93(2) 23.30 2.93
30 19.89(7) 0.19(3) 0.17 1.18(4) 6.33 '1.20
2% 39.65(2) 1.00 1.00 1.00 1.00
1o -694.0° 34(1) 12.70 — —
Ne 2p 21.599 0.42 0.26 7.11(2) 8.20
28! 48.42(5)4 1.00 1.00 1.00 1.00
1s '870.2(1) 28(1)%  10.54 — —
a. MgKa values for all except lt; and 2aj of CH,, which were measured using AlKoa.

Reference 20.

Theoretical results were kindly communicated to us by J. W. Rabalais.

AlKa used instead of MgKa. The theoretical ratios are also for 1487 eV photons,

Reference 4,

B. E. Mills, private communication.

Calculated by the authors of Ref. 20 from the spectrum in Ref. 4.

Reference 26.

The theoretical .
The theoretical
The theoretical
The theoretical
The theoretical
imental cross section
Also see Table III.

With ZrMz, Zal: le:3al

differential cross sectiog is I.67’<102 barns at 1254 eV _and 4.68X103 barns at 132 eV.

cross section 1is
cross section is
cross section is
cross section is

2.92x10” barns at 1254
4.72x102 barns at 1254
7.37x102 barns at 1254
9.13x102 barns at 1254
is 4.74x102 barns at 1254 eV and 3.

eV and 2.25x10

eV and 2.69x103

eV and 9.70x10
eV and 4.66x10

barns at 132 eV.
barns at 132 eV.
barns at 132 eV.
barns at 132 eV. Exper-

20x10% barns at 132 eV, (From Ref. 26).

ratios of 1.00:1.26(3):0.73(2) were obtained.
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Comparison of Experimental and Theoretical Differential Photo-

TABLE III.
ionization Cross-Sections of Neon (in barns).
YMz(132.3 eV) - MgKo.(1253.6 eV)
o a b a b
Level ol(exp) Gl(theo) ol(exp) ql(theo)
2p 2,01 x 10°  3.82 x 10° 1.86 x 10° 2.41 x 10°
28 3.20 x 10*  4.66 x 10% 4.74 x 102 9.13 x 102
1s - — 1.35 x 10° 9.62 x 10°

a. From Ref. 23.

. $ ’
b. The results of the calculations of Ref. 20 were communicated to us
by J. W. Rabalais.
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TABLE 1IV. Relative Photoelectrlc Cross Sections O (2p)/0 (2s) for

Second Row Atoms.2

| rP CRP R(STO)® R(cA0)? R®
Atom (132.3 eV) (1253.6 eV) (1254 eV) (1254 eV) (1254 eV)
' - £ P _ £
c 1.16 0.052 0.012 0.048 0.032
N ©0.66 0.083 0.023  0.077 0.058
0 . 0.95 0.11 0.042 0.11 0.070
F - 1.39 0.13 0.077 . - 0.17 0.098
Ne - 2.37 0.148 0.12 . 0.25 0.14

To take the 2p degeneracy into account, all ratios in this table must
be multiplied by 3. -

Semiempirical ratios calculated using eq.(6). Gross populations were
obtained from Ref. 12 and area ratios from Table II.

From Ref. 28. Slater-type orbitals were used to represent the oc-
cupied orbitals, with 2s orthogonalized to the ls AO. The continuum
state was represented by a plane wave.

From Ref. 29. SCF Clementi atomic orbitals used instead of STO's.
Theoretical total cross-section ratios using a Hartree-Fock Slater
potential (Ref.30). Oxygen and fluorine cross-sections were com-
puted for 07 and F~ respectively, the rest for the neutral species.
Cross section ratio at 1487 eV photon energy

Experimental value.
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FIGURE CAPTIONS

Fig. 1. . Valence photoelectron spectrum of ammoﬁia with MgKo (toﬁ),
YM; (middle) and ZrMg (bottom) x-rays. The peak.to the left of le
(MgKo. spectrum) is a satellite of 2a resulting from MngOL3’4 X-rays.
The structure between le and 3a (YM{ spectrum) and to the left of 2a
(ZrMg spectrﬁm) is due to Nls electrons photoejected by OKa x-rays.

Oxygen is a contaminant on the anode surface.

Fig. 2. Valence photoelectron spectrum of water with MgKoa (top) and

YMZ (bottom) x-rays. The MgKa spectfum is reproduced from Ref. 4.

Fig. 3. Photoelectron spectrum of neon with MgKa (top) and ' YMZ

(bottom) x-rays.

Fig. 4. Total bond energies (filled circles) and 2 E(2a1) - E(2s),

for second-row hydrides.

Fig. 5. An orbital correlation diagram for CH4, using binding ener-

gies in C, H, and CH4. Note lowering in energy of 2a1 orbital.

Fig. 6. @ Schematic of relative photoelectron peak ére#s and binding -
energies obtained from the experimental spectrabof the second—row.

hydrides and neon with MgKo and YM{ x-rays. To facilitate comparison,
the innermost MO intensities.are shoﬁn eq;al for the entire series at

each of the two exciting photon energies.



Counts /995 sec (103)

Counts / 1464 sec (103)

Counts /1710 sec(i0%)

Ammonia

MgKa

| | i

Ot i ﬁ |
1 YML i
a1 [ i .

B

30 20 10
Binding energy (eV)

X8L 754-2649

Fig. 1




-23-

MgKa

XBL 751-2123

20

Binding energy (eV)

Fig. 2

(301) 23500 /S4uno)

N —

) 23S GG8/ $4uno)



-24-

Neon (Mg Ka)

v2$

I

15

L
o o
(¢Ol) 98s g6l /s4unog

|
© o ) o
(cOl) 298 02/ s4uno)

Binding energy (eV) -

XBL751-2060

Fig., 3



(eV)

bond energy”

Totol 

00U0AZ06 1 10

-25- .

i

O
!
_,._'_.
P
I
(6

0]
L
—e
I
N
O

| 1 | 1

——‘-T

0 | 2 3
Bond number

~ XBL754-

Fig. 4

2700




-26-

i E

L
O

| ' ] S |

|
(A3) Abaaus bBuipulq |041q40

" XBL754-2698"

Fig'. 5




innermost MO

relative to

Intensity

0OUO4206 | |

MO

-27- v. .
1 | L 1 — i :I . 1 i H
 MgKa YME
2s 2p _ Ne . | S B2p
l 2s
.' L '.
20 " - HF - {mr
3g0im 20 3cr|"
i . |
2 H,O
€0y 301 , 2 301
10y Jibz 20y qp, 1bp

20, NH, o
‘1e 394 20y  le 3q,
v | |
20, CH, tt,
it 201
g |
—2 L

50 40 30 20 10

50 40 30 20 10

Binding energy (eV)

Fig. 6

XBL754-2699

relative to innermost

Intensity



UUaoudd2uo] |

P

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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