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ABSTRACT'

The X—fay photoemission molecular orbital spectra of gaseous hydrogen

fluoride and the fluorinated -methanés (CH F, .,0 < n < 4) are reported. A three-

4

parameter model ﬁas used to predict experimental binding energies from ab initiq
Kdopmans' theorem energies. Exceilent agreement waé obtained.  Relative intensities
of molecular drbitalé were computed using the model of Gelius with both CNDQ/2
and ab initio afomic populations. lIn,theAcqse of ab initio feSults, net populations
were foun& to be superior to gross populationé in reproducing the experimental

intensities. 1In most cases the theory predicted intensities quite well. Some

trends exhibited by the fluoromethane series are noted.
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I. INTRODUCTION

»2 has made it

The development of mélecﬁlar photoelectron spectroscopy
‘possible to establish the binding energies of individual molecular orbitals
(MO's). Detailed analyses of speéctra can yield further information converning
the electronic strugtufe of the mole;ule. For example, Gelius3 has proposed
that x-ray photoemission (XPS) cross sections of Mé's should be given approxiﬁately
by a sum of atomic orbital (AO) cross sections, weighfed according to.the

contribution of each A0 to .the MO in question. Thus, if wi represents an MO

that can be expressed as a linear combination of atomic orbitals ¢, -

b= 2o ot - o e

: i
i J 3

the x-ray photoemission cross section Gj is given approximately by

o, (Mo) = Z P, 03(80). (2)
j
Here Piﬁ gives the electron population in AO ¢j given an electron in MO wi'
The essential phyéics behind the validity and usefulness of Eq. (2) arises
from the factlthat for x-ray energies it is avgood approximation to treat the
photoelectron final state as a plane wave. In this approximation the dipole
matrix element for the transition reduces to an overlap integral between an
Mo‘and the plané'wave. Thu§ thé plane wave essentially selects out a high-k
.Fourier component of the initial-state wavé function, and the overlap integral
has large contributions only near.the guclei; where the curvatufe of the MO
radial wavefunctioﬁ matches thatvof the plane wave. It is in this région,

dominated by the strong nuclear potential, that the MO may be well-represented



S =-2- o | v . LBL-2930

by a sum of AO's and Eq (2) follows approxiﬁately.from Eq (1). 1In XPS the
photoeleétron's de Broglie wavelength is approximately'0.35 A (using Mé Ka.x—rays)
or 0.32 A (with Al KO x-rays) for initial states.in ﬁhe entire‘MO region.

Of course this.argument, and Eq. (2) would nofvapply té ultraviolet photoemission
spectroscopy (UPS) because the lpnger wavelength of the photéelectron makes the
photoelectric cross seétiqh sensitive to the curvature of the orbitalslin the
bondiné regions, and'because the percentage energy variation overithe MO region
is large..

A sedbnd assumption»must.be'made Qhén the electron populations Pij
are expressed in terms of the expansion coefficignts Cij' The quantities Pij
have no unique rigorous méaning, and this step is somewha; arbitrary. Even
when Eg'initio MO calculations are employed, one must:décide between "net" or
"gross" populations4 or'among othér'schemeé.',Further possibilitigs are introduced
by the use of more approximate MO theories.

Irrespective of-thg_detaiis ofllhe particular analysis that is adopted,
the Gelius model should héve considerable diagnostic value even if Eé. (2) is
not completely rigorous. Ideallf, a'given.set of calculated XPS atomic cross-
sections {G(AO)} and a set>of meaéured XPS Mojcross—geétions‘{O(MO)}, would
indicate'whether a given set of populations'{Pij} a£é consistent with the
eiperiment.

The work reported below was undertaken to acquire some insight into the
usefﬁlness of the Gelius model. The fluorinated methanes‘were_chosen as the
‘model system beéause they have already been studied by UPS‘and aré large enough
to be challenging buf small enough_té be tractable; both spectroscopically and

theoretically. The XPS experiments are described in Section II. Comparison of
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orbital binding energies with earlier work and with theory are made in Section
III. Intensities and spectroscopic assignments for individual molecular species
are discﬁSsed.in Section IV. Trends through the whole series are treated in

Section V.
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'II. EXPERIMENTAL

:Samples wefe obtainéd from Métheson Gas Co. and'studied in the gas phase
with the Berkeley Iron-Free Spectrometer.5 They were irradiated. with

(1.2536 keV) or Al Ko (1.4866 keV) x~rays using sample pressures of

Mg Ko, -
9K 2 1,2

50 to 100 microns. Counts were obtained at kinetic energy increments of ~ 0.33 ev

and in some cases (in the region up to 30 eV binding energies) at increments of

~ 0.16°eV. Binding energies were calibrated in one of twé wéys; In some cases
~neon was run togefher with the gaé ﬁnder study and the neoﬁ 2s (48.42‘eV)2'6
or the neon 2§ (21.59 eV)z'ievel was scanned with part of thg MO region of_the
gas in question. ‘In other cases, one of the core lévels (F 1s or C 1ls) was
scanned alternately with the MO region. Then, in a separate rﬁn, that core level
was referenced to one of the neOn:valence lévels. The fwo methods gave results
in good agreement.

Lorentzian functions were non-linear least45§dares fitted to the -
experimental spectra and used to determine the peak positions and areas;

Provision was automatically made in the fitting program for the Ko, and Ko

3 4

X-ray Saéellites at 8.412 eV-and‘lO.l42 eV higher kinetic energy than the main
Kocl,2 exgiting_linei In géperal, it was found that Lorentziaﬁs.reproduced thei
exéerimental péak shapes better than Gaussians, but this does not imply that
'1£fetime broadéning is a dbminéni contributor to the linewidth, because the
- spectrometer fesponsé function'is made up .of severél‘contributing factors of
similar magnitude, and the composite function is rather well approximated by

a Lorentzian.
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III. ORBITAL BINDING ENERGIES

The XPS molecular orbital spectra of HF and the five gases CH4—th
‘

(0 £ n £ 4) are shown in Fig. 1. Except for the CH4 spectrum, which was taken
with A‘l'KOLl 2 radiation. (in order to reduce the interference of the Ka3 and
. il ) .

_ Ka4 satellites), ail.measurements were made using the Mg Kal 2’line. The
. ’ 4

measured binding energies, EB(MO), are given in Table I and compared to the

7,8

vertical binding energies measured by UPS. Brundle, Robin, and Basch

reported_a systematic study of the fluoromethane series using He I and He II
radiation. They also tabuiated some vertical Eé values obtained'ﬁy earlier
workerg. Since there is good agreemént on the experimental Qalues of EB

(as distinguished from thé interpretations), iﬁ the cases for which duplipate
values are available from earlier studies, we shall simply refer to the

tabulation of Brundle gg;gi.,s rather thanintercomparingthe available UPS reéults.
Our interest here is in qombaring,our XPS EB(MO) values with the UPS vertical
EB(MO) re§ulté. The agreement between the qu sets of values is generally
excellent, in qut‘caées within 0.1 oi 0.2 eV.

Comparison of gxperimental EB(MO) valﬁes with theory is lgss straight-
forward, begause self—éonsistent field calculations of the molecular ground
states yiéld only the orbital'enérgies, E(MO),.rather than actual binding
ehérgiés,’EB(MO), of the moiecu1dr orbitals. It is in principié possible to
calculate EB(MO) directly by the A(SCF) method, in which one calculates the
total energy of each final (hole):state and subtracts the toﬁal energy of the
ground state. fhis approach is nbt generally applicable, however, because of
expense and convergence_problems, and we sﬁall follow the usual.practice in

interpreting photoemission spectra, of\empioying SCF calculations only in the

molecular ground state.
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Even within this restricted framewqu there is some freedom of choice,
as the level of sophistication of the SCF calculatioh can vary consideraﬁly.' We
have cﬁosen to compare the experimental eneréies with theoretiéél orbital
energies'obtained by Snyder and Basch9 from ab initio 'POLYATOM calculations using
Gaussian—typé orbitals. We have also made CNDO/2 calculatiqns‘for comparison.
Orbital energies from.both caiculations are listed in Table I.

For each MO, cdmparison of the figures in Table I establishes the order

< - < - ’ .
Eg(M0) < =€MO)ap snitio ~ ~€ ™M enpoya

. The CNDO/2 approach is known to give unreliable energies, and little

3

further discussion seems warranted here. We note that reduction of the
—£CNDO/2 values by 20% will give energies that agree on the whole fairly well.

The level orderinQ is usually correct, but there are several errors, and energy

discrepancies of 2 eV between 0.80 (-€ ) and E_ are present in some cases.

CNDO/2 B

It would be fruitless to attempt to rationalize the remaining discrepancies
because the nature of the CNDO/2 approach makes it difficult to distingdish
computational approximations from real physical effects.
. e~ h ’
In comparing EB(MO) and E:(M_O‘“)é}2 initio the accuracy of the latter
is’ high enough that most of the difference can realistically be attributed to

physical effects. The binding energy and orbital energy are related by

Ep (MO) ‘= ~€(MO) - E_(MO) + AE (MO) , v +.AE(MO)rel . (3)

Here Eé(MO) is the relaxation energy of the final state with a hole in the

moiecular orbital under study, and AE (MO) ] and AE (MO) , which may have
) corr rel .
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either sign, are the excess correlation and reiativisfic eneféies in the final
state over those in the initial state. We shall neglect these last two ferms
for lack of a good apprbximéteuﬁethod of aeéling with them, noting that they
are usdaii& relatively small (i.e., 1 eV or less) inlfhe»cases studied here.
The ER term is often larger and always positive. it arises because
the Qavefunctions of the’passive_electrons relax during photoemission from an
N-electron system, lowering the energy of the hole state. This phenomenon is -
usually discussed in connection with Koopmans” Theorem,lo which states the

approximate equality EB(MO) =~ -g(MO). Since E_ tends to increase with E_, it

R B’

has become customary tq'correctlfor ER empirically by reduéing'-e by some
,fixed percentage. Thus, Bfundle.gﬁ;é}, 8 found that the approximate relation

Ey (theo) = 0.92 (-€) gave a rather good estimate of binding energies in the

fluorinated methanes.
N . .
With the increased undefstanding of atomic and extra—atomic relaxation

energies ‘accompanying photoemission that has emerged recently, it appears possible

to improve our estimates of EB(MO),from £(MO) . The fluorinated-methane

» molécular-orbital EB vélues determined by XPS require a more sophisticated

approach and also provide insight as to how it should be developed. The spéctrum

of ‘each fluorinated species in Fig. 1 includes one or two orbitals with Eg

near 40 eV, considerably more tightly bound than the rest. -These are the orbitals

made up primarily of fluorine 2s functions in the atomic-orbital expansion.
"Although their eigenstates are irreducible representations of the molecular

symmetry groups (hence the splitting into 3a, ‘and 2b1 in CH_F etc.), these

1 272

orbitals are also partially core-like:in their behavior. Théy appear to have

E_ values of ~ 6 eV,)close to the E_ value of 4.9~eVl; for the 2s level in F_.

R R
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We note also that the 2a1 level in HF, which is mostly F 2s in character, shows
ER = 4.2 eV. These "F- 2s-like" levels would require a éorrection of 12-13%
to bring -€ in line wi”th.EB in the fluorinated methanes, rather than the 8%
used by Brundle 93_21,8 for the less tightly-bound orbitals. AaAs.a first step

in determining whether it might be useful to take AO character into account in

correcting -€ values for relaxation, we have listed the quantity

B€.i ® “ap initio ~Tp¥PS)

for eaéh orbital, in Taple I. Inspéction of these Asai Valués, and comparison
with the € and EB columns, readily reveals several facts:
1. For each molecule the Ae values for the F 2s-like MO's are much
larger than those for the other Mo's.and Ae/evis somewhat larger.
2. Wifhin each group of non-F Zsb; like orbitéls the correlation between
Ae ana € is not very strdné.
' ﬁ. For both typés of orbital, Ae increases‘with'the tétal number of"
valence eléctrons in the molecule, where De is defined as the‘averagé
Ae for a givén type‘of 6rbita1 in each molecule. |
Now parts of both 1 and 3 could be "explained" by assuﬁing Ae/e_constant
throughoﬁt, but this approach does not satisfy all of l.and 3, nor does it help
with 2. To provide estimates of.'EB from € that-are‘both more acqurate and
,thebreticélly sdundet, we proposé below a model for’ER,that is based on recent
s'tudieslz;14 of the role of relaxation energies in core—levél binding energies.

Relaxation energies can be somewhat arbitrarily separated into atomic

and extra-atomic contributions,
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E_ =E° + E . - . o ' ‘ (4)

. a . . .
For core levels the atomic term ER .is relatively well-defined, as is the
above separation. . For molecular orbitalsvwi given by Eq. (1) a first approximation

to ERa (MO,i) would be given by

By (Mo,i)=;" |>cij|2 B0 (20,3) | N (5)

where ﬁRa (Ao,j)_is the relaxation energ§ of atomic orbital ¢j. The ERea term

is more difficult to esfimate; but it would be expeéted to increase with molecular
size, in analogy to the core-level case.13 On ﬁhe basis of these argﬁments we
_propoée a. three-parameter model for estimating thé:relaxation-energies of all

the MO's of tﬁe fluorinated methanes. We assume, for simplicity, that all

"F 2s-like" orbitals have one mean value of E that éll other orbitals have

RI
énother,_and that ERea is the same for all orbitals within a given molécule,
but that it rises 1ineaf1y:wiﬂ1thenumber of fluorines (this crudely expresses

the molecular size dependence).. After the Asai vaiues_in Table I have been

used to adjust parameters, the expressions for ER are

Ep = (4.5 + 0.5 n) eV B N (6)

for F 2s-like orbitalé, and

Ep = (1.0 + 0.5 n) ev | ' T (7

for all other orbitals, where n. is the number of fluorines. In applying these
equations we again assume for siMplicity that a given orbital is either entirely,
or not at all, F 2s-like, even though there is correlation between the amount

of F 2s character and E_ in several orbitals that have small admixtures of 2s

R
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character. With this approach we have estimated thé-"theoretical" values
EB(theo);= —E_hEé given in Table I. . fhe.agreement Between EB(theo) estimated
in this way and EB(expt) is on the whole excellent, as Figi 2 shows. For the
33 orbitéls studied the standard and mean deQiations between EB(theo) and
EB(ekét)‘are 0.48 eV and 0.27 eV, respectively. This figure also shows the
marked separation between EB values of the F 2s-like orbitals and those of the
other molecular orbitals in these molecules. We conclude that_relaxatibn
correcfions of the typebdeécribed here are both c0n¢eptuaily aﬁd pragmatically

- superior to simply reducing the orbital energies by a constant factor.
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IV. INTENSITIES AND SPECTROSCOPIC ASSIGNMENTS

In order to apply'the intensity model outlined above, a knowledge of
- the relative atomic cross section is needed. Thus, to interpret the fluoro-

. methane data the ratids
o(c2s)/o(C2p) , O(F25)/d(F2p) and 0O (F2s)/0(C2s) are

required. Gelius obtained the first of these three quantities from the
experimental XPS area ratios of methane (2ai_and lt2) and an ab initio
" calculation. Similarly, the last.ratio was obtained from the 4a_ and 3t2 levels

1

of CF The 0(F2s) /0 (F2p) ratip‘was'interpolated due to the unavailability of a

4" .
spectrum of eithef H{ or F2. In our case, the 0(C25)/0(C2p).was similarly

calculated from the 2a1 and 1t_ of methane. However, we chose instead to use

2
the 3a, and 4al levels of CH3F for the O(F2s)/0(C2s).. The O (F2s)/0(F2p) ratio

was obtained from 20 and.lﬂx, lHy orbitalé.qf'HF (Fig. 1). Gelius used gross:
populations in calculating his ratios. Since his model neglects the contributions
to the cross section from-electréns'far from the nucléi,>it éeemé more appropriate
to -employ net populations instead. We ha&e computed'ratios using both types of
populations. The results are shown .'in Table II.

| It is clear from Table II that the crbss séctibn ratios-are not independent
of the theoretical method used.».Furfﬁermqre, it is interesting to note that in
the case of thg O(CZS)/O(Cép) rétio, the type of population used (net or gross)
.seems fo be more important than fhe quality of the calculation (Semi—empirical
or ab initio). |

‘The relative molecular orbital intensities calculated from POLYATOMvahd

CNDO/2 populations (using Egs. (l),and (2) and the cross section ratios from
Table IT) are compared with experiment in Table III ana are shown as vertical bars

(using POLYATOM net populations) in Fig. 1. Their positions have been .adjusted to
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match those of thé experimental peaks. Some fitting of the spectra is shown in
Fig. 1. Expanded spectra of the low binding-energy regions of the fluorinated
methanes are shown in Fig. 3 (with relative intensity calculated using CNDO/2

populations). Individual spectroscopic assignments are discussed below:

~

CH4

It is unfortunate that the Ka3 and Ka4 satellites of the exciting Mg radiation

obscure the lt2 peak in methane. . The situation is not quite so bad with Al x-rays

because the satellites are ﬁmthervfrom the Ko line.  Nonetheless, this has

1,2

resulted in a large uncertainty in the 2a1/1t2-area'ratio. In Fig. 1 the lt2

region of the Al Kal 5 XPS spectrum is reproduced using a Jahn-Teller splitting
1 .
of 0.8 eVand a 2 to 1 inténsity ratio of the Jahn-Teller componentsls. These

, 8 .
are the values seen in UPS studies .

. »
CH3F ‘

-The orderihg of 5a, and le has been uncertain. Both-CNﬁd and POLYATbM
yield a -lower binding energy forv5al. The calculated intensitieé all agree that
le is somewhat more intense. The experimental peak is asymmetrié on the high
bihding energyrside, indicating thg'location of the smaller peak. This is seen

most clearly in Fig. 3. Thus, the Gelius model seems to favor placing le at a

lower'binding.energy thah Sal.
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,CH2F2

The 2b, and’ 3a

1 orbitals are reported:here,for the first time. The

level oréering indicated bf orbital energies is supported by the intensity ratios.
The remaining peaks are shown in more'detail in Fig. 3. 1In the case of the two
lowéstfbinding energy groups of peaks, our analysis of the peaks in Fig. 3 is
based‘oh the calculated CNDO intensities which give a.good overall fit of the

experimental data. The expérimentél ratio of the la2,_4blh-6a _peak area

1
to that of the 2b2 peak is approximaﬁely 5:1. This is to be‘COmpared-.

ito a ratio 9f13:l'in the:He II.spectruma. The increase in the relative

intensities over the statistical value can be understood in terms of our model

.. as follows: the orbitalsla2 and 4bi do not have any hydrogen character by symmetry;
“The 6al has less contribution from hydrogen than does 2b2.9 Thus, in all foﬁrﬂ

orbitals most of the electron density is on the fluorines, mainly in the 2p

levels; and thé (1a2 + 4bl.+ 6al) peak has a larger percentage of electrons on

the fluorines than does 2bs, -

;n the next peak, at “’lé eV, there are three orbitals. The ordering
of 3bl and 5al may be reversed without diéagreéing'with our spectrum.‘.However,
it sgems-quite likely that lb2 has a higher binding energy than both of them,

as shown, because its low intensity is consistent with the asymmetry of this

peak on the high-energy side.

CHF

The ab initio and CNDO calculations, together with the Gelius model

place 3a, unambiguously as the most tightly bound MO. The model also seems to

1
indicate that 3e is less tightly bound than 5al (Fig. 3). This is in agreement
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with Brundle_gE_El.B who relied on the Koopmans' theorem energies. We also

propose in Fig. 3 an ordéring for thé four outer orbitals which is predicted

9 .
by POLYATOM. This fit was obtained using the reported UPS vertical ionization

potentials and the area ratios calculated fromCNDO. The ordéring of S5e. and

la2 is reversed by CNDO. On the basis of intensity ratios our spectra establish

fhe ordering of ‘these four levels as shown in Fig. 3.

. Siegbahn16 has studied the CF spectrum with monochromatized x-rays.

4

His results as well as ours show that the least-bound orbital is more intense
than the next one. Accofdingfto the cross-section ratios obtained from both

POLYATOM and CNDO/2 populations 1t. should be the least-bound orbital (see

1

Table IiI) as predicted by ab initio calculations.’' Thus comparision with our

experimental intensities very slightly favors lt, as the most weakly bound orbital.

1
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V. TRENDS THROUGH THE. SERIES.

Some interesting:binding—energy correlations can be made through the

fluoromethane series. For example, Brundle gﬁ_gl,e noted that the energies of

the 4a1’6rbitals increase linearly with fluorination. -These orbitals show strong

C-H overlap (see Table III of Ref. 8). The total C-H overlap (PC_H)‘of 4a1 is

binding énergies in Fig. 4. For CH, the

plotted against our experimental 4a 4

1

correépondingnievel is 2a Substitution of fluorines for hydrogens results in

1°

a migration of electron population from the C-H region toward the fluorines,

thus increasing the 4a binding energies. . At the same time, the populations of

1

the remaining C-H bonds are left essentially intact. Additivity of inductive
effects in the fluoromethanes and other compoundé has been observed elsewhere.17

. _ . v 9
"The 3a, orbital is C-F bonding and a plot of total overlap populations

1

versus 3al binding energy'is also shown in Fig.'4. The C-F bonding population

F > CF4, but the total bonding

for a single bond decreases through the series CH3

population shows an almost linear increase with the binding energy of the 3al

orbital.

level of CH2F2} 2e of CHF, and 2t, of CF, can be grouped together.

The 2bl

The variation in their binding energies, which increase by 1 eV for the substitution

of a hydrogen by a fluorine, correlates linearly with the F 2s populations

_ (gross or net) of these orbitals. This is shown in Table IV.

These linear relationship extend.the concept of "group shifts", which

18

could be expressed by the relation

- AE = Z (AEgroup - LEy) .

group
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.~Furthefmore, tHe point-charge éoﬁential concepts thaf 1ed>to this eéuation

for core leveis is clearly hot viable here: the slopes AE(Cls}/AE(4al) are not
compatible.with such a model, for example.> Bond energies would have to be
explicitly ta#en into acboﬂnt to explain the slopes in Fig. 4. Further
interpretatioh of these 1inéarvrelationships would ‘be outside the scope -of
this.paper. We wish simply to note their existence and to observe that they

are consistent with chemical intuition.
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Table I. Molecular Ofbitql Binding Energies in Fluorinated Methanes (in eV).

- . ‘ a b . '

Molecule v Orbital EB(XPS) | EBﬁUPS) €.b initio €CNDO/2 Aeai EB(theo)

cu, 1t, 14.2(2)° 14.0 14.74 19.79 0.6  13.74

2a, 23.05(2) 23.0 . 25.68 34.54  2.63 24.68

CHJF 2 13.31(4)  13.05 14.43 17.57  1.12  12.93

le 16.85(7) | . '~ 18.00 21.28 1.15 16.50

' : nN17.0 0 '

5a, 17.56(9) ' 18.89  24.12  1.33 17.39

da,  23.48(3) 23.4 26.13  32.06  2.65 24.63

3a, 38.41(3) - 43.17  47.10  4.76 38.17

CH,F, 2b, 13.179¢)  13.27 14.89 17.11  1.72 12.89

6a, 14.91° . 16.94 18.88.  2.03 14.94

: d 3} (2) '

ab, 15.20%7¢ 15.3 . 17.23 19.82  2.03 15.23

la, 15.61 15.71 18.22 21.38  2.61 16.22

3b, . 18.51(4)° 20.38 23.96  1.87 18.38

5a, . 19.07(3)€ . 18.9 C21.13 25.23  2.06 19.13

1b, 19.76(7) 21.54 26.97 1.78 19.54

4a, © 23.86(3)  23.9 26.77 31.15  2.91 24.77

2b, 38.20(7) - 43,79 '45.82  5.59  38.29

3a, 40.13(7) - " 45.63 50.15  5.50 40.13

CHF., . 6a, 14.67%7¢ 14.80 16.53 17.77 1.86 14.03

la, 15.20%78 15.5 18.33 21.52  3.04 15.83

' : \(4) ,
'Se 15.9997€ 16.2  18.54 19.94  2.55 16.04
ge 17.03%%]  17.24 19.71 22.24  2.68 17.21

(continued)
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. Tabié I. v(continued)

Molecgle': Orbital EB(XPs)a_ EB(ﬁPs)b “€.p initio “Scnpos2z  M€ai  Fgltheo
3 20.25(3) . 22.87  26.35  2.62 20.37
20.6
5a, 20.89(3) - . 23.78 27.86  2.89 21.28
4a1 24.38(3)  24.44 27.49 30.88  3.11  24.99
2e 39.15(4) - ' 45.34 47.20 6.19  39.34
3al- 42.03(9) - 48.22 . 52.78 6.19  42.22
cF, 1t, 16.23(3)  16.20  19.40 22.24  3.17  16.40
4t 17.41(4)  17.40 °  19.65 20.20  2.24 16.65
le 18.43(4)  18.50 21.34 23.30  2.91 * 18.34
3t 22.14(2)  22.12 | _24.89 . 28.18  2.75 - 21.89
4a, 25.11(2) . 25.12 . 28.15 29.48 3.04 25.15
2t,  40.30(4) - . 46.65 48.22  6.35 40.15
3a, 43.81(10) - - - 50.50 54.63  6.69 44.00
HF 1 16.12(4)  16.04 ©17.50 21.28
36 19.89(7) 19.90 20.50 - 23.14
20 39.65(2) - 43.61 45.55

a . .. . . : .
Binding energies using Mg Ko x-rays except with CH, where Al Ko x-rays were used.

4
bVertical binding energies from Ref. 8.
CWeighted average of Jahn-Teller 1levels

dSeparations from UPS used.

®Area ratios from CNDO/2 used.

£ . ' . . o

This value is probably correct. The value given in Ref. 8 is 19.84 eV for the
vertical IP and 20.6 eV for the adiabatic IP.

/- :
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Table II. Calculated Relative Atomic Photoelectric Cross Sections.

Ratio CNDO ~ POLYATOM(Net)® POLYATOM (Gross)P | Gelius®
o(c2s)/6(C2p) 23.3° 19.9 12.6° o 13 -
O(F2s)/0 (F2p)  9.5% ~ 10.39 ' 9.19 10
o (F2s)/0(C2s)  8.0° 5.8% 3.5 , 2

%Ref. 3.
b » : , .

Wavefunctions and overlaps obtained from Ref. 9.
cUsing relative areas of‘2al

dUsing relative areas of 20 and 1lll orbitals of hydrogen fluoride

and lt2 orbitals of methahe.

eUsing relative areas of 3al and 4él orbitals of methyl fluoride.
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Table III. Computed Molecular Orbital Intensity Ratios

. from CNDO and POLYATOM Calculations.

Moleciile  Molecular Orbital IZNbO' ibNP IgP ' Iexp
HF , ihii 0.24 0.24  0.24 - 0.24(2)
30 - _ 0.14 0.20 0.16 0.19(3)
20 1.00 .71.oo 1.00 1.00(2)
ca, 1t, | 0.12  0.12 0.12 0.129(2)
2a a 1.00 1.00 1.00 1.00(3)
CH3F e 0.14  0.12 0.11 0.13(1)
le B 0.14 ° 0.14 0.15  0.11(2)
5a, o 0.12 0.11 0.11 0.08(2)
4a, 0.24 0.23 0.26  0.23(1)
3a, " 1.00 1,00  1.00 1.00(3)
CHF, 2b,, | 'o.oss_ 0.064  0.065 0.05%'F |
6a, ~ 0.089 0.0 coaa1 0.07° g
4b 0.11 0.12 0.11 0.09%'%
la, 0.12 0.12 0.12 0.09%"t |
b, 0.14 0.16 0.15 - 0.08°
sa, : 0.14 0.10 0.11  0.08% }(1)
'1b2 - ~ 0.062  0.055 0.063  0.04°
4ai~ | 0.24 0.32 0.33 0.28(1)
2b, ) ' 1.00 1.00  1.00  1.00(6)
33, 0.84 - 0.85 0.90 0.89(5)

{continued)
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Table III. (continuedy
Mélecule- "Moleculear Orbital 12 Ib 1°¢ I
. CNDO NP .GP. exp
. , . e,f)
CHF, | 6a, 0.038 0.049  0.042  0.03%
la, 0.062 0.064  0.071  0.05%'F .
Se 0.12 0.12 0.12 0.09%'f }
de 0.12 0.12  0.13 Ao.oee’f)
. 3e 0.18 0.19  0.20 10.09(1)
5a, 0.12 0.048  0.052  0.06(1)
4a, 0.10 0.20 0.15 0.18(1)
2e 1.00 1.00 1.00 1.00(3)
3a, 0.43 0.40 0.48 0.42(2)
cF, 1t, 0.13 0.14 0.14 0.12(1)
4t, 0.12 0.13 0.12 0.11(1)
le 0.083 0.080  0.086  0.08(1)
3t 0.20 1 0.23 0.23 0.17(1)
da 0.11 0.16 0.12 0.16(1)
2t 1;oo 1.00 1.00 1.00(3)
3al' 0.28 0.26 0.31 0.29(2)

a . . . .
“Relative intensity using CNDO populations .

bRelative and intensity using POLYATOM net populations calculated from ref. 9.

c . , . . ' .
Relative intensity using POLYATOM gross populations calculated from ref. 9.

d . : : .
Assuming one level, not Jahn-Teller split.

e _ .
Area ratios taken from CNDO,

f .
Separations taken from UPS.
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LS

Table IV. F2s Binding Energies and Populations for the Next-To-Innermost

Molecular Orbital of CH

2’F2,,CHF3 énd CF4.

*

: ) , .
Binding Energy (ev) Gross Population Net Population

,Moleculev Orbital
CH2F2' 2bl 28.20 1.84 1.22
CHF3 2e 39.19 3.48 2.36
F : . ! . - ’ -
C 4 - 2t2 40.18 5.07 3.45

*

Calculated from ref.
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~'FIGU§E cAPTioNs

Fig. 1. X—ray photﬁelectron spectra 6f HF andAthe flubromethane series
CH,__ Fn(0=<' n < 4) taken at increments of N 0.33 év. Vertical barsv
corresﬁond'to intensity ratios computed using POLYATOM net populatiéns:9
They are not corrected for the congiderable variation in line width. .In
some cases, noted in Table i,vseparations'from UPS and/or intensity ratios
from CNDO/2 were used. For CHzFé two groups of levels were fit as two peaks.

Fig. 2. Plot of binding energies calculated from a three-parameter model versus
experimental Valﬁes. |

Fig. 3. FX—ray photoelectron‘spectra;of the fluoromethanes in fhe region up to
approximately 30 eV binding’energy taken at increments of Vv 0.16 eV, Vertical

bars correspond to computed intensity ratios using CNDO/2 populations. In

some cases separations.and intensity ratios were used as explained for Fig. 1.

Fig. 4. Variation of total C-F overlap population of 3al and total C-H overlap

in methane) with binding energies of 3a., and 4a

population of 4a. (2a 1 1

1 1

respectively. Overlap populations were obtained from réfs. 8 and 9.
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