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X~RAY PHOTOELECTRON SPECTROSCOPY OF CARBON MONOXIDE*

© T. Darrah Thomas:

Department of Chemistryt
Princeton University .
.. Princeton, New Jersey 08540
- and ,

. Lawrence Radiation Laboratory
University of California
Berkeley, California 94720

Decembe?, 1969

. ABSTRACT

The ionization potentials for all of the .electrons on carbon

‘monoxide heve been measured by x-ray photoelectron spect¥osecopy. Tpe_values

found (in eV) are 1 o (oxygen 1s) 542.3, 2 cv(carbqn 1s) 296.2, 30 - 38.9;

Lo -19.8, 1m - 17.2, and gvg-lh.o. The 1 o ionization potential is 1.2 eV.

less than the ls ionization potential for molecular oxygen;_the 2.0 iloniza-

“tion potential 15.5.4 eV .greater than the ls ionization potentiél in methare.

These results indicate a positive charge on the carbon of carbon monoxide

and a negative charge on the oxygen, in agreement with the relative electro-
negativities, but opposite to what might be expected\from the dipole moment
of carbon monoxide. The ionization potentials‘for the three least bound

electrons are in agreement with those found by other techniques, provided

* Supported in part by U. S; Atomic Energy Commission

t Permanent address




That allowance is made .for the fact that these values represent vertical

" (rather than adiabatic)ionization potentials. Although"ché relative inten-
. sities .of the photoelectrons'reflect the atomic photoelectric cross sections
and the molecular orbital composition in a qualitativé.way,vthere is mnot -

gquantitative agreement between the measured intensities and theoretical

cross sections.




X-Ray ?hotoelectroh Spectroscopy of‘Caern Monoxi.de

I. INTRODUCTION

Photoelectron sgectroscopy prov1des a convenlent and accurate
method for investigation of the 1onlzat10n potentials for the electrono on
a molecule and of the molecular orbitals from which these electrons are
reﬁovcd. Ulpraviolét phcﬁoelectron'spectroscopy gives rather detailed in~
formation on the outermost clcctrons; Xjra; photoelectron sPectrosccpy
givés less pfecise information.on the innér electrons andvprovides data
from ﬁhichvit may be possible to determine the atomic orbital composition
' vof the molecular orblﬁals.

As has Beengshown iﬁ a variety of experlments,l-7 the inner elec=-
tron binding cnergies reflect the distributioﬁ of charge in the molecule.
‘Altransfer of valence electrons from'one atom to another causes an increase
in the inner-shell binding energies of‘the-atom that hasflost an electron

and'an increase for the atom that has gained an electron. The shifts in

"~ inner shell binding energies are a medsure of the relative electronegativ~

7 . ’ : . .
aties of th7éigands. This effect has been amply demonstrated experimentally.

X-ray photoelectron ‘spectroscopy thus prov1des a tool for 1nvest1gat1ng the
relative electronegat1v1ty of ligands and the redlstrlbutlon of charge when
a molecule is formed from atons.

Tt has also been observed that the intensities of the photoelec

- trons contalnlng molecules ejected from the outer orbitals of carbon by

x rays depend ctrongly on-the amount of 25 and 2p character in the orbltals
The atomic photoelectric crossvsection for the 2s orbital in carbon is ex~-

pected to be many times that for the 2p orbital;;olthe_intensities from the

8-9



molecular orbitals reflect these atomic cross sections. The combination

“of the measured intensities together with a‘reliabie-calculation of the
'phqtoelectrié'chSSUSectionvshould provide a;ﬁést of molecular orbital cal~

~culations.

I repoft here the results of measﬁrements of the ionization po-
tentials of the electron; of carbon monoxide. In particular; I have in-
vestigated the shift of the carbon 1s binqing‘energy(éarbon monoxide. 20)

relative to that in methane and the shift_of theloxygenqstdnﬁing enérgyA_'

( carbon monoxide 1o) rélative £o that of oxygen. For all of these moleculés, o

there are good Hartree-Fock calculations. It!is thus pqssible‘to make . com-
parison between the experimental shifts and those pfedigted by the theoreti-
cal calculations. Carbon monoxide is also of interest because it has a small

dipole momént of sign opposite to what our chemical intuition would léad us

to believe_and opposite to what the theoretical‘calculaﬁions predict. The.

inrormation that can be thaihed from x ray:photoelectronvspectroécopy on
charge distribution in the molecule may give us a clearer understanding of

the sources of this dipole moment.

-
s
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II. EXPERIMENTAL METHOD
The binding eﬁergies’of the various electroné in carbon monoxide
were determined by irradiation of'a‘gaseous sample with magnesium &Q X rays
'»(1253.6.eV)Q11 The kinetic energies of the photoelectrons were measured in
‘an iron-free double-focusing spectrcmetér of 5O—cm‘radius.12_ The kinetic
of an electron is related to its'binding energy Eb by conservation

_energy Ek

of energy:

Eb = 1253.6 - Ek

(This statemenfvis true for gaseous éamples) Eor solids, ﬁhefe the binding
venergy>is measured relative.to the Fermi‘leyel,'it is hécessary to éorréct

.. for the work fuﬁction of the-spectrometer%?) o | |

To provide an internél'calib?ation,'ivran»measurementé on é ﬁixture B
uléf carboﬁ monoxiae and nébn,_scanning alternately and repetitively fhe peaks

' fdue tb eiectrons from the neon Z2s, neon_2p, carbon -1s (cafboﬁ mOnOxide 20),

" and oxygen 1ls (carbon monoxide lo) orbitals. The ionization potentials for

e

neon are accurately known from spectroscopic measuremeﬁts.lLL By this téchniqué-

any effects of instrumental drift or gas pressﬁre on line position are approxi- n

- mately the.same for all of the iinés. In all of these experiments the pres-~
.‘sure3~in thé gas cell‘ianged from 0.0llto 0.05 Iorf. Over the rang? O;OO5Ato
:i_.lS Torr we have found thétvthe positibn of the fluorineflsvline'on flufo- ‘

2 Although there may be larger or

‘form does not vary by more than.O.Q eV.l
~different pressure dependences for‘other systems, we have seen no evidence -
.that this is likely to be a serious problem.

To study the outermost electrons (30, Yo, 1m, andVSO), I scanned

altérnately and repétitively the regions of thevcarbon_ls.line (to provide
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avéalibratioﬁ_and a éﬁeck.oﬁ stabiliﬁy), théx3q line, and thg’hc,_lﬂ and.5c
.lines. I also obtained‘soﬁe édditional-ﬁata on-the'hc line.becaﬁSé.it
fiappeared weakly in th¢ Spectrum»of the neon 2p line. To'measufe tﬁe shifts
,betweeﬁ the binding energy oflthekcarbon 1s (20)‘electr§né on carbon monoxide

and thos¢ on methane, I/raﬁ the;e two éompoﬁnds_as.a mixturé.' The results
obtained in this way agréed within‘o.l eV witﬁ tﬁose that I obtained by a
comparisoﬁ of the -absolute Carboﬁ 1ls Binding>energy Qf carbon @ohoxide (de=-
termined as described in the pfevious paragraph)'with.the'absolﬁté caibon 1s
binding energy of.methane?  I ﬁade‘a-éompérisbn of thé okygen ls (lo) binding
energy in carbon monoxide with that for oxygen byufirst ;unnihg oxygen,'then 
carbon monoxide, and then oxygeh again. EThe.two lines were too'cloéé to-
'gethér for oxygén and carbon monoxide to be ruh simultaneously. There was -
b'a shift of oﬁly_0.07_eV between the two oxygen runs; the carbon monoxide-

oxygen shift is taken relative to the averagefof the two.

III. RESULTS AND DISCUSSION

:fhe results of the energy'determinationé are summarized.in Table |
I. They_are discussed in three parfs below: thé Outefmost elecﬁrons (ho,r
lﬁ;léc),‘the.3o-electfons, énd theiinnermost'electrdns (cérbqn 1s and oxygen
1s). | | |

A. 50, 1m, LYo electrons

The Spectrum of the outermost electrons of carbon monoxide excited.

by‘magnesium Ka radiation'is shown in Figure 1. The solid curve represents

. ';\ “'-

 a least squares fit fo the data assuming all the liﬁes'ére géussian with the

- same width. The energies deri&ed from these fits are given in Table I.';
The binding energieé of these electiéns have been well deﬁermined

by optical spectroscopy and by ulfraviolet’photdelectron spectroscopy. A

comparison of these determinations with mine is given in Table II. bThe‘work
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of Turner and ﬁaylé indicatesvthat for the Svjand ﬁo electrons'the verticel
and adiabetic idnization_potentials are nesrly the'same.; The'aareement'be-
tween the energies I have determwned and those determined bj others is qaite
satisfactory. For the 1m orbital the most probable transition energy is
accoroing to lurner and May,'l6.9l eV and the average tran31t10n energy some -
what higher;v Wegwoulduthus expect‘the.binding energy_determined by x ray
photoelectron spectroscopy, nhich should be close to the vertical value, to
be about 17 €V, in good agreement with the experimental value, 17.2 eV.

_-0f more interest thsn the energies, which arevbetter studied by
higher resolution techniques, are the 1nten31t1es. Al-Jobonry and Turnerl7:
_have suggested that the intensities of the peaks should be pronortlonal to

the population ‘of the orbital, provided “that the photon energy is much greater
' than the binding'energy. This is clearly not the case here, for, instead of
the expected ratios for 50/.1m/ o of 1/2/1, we see ratios of 1/0. 3/0. 3.
These data are, however, qualitatively consistent.nith tne theory of the
Vphotoelectric effect and with the’composition of tne molecular orbitals.

7 For excitation.with,magnesium Ka radiation the:cross section‘for ejection of -
.2s electrons fron carbon or‘oxygen atoms is expected to be substantiallj
greater than the‘cross section for ejection of 2p electrons from the sene

. atoms‘lo The cross section for eJection of 23 electrons from oxygen atoms
_"houlo be greater than that for eJection of 2s electrons from carbon. Wei
expect that these cross sections Wlll be reflected 1n the.intensities-from

the molecule. The 1m orbitals are composed entirely of oxygen 2p and carbon o
2p atomic orbitals (mostly the former) 18 Because of the relatively low
_pnotoelectric cross section for the p electrons of‘these atoms;'ne expect

and find that the intensity due to electrons in a 1m orbital is the lowest

‘of all. The
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felative intensity of ﬁhe.other two peaks is ﬁoré or léss'éonsistent with
this picture. '.The bo drbitai is cbmpoSed of about 21% d#ygen 25, 607 ézygen
2n 2? and 160 of carbon o8 atomlc orbltal.g.18 The 50 is'about 59%_carbon 2=,
apd the rest carbonvana Qxygen pz. If we say that the jo! atémicrérbitals con-
:5ribute essentially nothing and that the oxygen 2s ¢ontribﬁtes about 3 times
as much ag does the carbon 2s. (see section on relatlve 1ntensxi:1ec below))then
we conclude that the intensity of tne hc peak shoqu be about 1.3 times the
1ntenslty of the ple) peak The experimental ratio is slightly more than 3.

We see from the above that the 1ntenalL1es, rather than denendlng
only on the population of thevorbltals, reflect tO'some extent the atomic
orbitai'cbmposition of the molecular orbitals. - Perhaps data ‘such as these

together with better estimates of the'photoelectric'crOSSvséctions and'a

more sophisticated analysis can be used to check the population analyses that

result from molecularvorbital calculations. This poSsibility is discussed

in more detail below.

B. 3o elécfrgns

The expérimentai valuevof the 30 electron bindihg energy in car-
‘bon monoxide is 38.9 eV;‘the theorétical‘value calgulétéd by Huo19 uéing
Koopmans' theoremgo is 41.9 eV. The agreemént is about as good as can’bé
expected for a theoretiéél value based on Koopmans' theorem. |

The line-width f@r the'3q electron is exceptiénally broad. Whereas
the line-width for the Quﬁermost‘élecﬁrons (1.5 eV full width at half mgximum)
is essentially the instrumentel resolutioﬁ at this energy, the line-width for

the I is about 3 eV, full width at half maximum. This extra width probably‘

indicates thatﬁthe ion iS being left in a large variety of Vibrational states.

.

- Support for this idea comes from calculations by.SahniQZl who concludes that ‘
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 “£he egﬁiliefiem:separatien for the C 2Z+ 1e§el ofrCO+ («the 30 hoie) is about
0.2 g é;egter'fhan #het for carbon monoxide in the ground state, The verti-
‘eai ﬁpggeiﬁioﬁ‘%fom ﬁheeground state should therefere:leed'to a variety of
| vibre%ioeeiij‘e;ciied'stafes | The adiabetic ionization potential for the
”130 electron *s, therefore, probably somewhat less than 38 9 eV, The width
of about 3 eV 1mplles that a substantlal number of v1brat10nal states are
e'ponulated for the A 2ﬂ state (1m hole) the v1brat10nal states are spaced
et less than O 2 eV With ultraviolet as the exc1t1ng raalat¢on only about
6 vlbrat;onel.;evels of the A 2n are strongly populated for a Spread,in o

.enefgj of aﬁdﬁﬁfi eV.;é The 3 eV width found for the C 22+ state is thus

4

o ‘remeikebi&'lerge."

C. . 1o and 20 electrons

':EIThe carbon 1ls binding energy in carbon monoxide is 5 h eV greater
e'}than that 1n methane 4 Thls ‘shift is in the expected dlrectlon, coinciding
'€;Wlth chemlcal ev1dence that oxygen 15 more electronegatlve than hydrogen
and w1tn theoretlcal evidence, which indicates a charge of between -0.le

-0.5¢ on thevcarbon in methane22"23

and about +O.3e'on the carbon in car-
.'bonjﬁenoxide.l8 The comparison with methane, however, does not allow us:to"
vassignxevcharge to the earbon on carbon moﬁoxide with any confidence, Ideally
'Vwe shogld make ehé comparison with»either atomie carbon or C2. Unfortunately
',the,eﬁ;;ent eteﬁe,of the art ie such that we cannot yet make_these measﬁre-
. 'ZIt_isyuSeful to eompare the binding energies in carbon monoxide
i%W?ﬁb‘thQSG in»qﬁher’compounds. The cerbonxls binding energy in carbon mon- '

oxide (5.k eV_relative to methane) is practically identical to that in car-

bon tetrachloride (5.5 eV) and to that expected for difluoromethane (5.6 ev)?*
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To the extent that there is” 5 one-to-one correspondence between the charge

“

on tqe carbon and the blndlng-energy shift, these comparisons_sug;evu tnat

,
tne charge on carbon in carbon monoxide is the same as that on the carbon v

4 petrachloride_and in dlfluoromethane. Gordy 25 has concluaed from qugdruPOLe
- resonance studies that the carbon in carbon tetrachlbfide has a charge of
+O.5ef Schwartz, Coulson, and Allen26 have concluded from an empirical
adjuskment of thé reéults.of.Hu?tree4Fock calculafioﬁs'that the carbon in
ifluoromethane has a charge of +O;226. fThese comparisons indicate that
the carbon in carbon monoxide has a positive charge of betwéen 0.2 and 0.5e.
The okygen 1s bihd#ﬁg energy in carbon monbxide is’less than that .
in molecular'oxygen by l.2.eV,‘buﬁ greaterrthan_that‘in water by 2.9 éVls'
and greatér ﬁhan fhat in a vériety of compounds - of 6xygen.with tetraﬁalent

carbon by 1.5 to U eV.-15

This result would indicate that the oxygen in
carbon monoxide is'negatively charged with respect to oxygen in molecular
oxygen, bgt not so‘negdﬁively pharged’as oxygen in some other cémpopnds.

“As was pointed out, the foregoing analysisvassumes.that theré is
" a one-to-one correspondence befween_the lé binding energies and the charge
on the atom from which the 1ls electron is removed. This assumption ignores
the fagts that different molecules have different:geométries éﬁd that the
ion formed haé a different chargé distribution from tﬁat of the neutral |
.mbleéule.' In épitevof these problems, it has been shownl-6 that for a wide
varieﬁy of nitfogen?jsﬁlfur, and chloring compounds-there.is a good éorré-
lation between.the inner;electron binding‘energies and charges caléulated
by a variety of methods.27 If'seems, therefore; réaéonable to éohélude

from thecc comparisons that the carbon of carbon monoxlde has a slightly

positive charge (O 2 to O 5e) and that the oxygen has a correqoondmT nega-=  '

tive charge. ThlS result is in accord with the populatlon analVf s madc by

c

o



‘oxygen distance in carbon monoxide,

on oxygen (: ), rc is the distance from the carbon nucleus to the center of

-1l

- 18
" Neumann and Moskowitz, If this is the case, we. are left with the problen

~ of explaining the fact that the dipole moment of carbon monoxide hzs a sign

"Q

' indicating a charge distribution in the opposite direction.” . If we ascume

that tﬁe dipole moment is due to the charges on the carbon and oxygen atoms
and to pairs of electrons localized in the non-bonding orbitals we can show

that the dipole should be given as

b= 0.112 = -1.128 q + 2(zy - T, ) Debye-v

_ whére 0.112D is the expefimental dipole moment 9 1. 128 R is the carbon-

30

ge is the charge on carbon (+) and

Rad

-vcharge in the lone pair and r 1s the correspondlng distance for oxygen.

0

(Thlsvexpre531on/does not depend on whether there are 1, 2, or 3 lone palrs

on the atoms provided that the angle between lone pairs is 120° for 2, or

109028' fbr.3.) If we take q'to be between 0.2 and‘ofsithen ré_is greater

than 7, by>0.17 to 0.34 K,

D, Comparison between theoretical and exnerimental binding energies

There are good Hartree-Fock calculations avallable for carbon

19,31 31,32 31,33

monoxide,” methane, and oxygen. It is of interest to;see to

‘what extent the experimental values of the ionization potentials agree with

one~-electron energies given by the Hartree~Fock calculations. According to

 Koopmans' theorem,zo these energles should be approx1mately the same.

34

Recently Richards™ has reviewed the assumptlons of Koopmans theorem, and

has shown (vith partlcular reference to the outer electrons'on carbon mon=

oxide) that the one~-electron energies should not in general and do nbt'agreé

with the experimental vélues.
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fbr closed shell mdlecules,Koobﬁans' theorem fails to give the

“correct ionizatibn ?oténtials becaﬁée of néglecf of reorganization energy,
neglect oé differences in the cgrrglation energy.between the molecule and
ion, -and neglect of.differences in the relativisticfcorrectioﬁs’between the
molecule and ion. For open shell'mdlecﬁles (such as éxygen) Koopmanz ' the-
orem is not applicablé. FOr'the'molecules‘considered here.the largest source
of errof-is'thé reorganizatioﬁ.energy. Thisverror:afises.becéuseiKoopméns-
. tﬁéorem assumes that the orbitalé of the ioﬁ afé the saﬁe'as'thdse.of the
molecule. The truevionization potential is the differénce between the ﬁotal
energy of theAmolecuie and tﬁat 6f the ion. ‘The fictitioﬁs ion that results
if the orbitals of the ion are the‘éame as those of.the'moleculeris at higher
enexgy thah the groﬁnd.state; the ioniiationipotential caléﬁlated'using this

2 35,36

assumption.will therefore be‘t@é large. Experiments”’ and calculations

( . .
indicate that.this error is about 15 eV for the ls electrons ofvcafbon(éom-.
pared to a total ionization_bofential ofabout 300 ev).

| :Althoﬁgﬂ theﬂébsolute binding energies ﬁill‘be in.error for the
above reasoné, we may expect some‘of these errofsAto cahcel out in.compari-‘
" sons between two different‘moléculeSQ For instance, the-relativistic_COr—
rections to the Koopﬁans"theorem‘biﬁding energies are small for the molecuies
coﬁsidered here and are pfobaﬁly the same for methane as for carbon monoxd de
(carbon 1s) and the samé for leeculaf oxygen aé fér éarbdn monoxide (oxygen
1s). If there are errors Between the shifts-piedicted by Koopméns' thérqemv '
‘and those found ¢xﬁerimentally, théy are érobabiy dﬁe to changés either in‘
the reorganiéation.energy correction or in the c9rrelation eneréy correction.

According to Richards (and as noted above) , failure to include the recrgeni=-

zation energy maskes the one-electron energies greater than the experimental
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ionization potentials. On the other hand, the failure to include the cor-

"~ relation energy correction leads to one-electron'energies that.are smzller

than the true 1onlzatlon Dotentlals, the correlation energy of tne ion is

smallexr than that~of the molecule. The decrease 1n'correlatlon energy be-

_tﬁeen the molecule and an ion with a 1ls hole is due primarlly to the disza-

pearance of the 132 correlation energy (about 1.2 eV) plus the disappearance

of half of the 1ls 2s correlation (half of 0.4 eV),37 All of the electronz

will be drawn in someWhatjcloser to the nuecleus because of the increased
positive charge. This contraction presumably leads to a slightly incfeased

correlation energy for the ion. The dominanﬁ terms, however, are. the nega-

-~tive ones, and the net decrease in correlation energy is probably 1 to 2 eV.

The major portion of this is the 132 correlation energy.' Since the 1ls wave

functlon will be only sllghtly affected by changes in the dlstrlbutlon of

outer electrons, we can expect this energy to be more or less independent
of what molecule-the atomols in. Thus, in comparlng one-electron energles
for'ls-orbitals on different molecules we;should'be able‘to ignore the cor-
relatlon energy correctlon. | |

From the foreg01ng, we conclude that the ma jor correctlon to the

'one—electron energy.must be the reorganlzatlon energy. The effect of thls

correction is that the one-electron energies are larger than the experlmen-
tal 1onlzat10n potentlals. Whether the dlfference in one-electron energies
between two compounds agrees with the difference in the experimental_maéni-
tudes depends on the relative reorgenizatlon energies of the two compounds.

15

Devis, Hollander, Shirley, and Thomas have found for a variety of compounds

containing carbon,snitrogen,'and/or oxygen that the experimental shift inihe:fvi

ls binding energies (relative to that methane, ammonia, or water, as appro-

priate)vis gbout 1 eV less than is calculated using Koopmans' tﬁeorem, " Thus
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the reorganization energy'correCtion is somewhat larger in the more complex

molecules than in the hydrlde°
We w1ll therefore, expect the experlmental shlft of 1s binding
energies between carbon monoxide and methane to be less than that calculated
from one-electron energies. This is not the case. The:experimental shift
is 5.4 eV. The shift calculated from the one-electron energies of Huo (car-
ey 19 : 32 .2 v ' o
bon monoxide) ” and Ritchie and King (methane)”" is 3.4 ev; that calculated

3%

by Basch and Snyder is 5.5 eV. For nelther set of calculatlons is the

result significantly greater:than the experlmental value. TFor the Huo=-Ritchie
and King result; which is presumably the more'reiiable one38 the calculated
value is signifieantly lees than the experimental one; opposite to our ex-
pectations. | | | |

Coﬁparison of the shift in oxygen ls binding energies between car-

bon monoxide and molecular'oxygen with that calculated from'the one-electron

~energies is of questionable value. Richards has Pointed out that Koopmans'

theorem does not hold for open shell molecules, such as molecular oxygeh.

The experimental shift o the 1s binding energies in carbon monoxide and

oxygen39 1.2 eV According to the calculatlons of Basch and Snyoer, the

shift should be 1.0 eV accordlng to those of Huo19 and Cade and Ma11133 it

should be 1.86 eV. It is perhaps more‘useful-to-compare carbon monoxide with
water, for which Koopmans' theorem should apply. Experimentally, the oxygen
1s blndlng energy in carbon monoxide is 2.9 % 0 1lev greater than that 1n

15 31

The calculations of Basch and Snyder

32

water.

19

Huo™~” and Ritchie and King

give 3.3 eV and those of
give 2.7 eV. Here, as for the carbon 1ls eher—_

gies, the prediction of Basch and Snyder is somewhat greater than the experi-’

mental value and the Huo-Ritchie -and King value is somewhat less. The

discrepancy is,howeVer,:very slight,
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The carbon monoxide results thﬁs*appear,ﬁo.be‘an exéeption to the

15

general trend,obséfvedvby Davis et al.”” that the experimental s§ifts in:
ionization poténﬂial relative to that of the.hydride.are less thdn'thOSe
calculated.usihg Koopmans' theorem. For cgrbon honéxide'either the agree-

N ment between calculation and eXpérimentvis fairly'good or the disagreement

is in the direction opposite to that expected.

E. Relative intensities

»

In ﬁhé discussion 6f the outermost electrons we. saw how’the in-
tensity data can be correlated with the moleéular,orbifal populatioﬁ gnalyses
and the 'at_;omic"=pho£o-e1ectric cross sections. In principle it is possible to
do a more thorough comparison & these quantities, althdugh all of thé data
necessary_are probably not,yéﬁ évailable. | |

The cross section for the photoélectric effect will be proportional

to, among other things, (Mle,,where M is the matrix element connecting the
initial molecular orbital via the‘perturbation of the photon to a final state
‘consisting of an ion and a free electron., ‘Writing ‘the n th molecular orbital

Qn as a linear combination of atomic orbitals Rfj we have that
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vhere the an's are the eXpa'nsibn coefficients and the '_Hj's are the matrix

elements for the atomic photoelectric effect. The é's are phase factors to

take into account the fact that the phase of the incident radiation will be ‘4 R



- S =16-

’éifferent at different atoms. If the'photon can be repreééntéd gs a plgne
wave, then‘¢j = exp(i kZZE),'where kz.is the Z cbmpénent of fhg photon mo=-
mentum and Zj is £he distance (along the Z direétion) of the atom from the
origin of the sytem,..The phbtdéleptfié crose section is pr0poftional to‘the
~ square of the matrix element. |

T oc* ¢ H* H %
£ n3 ol Q?.j d‘)ﬁ

an{.2 i 2

_ eod
For orbitals on the same atom, the prodﬁctb¢§ %:is i. ?or orbitals on éif-
ferent aﬁoms if the‘wave'length of the incident_radiétion_is long compared
vto the mblecul;r dimensions,'the real parﬁ of ¢§ (%wﬁjl befdlose tovunity
" and the imaginary part veiy‘small; éinée”this condition_is,satisfied for
“the radiations considered here, we wiil assume that.this pfoduct is 1. The
C's are known.for carbon monoxide and many bther molecules from molecular
' orbital calculations. The'atqmic‘matrixeiements should,;in pfinéiple, be
easily calcplated.

- It is of interest theh to examine the relativé intensities of the
varioué peaks in the-cafﬁon monoxide spéctrum.and to compare them with theo-
retical prediétions. The experimental reléﬁive ihtensitiés are given in
Table III.. Thé 1o and 20 orbitals are-essentiélly pure oxygen ls and carbon
1ls and we may ekpect that‘thé‘re;aﬁiVe inteﬁsities.for thesé Qrbitals‘will |
be givén by the afomic cross_sections; For the outer electrqns this will
not be the case and it will bé necessary to‘usé_the abo&e formula. Howevef,
rather than use this formulé; which involves tWO'ﬁhgoretica; quantities; CnJ
and Hj, I beiieve that it is useful to'compare'the tota; intehsity for fhe

outer orbitals with the intensities for the carbon and oxygen 1s orbitals.
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As we shall see below, this total intensity is approximately proportional

to the sum of the atomic cross sections for the carbon and oxygen 2t and

| 2p electrons. We thus have an opportunity to compare the measured and
‘theoretical intensities without the additional uncertainties introduced by

: ¢
molecular orbital calculations.

The molecular orbitals for the 30, ko, lm, 5o vozlrbitals'are, to a
goed approkimation, linear combinatiéns of the carben and oxygen 2s'ena 2p
orbiﬁals. The'inﬁensity.of phoﬁoeiectrons>from these orbitals is given by
the formula above. The sum‘of the intensities'for'ﬁheee foﬁr orbitals'ie.
given as , | |
ang SRS H* HE ox G

Q i £ n nj nf

Bosarans .

z
n

If the matrix C is unitary, then it is easy to show thgt'the sum over n is

]

equal to IGJQ ~and
-}
zjui®
{

ngie

n -

: _ J Ji _ v _ _

That is, the sum over the molecular intensity equals the sum over the inten-

sity for the isolated étoms. The condition that the matrix C be unitary is

that the overlap ihtegrals S <:tl {L? be equal to & 2.. This‘is

net for the orbltals centered on the same atom. For the orbltals centered

':on different atoms, let us assume that the S s are small enough to be neglec-

+ ted.  Then the above equatlon is approx1mately correct.'

Theoretical relative intensities calculated using the Stobbe formula

(ncnrelativistic)lo are compared in Table IV with the experimental values.

We cee from this comparison that the theoreticaLICalculations predict a much

wider range of intensities than is found experimentally, The theoretical.
ratio for oxygen ls to carbon ls is 3.k comparedvto an experimental value of -

2.2, '(We have found the same experimental value for ﬁhe ratio of oxygenels
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inténsity per atom of oxygen to carbon ls intensity.per atom of carbon in
_ L - . :
nitropropane. O) The ratio of the total outer orbital intensity to the

carbon 1ls intensity is predicted to be abouﬁ l/6-the observed

§
'
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value. The intensity for 2p electrons is ﬁredicted to_be-vanishingly small

whereas the experimental intensity for the m electrons is comﬁarable to the

éexperimental intensities for the o electrons.

This is not.the~éppropriate place to explore in detail these dis-

crepancies. Either the model used to calculate the cross sections is inade-

© guate, or the measured intensities do not reflect'the photoelectric cross

sections. There are e‘number of reasons why either or both of these state-
ments are true, A% leest one of these is that there is a non-linear nres-
sure-dependence of the intensity. If thls dependence varles Wlth the’

electron energy there will be a pressure dependence of the 1nten31ty ratlo
Until we are more confldent on these points, it will not be fruitful to use

this method to explore the atomic composition of the'molecnlar-orbitals,

IV. ACKNOWLEIGMENTS

I would llke to thank my colleagues at Berkeley, David A. Shirley,

Charles S. Fadley, and Jack M. Hollander for their a881stance, cooperation,

and stlmnlatlon while these experiments were in progress. I am indebted to

Charles Butler for assistance in constructing pieces of apparatus used in’

tnis work., I would also like to thankvmy colleagues at Princeton,John Deutch,

~ Zoltan Soos, and Victor Laurie for helpful discussionsi' I am pleased to

acknowledge financial support from the John Simon Gnggenheim.Menorial
Foundation
I am indebted to H. Basch, P. E. Cade, and J. A. Pople for provid-

ing me with results of their work before publlcatlon.




11,

12.

13.

S 1k,
15.

' ‘,".16.

19-

RETTERENCES-

K. Siegbahn, C. Nordling, A. Fahlman,’R,-Nordbérgj‘K.‘Hamrin, J. Hedman,
G. Johansson, T. Bergmark, S.-E. Karlsson, I. Lindgren and B. L. Lindberg,
ESCA, Atomic, Molecular, and Solid State Structure Studied by Mesns of

.Blectron Spectroscopy (Almqvist and Wiksell, Uppsala, 1967) 97-137.

J. M. Hollander, D. N. Hendrickson, ‘and W. L Jolly, J. Chem. Pnje. _2,
3315 (1968).

D. N. hendrickson, J M. Hollander, and.W L. Jolly, Inorganlc Chemistry
8, 2642 (1969). - .

R. Nordberg, R. G. Albridge T. Bergmark O Ericson, J. Hedman,

' C. Nordling, K. Siegbahn, and B. J. Lindverg, Arkiv £8r Kemi 28, 257
{(1967).

X. Famrin, G. Johansson, ‘A. Fahlman, C. Nordling, and X. Siegbahn,

. Chemical Phy31cs Letters 1, 557 (1968) ..

A. Fahlman, R. Carlsson, and K.,slegbahn, Arkiv Keml 25, 301 (1966)

T. D. Thomas, submitted to J Am. Chem.vSoc

X. Hamrin, G. Johansson, U. Gelius, A, Fahlman, c. Nordling, and

K. Siegbahn, Chem. Phys. Letters 1, 613 (1968).

T. D. Thomas, J Chem, Phys., to.be published
i

‘A, H Compton and S. K. Allison, X-Rays in Theory and Experiment

(D. Van Nostrand, Inc., New York, 1935) p. 561.
Reference 1. Appendix 6. .

J. M. Hollander, M. D. Holtz, T. Novakov, and R. L. Graham, Arkiv Fysik
28, 375 (1965)3; T. Yamazaki and J. M. Hollander, Nucl. Phys. 8L, 505

(1965) -
Reference 1, p._35.

€. Moore, Natl. Bur. Std. (U.S.) Circ. 467, 76, 8L (1949). See also
ref. 9 for a summary of measurements of the neon s ionization potential,

'D. W. Davis, J. M. Hollander, D. A. Shirley, and T. D. Thomas, J Chem.

Phys., to be published.

D. W. Turner and D. P, May, J. Chem. Phys. 52; L71 (1966).




25,
26.

28.

29,
30.

-20~

REFFRENCFS( cont. )

.M. I. Al-Joboury and D. W. Turner, J. Chem. Soc. 1963, 5141,

D. B. Neumann and J. W. Moskowitz, J. Chem, Phys. 50, 2216 (1969)
Wlnlfred M. Huo, J. Chem. .Phys 43, 624 (1965).

T. Koopmans, Physica 1, th (1933).

R. C. Sahnl, Trans. Faraday.Soc 63, 801 (1967)

W. E. Palke and W. N. Llpscomb J. Am. Chem. SOC. 88 2381; (1966).

W. J. Hehre and J A. Pople, to be publlshed

No value for the carbon ls ionization potential for difluorométhane has

been reported. However, for the other three fluorinated methanes there
is an increase of 2.8 eV in ionization potential for each additional

fluorine (see reference 7). We therefore expect 5.6 eV for difluoro-

methane relative to methane.

‘Walter Gordy, Discussions of the'Faraday Soci ety _2) 14 (19,5)

M. E., Schwartz, C. A, Coulson, and L C. Allen, J. Am. Chem. Soc., in

press.

It should be noted, however, that the shift of carbon ls and oxygen ls
ionization potentials between carbon monoxide and carbon dioxide (refer-

-ence 15) is such as to indicate that whereas the ionization potential

may increase monotonically with 1ncrea51ng p031t1ve charge, it may do
so in a nonlinear way.

B, Rosenblum, A. H. Nethercot, Jr , and C, H. Townes, Phys. Rev 10 2,
k0o (1955) . | :

C. A. Burrus, J. Chem. P}hys.’ 28, L2t (1958).

'D. H. Rank, A. H. Guenther, G. D. Saksena, J. N. Shearer, and T. A.
. Wiggins, J. Opt. Soc. Am. 47, 686 (1957). :

H. Basch and L., C. Snyder, Chem. Phys. Létters-§)i333 (1969) .

 C. D. Ritchie and H. F. King, J. Chem. Phys. 47, 56k (1967) .

P. E, Cade and G. Malli, 'unpublished work. -

W G. Richards, International J. of Mass Spectry and Ion Phy51cs 2,

. k19 (1969).

Reference 1, p. 82-85,



36 Ld
37.

38,

39.

Lo,

-21-

: RerRrNcns(oont )

H. Basch unpubllshed work

G. Holllster and 0. Slnanonu, J. Am; Chem. Phys. H?, 564 (1967)

The Koopmans' theorem ionization potentlals for methane calculated by

Basch and Snyder (ref. 31) and by Ritchie and King (ref. 32) are in

close agreement. The discrepancy between 5.5 eV and 3.4 eV must there-
fore be due to a difference between Huo's value (ref. 19) for carbon
monoxide and Basch and Snyder s value. Huo's calculation is probably
the better one. ' = o

The ionization potentlal for molecular oxygen has been. taken to be the
weighted average of the-ionization potentials leading to the “¥ and 2y
states of the oxygen ion. See Table I of this work, or reference 15,
or-J. Hedman, P. F. Hedén, C Nordllno, and X, Slegbahn, Physies. LettersA-

294, 178 (1969).

T. Cech and T. D. Thomas, nnpublished(wbrk{




DD

Table I - : R

Electron blndlng energles 1n carbon monoxide
and oxygen determined by x ray photoelectron

spectroscopy
' : Binding o
Orbital - energy(eV)
Carbon monoxide L 501. o lﬂ.Q
| A .' 17.2
Yo 19.8
w8y
(carboﬁ,ls): 20 : l296.2*
(oxygen lS);_ .lcviff_ . osha3
oxygen . 1s st

5.4 MeV greater than that of methane

+ This is a welghted average of the uz and 22 states.
The splitting between these is 1.13 eV, with the
L state having the lower energy.



Table II

Comparlson of outer electrons blndlng energles of carbon mono-
x1de as determined by Various technlques

(eV)
 0r5ital_> . Sbecfroscoﬁic v Pho;oelectron épectrosgppy |
| | | we o wt x ray®
50 | '_  _ 14.609a -  1ho0 ool ako
n g Ca653° 6.5 16.55  17.2%
ko o i9,667b.. 19.65 ‘-i9.69 . 19.8

a. G. Herzberg, Molecular Spectra and Molecular Structure I;
. -8pectra of Diatomic Molecules. (D.»Van-Nostrand Co., Inc.,
~ New York 1950). r B

b.  Donnees Svectroscopiques Concernant les Molecules Diatomioue,

B. Rosen, ed. (Hermann & Cie, Paris l95i) 70.

'¢. - Reference 16

d. J. E. Collln and P. Natalls, Int J. Mass Spectry. and Ion Physics
2, 231 (1969). - o

€. This work
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Teble ITT 3

Experimental'relative intensities for
- electrons ejected from carbon monoxide
~orbitals with magnesium Ka radiation

Intensity relative

Orbital . to carbon 1s
, 1o (oxygen 1ls) » 2,21 % 0.15 o ‘ ';5;@£ig
25 (carbon 1s) 1 ' : | L
I 0.07= 007
ko . 0.070t - .005
at S ©0.021+ .003
55 . o0.021 .003
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. Table IV

Comparison of experimental and theoretical
intensities for electrons ejected from car=-
" bon monoxide -orbitals, with magnesium K '

radiation : @

Relative intensity

Orbital = Theoretical .=  Experimental
. ' (atomic) (molecular)

01ls (W) ..  3.39. 2,21

C 1ls (20) . 1. B

0 2s o7 o |

cas . .00Th9
02p - - 00018
C 2p _ ..00003

Swm of m =2 L0294 189




FIGURE CAPTION'

: e Fig;vlg bpectrum of outer elcctrons of carbon mono&ide. “The solid line
Lo R represents a least squares fit to the data. Exciting radlatlon

B is magnesium K X rays. - - e o a
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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