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X~RAY PHOTOELECTRON SPECTROSCOPY OF CARBON MONOXIDE* 

T~ D13,rrah Thomas 

Department of Chemistryt 
Princeton University 

. Princeton, New Jersey 08540 

. and 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

December, 1969 

ABSTRACT 

UCHL-19542 

The ionizationpotentials for all of the.electrons on carbon 

monoxide heve been measured by x-ray photoelect~on spectroscopy. Tpe values 

found (in eV) are 1 a (oxygen ls) 542.3, 2 a (carbon ls) 296.2, 3 a- 38.9, 

4 a - 19.8, lTT- 17.2, and 5 a-14.0. The 1 a ionization potential is 1.2 eV ......, 

less than the ls ionization potential for molecular oxygen; the 2a ioniza-

tion potential is 5.4 eV greater than the ls ionization potential in methane. 

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 
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~£:-.ut allm·;::mce is made , for the fact that these. values re·present vertical 

(rather than adiabatic) ionization :potentials. Although the relative inten-

si ties of the photoelectrons reflect the atomic photoelectric cross sections 

and the molecular orbital composition in a qualitative way, there is not 

quantitative agreement between the measured intensities and theoretical 

cross sections. 
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X-Ra~ Photoe~ectron Spectroscopy of Carbon Monoxide 

I. INTRODUCTION 

Photoelectron SJ?ectroscopy provides a convenient and accurate 

method for investigation of the ionization potentials for the electrons on 

a molecule and of the molecular orbitals from which these electrons are 

removed. Ultraviolet photoelectron spectroscopy gives rather detailed in-

formation on the outermost electrons. X-ray photoelectron spectroscopy 

gives less precise information on the inner electrons and provides data 

from which it may be possible to determine the atomic orbital composition 

of the molecular orbi t'als. 

As has been shown in a variety of experiments,l-7 the inner elec-

tron binding energies reflect the distribution of charge in the molecule. 

A transfer of valence electrons from one atom to another causes an increase 

in the inner-shell binding energies of the atom that has lost an electron 

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

inner shell binding energies are a measure of.the relative electronegativ­

aties of th~igands. This effect has been amply demonstrated experimentally. 

X-ra~ photoelectron spectroscopy thus provides a tool for investigating the 

relative electronegativity of ligands and the redistribution of charge when 

a molecule is formed from atoms. 

It has also been observed that the intensities of the photoelec-

trons contain~ng molecules ejected from the outer orbitals of carbon by 

x rays depend strongly on the amount of 2s and 2p character in the prbitals. B-9 

The atomic photoelectric cross· section for the 2s orbital in carbon is ex­

pected to be many times that ·for the 2p orbital;10 the intensities from the 

. ' 
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molecular orbitals ref.lect these atomic cross sections. The combination 

of the measured intensities together with a reliable calculation of the 

:photoelectric cross section should :provide a .test of molecular orbital cal-

culations. 

I re:port here the results of measurements of the ionization po-

tentials of the electrons of carbon monoxide~ In particular, ! have in-

vestigated the shift of the ~arbon ·ls bind}ng energy( carbon monoxide 2cr) 

relative to that in methane and the shift of the oxygen:f~binding energy 

(carbon monoxide lcr) relative to that of oxygen. For all of these molecules, 

there are good Hartree-Fock calculations. It': is thus :possible to make .com-

parison between the experimental shifts and those predicted by the theoreti-

cal calculations. Carbon monoxide is also of interest because it has. a srr~ll 

dipole moment of sign opposite to what our chemical intuition would lead us 

to believe and opposite to what the theoretical calculations predict. The 

information that can be obtained from x ray photoelectron spectros'copy on 

charge distribution in the molecule may give us a clearer understanding of 

the sources of this dipole moment. 

• 
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II. EXPERIMENTAL METHOD 

The binding energies of' the various electrons in carbon monoxide 

1vere determined by irradiation of a gaseous sample with magnesium K x rays 
Cl 

11 ( 1253.6 eV). The kinetic energies of the photoelectrons were measured in 

an iron-free double-focusing spectrometer of 50-cm radius.
12 

The kinetic 

energy Ek of an electron is related to its binding energy Eb by conservation 

of energy: 

(This statement is true for gaseous samples. For solids, where the binding 

energy is measured relative .to the Fermi level, it is necessary to correct 

. 13) for the work function of the spectrometer. 1 

To provide an internal calibration, I ran measurements on a mixture 

of carbon monoxide and neon, scanning alternately and repetitively the ·peaks 

due to electrons from the neon 2s, neon 2p, carbon.ls (carbon monoxide 2a), 

and oxygen ls (carbon monoxide la) orbitals. The ionization ·potentials for 

. 14 
neon are accurately known from spectroscopic measurements. By this technique 

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

mately the same for all of the lines. In all of these experiments the pres-

sures in the gas cell ranged from 0.01 to 0.05 Torr. Over the range 0.005 to ,, 

0.15 Torr vTe have found that the position of the fluorine ls line on fluro-

. 15 
form does not vary by more than 0.2 eV. Although there may be larger or 

different pressure d~pendences for o~her systems, we have seen no evidence 

-that this is ~ikely to be a serious problem. 

To study the outermost electrons (3a, 4a, ln, and 5a), I scanned 

alternately and repetitively the regions of the carbon ls line (to provide 

I~< • 
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a calibration and a check on stability), the 30' line, and the·4o-, 111 and 5o' 

. lines. I also obtained· some additional data on the ·4o- line because it 

appeared weakly in the spectrum of the neon 2p line. To measure the shifts 

bet~.;een the binding energy of the carbon ls ( 2cr) electrons on carbon monoxide 

and those on methane, I ran these two compounds as a mixture. The results 

obtained in this 1·1ay agreed within 0.1 eV with those that I obtained by a 

comparison of the absolute carbon ls binding energy of carbon monoxide (de-

termined as described in the previous paragraph) with the absolute carbon ls 

binding energy of methane? I made a comparison of the oxygen ls ( 1.0') binding 

energy in carbon monoxide with that for oxygen by first running OX'Jgen, then 

carbon monoxide, and then oxygen again. ' The two lines were too close to-

gether for oxygen and carbon monoxide to be run simultaneously. There was 

a shift of only 0.07 eV between the two oxygen runs; the carbon monoxide-

oxygen shift is taken relative to the average· of the two. 

III. RESULTS AND DISCUSSION 

The results of the energy determlnations·are summarized in Table 

I. T.hey are discussed in three parts below: the outermost electrons ( 4cr, 

111, 5o}, the 3cr electrons, and the innermost electrons (carbon ls and oxygen 

ls). 

A. 5cr, 111, 4a electrons 

The spectrum of the outermost electrons of carbon monoxide excited 

by .magnesium K radiation is shown in Figure l. The solid curve represents 
. ct 

a least squares fit to the data assuming all the lines are gaussian >'lith the 
I 

. same -vridth. The energies derived from these fits are given in Table I.· 

The binding energies of these electrons have been 1-1ell determined 

by optical spectroscopy and by ultraviolet photoelectron spectroscopy. A 

comparison of these determinations with mine is given in Table II. The 1-:.ork 

.,; 

• 

• 

.·· 

.. ' {. ·u··. 
.;,,'" 

. - -~- .. ~- .' 

.. · ''fi 



• 

-7-' 

of Turner and May16 indicates that for the 5cr and 4cr electrons the vertical 

and adiabatic ionization potentials are' nearly the same. The agreement be-

breen the energies I have determined and those determined by others is quite 

satisfactory. For the ln orbital, the most probable transition energy is, 

according to Turner and May, 16.91 eV and the average transition energ;J some-

1vhat higher. We would thus expect the binding energy determined by x ray 

photoelectron spectroscopy, which should be close to the vertical value, to 

. -~ 

be about 17 eV, in good agreement with the experimental value, 17.2 eV. 

Of more interest than the energies, ivhich are better studied by 

higher resolution techniques, are the intensities. Al-Joboury and Turner17 · 

have suggested.that the intensities of the peaks should be proportional 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 5cr/ ln/ 4a of l/2/l, we see ratios of 1/0. 3/0. 3. 
.......... ........... 

These data are, hmvever, qualitatively consistent with the theory of the 

photoelectric effect and with the composition of the molecular orbitals. 

For excitation with magnesium K radiation the cross section for ejection of 
Ci 

2s electrons from carbon or oxygen atoms is expected to be substantially 

greater than the cross section for ejection of 2p electrons from the same 

10 atoms. The cross section for ejection: of 2s electrons from oxygen atoms 

should be greater than that for ejection of 2s electrons from carbon. We 

expect that these cross sections will be reflected in the intensities from 

the molecule. The lTI orbitals are composed entirely of oxygen 2p and carbon 
' 18 

2p atomic orbitals (mostly the former). Because of the relatively lmr 

photoelectric cross section for the p electrons of these atoms, we expect 

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

of all. The 
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relative intensity of the other tl-10 peaks is more or less consi:-;tent vri th 

this picture. The l.ta o'rbital is composed of about 21% oxygen 2::;·, 6o1o OY.1Jg0n 

2pz, and 165~ of carbon 2s atomic orbitals. 
18 

The 5cr is about 59'fo carbon 2:::, 

and the rest carbon and oxygen p . If we say that the p atomic orbitals con-z 

tribute essentially nothing and that the oxygen 2s contributes about 3 times 

as much as does the carbon 2s: (see section on relative intensities ,belm.,r)) then 

we conclude that the intensity of the l.ta peak should be about 1. 3 times the 

intensity of the 5cr peak. The experimental ratio is slightly more than 3. 

We see from the above that the intensities, rather than depending 

only on the population of the orbitals, reflect to some extent the atomic 

orbital composition of the molecular orbitals. Perhaps data·such as these 

together with better estimates of the photoelectric cross sections and a 

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

result from molecular orbital calculations. This possibility is discussed ·! 

in more detail below. 

B. 3cr eleci".rom: 

The experimental value of the 3cr electron binding energy in car­

bon monoxide is 38.9 eV; the theoretical va}.ue calculated by Huo
1

9 using 

Koopmans' theorem
20 

is 41.9 eV. Tne agreement is about as good as can be 

expected for a theoretical value based on Koopmans' theorem. 

The line-width for the 3cr electron is exceptionally broad. Hhereas 

the line-width for the outermost electrons ( 1. 5 eV full width at half maximum) 

is essentially the instrumental resolution at this energy, the line-width for 

the 5J is about 3 eV, full width at half maximum. This extra width probably 

indicates that :.the ion is being left in a large variety of vibrational states. 

Support for this idea comes from calculations by Sahni , 21 w·ho concludes that 

.,. 

• 
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2 + + . 
the eCJ_tiilibrium ·separation for the C !: level of CO ( · t_he 3cr hole) is about 

0. 2 j gre~ter than that ·for carbon monoxide in the ground state. The verti-

ca+ t:r.~nsition. from the ground state should therefore lead to a variety of 

vibr?.tionally excited states. The adiabatic ionizat,ion potential for the 

3cr electron is, therefore, probably somewhat less than 38.9 eV. The vridth 

of about 3 eV implies that a substantial number of vibrational states are . . . 

popul~ted; for the A 2TT state ( lTT hole) the vibrational states are spaced 
. . 

at· less than 0.2 eV. With ultraviolet as t~e exciting radiation only about 

6 vibrational J,.evels of the A 2TT are strongly populated for a spread in 
. . . . . . .. . ... ·16 2 + 

en~rgy c;>f about .1 eV. The 3 eV width found for the C !: state is thus 

rem~;r.k~bly large. 
·.:_,_:·' 

C •. lcr and 2cr electrons 

Tbe q13,rbon ls binding ener~y in carbon monoxide is 5.4 eV greater 

:th?.n that; .ir+,rne:t):lane. This shift is in the expected direction, coinciding 

· .: with, sNrnJ.:icE!,l_.~yidehce that oxygen is more electronegative than hydrogen 
. . ·- '';' ~- . - . 

and with theoretfical evidence, which indicates a charge of between -O.le 

-0.5e on the carbon in methane
22

' 23 
and about +0.3e on the carbon in car-

18 
bon monoxide. The comparison with methane, however, does not allow us to 

assign a charge to the carbon on carbon monoxide with any confidence. Ideally 

we should make the comparison with either atomic carbon or c
2

. Unfortunately 

.the ctirrent st?-te of the art is such that we cannot yet make these measure-

ments • 
. ···.· 

It i.s, useful to compare the binding energies in carbon monoxide 

w;l.t.h thc.se in other compounds. The carbon .ls binding energy in carbon mon­

ox:j.de (5.4 eV relative to methane) is practically identical to that in car­

bon t~~rach],oriqe (5.5 eV) and to that expected for difluoromethane {5.6 ~V)~4 

.· .. 
_., '··. 
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To the extent that there is' a one-to-one correspondence bet,,reen the char[e 

on the carbon and the b'inding-energy shift, these comparisons sugce:::t tr.at 

the charge on carbon in carbon monoxide is the same as that on the carbon 

tetrachloride and in difluoromethane. 
25 

Gordy has concluded from quadrupole 

resonance studies that the carbon in carbon tetrachloride has a charge of 

+0. 5e. 
. 26 

SchvTartz, Coulson, and Allen have concluded from an empirical 

adjustment of the results of Hu.rtree-Fock calculations that the carbon in 

difluoromethane has a charge ·of +0.22e. These comparisons indicate that 

the carbon in carbon monoxide has a :positive charge of between 0.2 and 0. 5e ~ 

The oxygen ls binding energy in carbon monoxide is less than that 
. .. 15 

in molecular oxygen by 1.2 eV, but greater than that in w·ater by 2.9 eV 

and greater than that in a variety of compounds of oxygen with tetravalent 

carbon by 1.5 to 4 ev. 15 This result would indicate that the oxygen in 

carbon monoxide is negatively charged with respect to oxygen in molecular 

o::....-ygen, but not so negatively _charged as oxygen in some other compounds. 

As was pointed out, the foregoing ana1ysis assumes that there is 

a one-to-one correspondence between.the ls binding energies and the charge 

on the atom from "i-lhich the ls electron is removed. This assumption ignores 

the facts that different molecules have different geometries and that the 

ion formed has a different char~;e distribution from that of the neutral 

1-6 molecule. In spite of these problems, it has been shown tha,t for a ,.,ride 
. .f'")·. 

variety of nitrogen';' sulfur, and chlorine compounds there is a good corre-

lation betvreen the inner .electron binding energies and charges calculated 

. . 27 
by a var~ety of methods. It.seems, therefore, reasonable to conclude 

J 

from these comparisons that the carbon of carbon monoxide has n. slightly 

:positive charge (0.2 to 0.5e) and that the oxygen has a corresponding nega-

tive charge. This result is in accord vTith the population analyses made by 

.. ,. 

• 
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' . 18 Neumann ana Moskow~tz. If this is the case, we. are left vrith the ·proble:r. 

of explaining the fact' that the dipole moment of carbon monoxide ha.::: a sign 
2g 

indicating a charge distribution in the opposite direction. If vre assurr.e 

th~t the 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 shmr 

that the dipole should be given as 

J.J. = 0.112 = -1.128 q + 2(rc - r 0) Debye, 
I 

where O.ll2D is the expe:dme~tal dipole mo~ent , 29 1.128 ~ is the carbon­

oxygen distance in carbon monoxide' 30 qe is the charge on carbon ( +) and 

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

charge in the lone pair and r
0 

is the corresponding distance for oxygen. 

(This expression. does. not depend on whether there are 1, 2, or 3 lone pairs 

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

. 109°28' for 3.) If we take q to be between 0.2 and 0.5 then rC is greater 

than r
0 

by o.17 to o.34 R. 

D. Comparison bet1veen theoretical and eXPerimental binding energies 

There are good Hartree-Fock calculations available for carbon 
-

monoxide,l9,3l methane, 31 ,32 and oxygen. 3l,33. It is of interest to see to 

what extent the experimental values of the ionization potentials agree >vith 

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

Koopmans' theorem, 20 these energies should be approximately the same. 

Recently Richards34 has reviewed the assumptions of Koopmans' theorem, and 

has shown (vii th particular reference to the outer electrons on carbon mon-

oxide) .that the one-electron energies should not in general and do not agree 

with the experimental values. 

:. ··.·· 



For closed shell molecules Koopmans' theorem fails to give the 

correct ionization potentials because of neglect of reorganization energy, 

neglect of differences in the correlation energy between the molet:ule and 

ion, and neglect of differences in the relativistic corrections betvreen the 

molecule and ion. For open shell molecules (such as oxygen) Koopmans' the-

orem is not applicable. For the molecules considered here the largest source t 

of error is the reorganization energy. This error arises becauseKoopmans' 

theorem assumes that the orbitals of the ion are the same as those of the 

molecule. The true ionization potential is the difference between the total 

energy of the molecule and that of the ion. The fictitious ion that results 

if the orbitals of the ion are the same as those of the molecule is at higher 

energy than the ground state; the ionization potential calculated using this 

assumption will therefore be too large. Experiments9 and calculations35,36 
( ' 

indicate that this error is about 15 eV for the ls electron~ of carbon(com-

pared to a tQtal ionization potential of· about 300 eV). 

Although the absolute binding energies will be in error for the 

apove reasons, we may expect some of these errors to cancel out in compari-

sons between two different molecule·s. For instance, the relativistic cor-

rections to the Koopmans' theorem binding energies are small for the molecules 

considered })ere ·and are probably the same for methane as for carbon monoxi<ie 

(carbon ls) and the same for molecular oxygen as for carbon monoxide (oA~gen 
-

ls). If there are errors between the shifts predicted by Koopmans' theroem 

and those found ¢xperimentally, they are probably due to changes either in 

the reorganization energy correction or in the correlation energy correction. 

According to Richards (and as noted above), failure to include the reorge.ni-

zation energy makes 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 smaller 

than the true ionization potentials; the correlation energy of the ion is 

smaller than that of the molecule. The decrease in correlation energy be-

t1veen the molecule and an ion with a ls hole is due ·primarily to the cJisa­

pearance of the ls
2 

correlation energy (about 1.2 eV) plus the disappearance 

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

'\vill be drmm in somewhat closer to the nueleus because of the increased 

positive charge. This contraction presumably leads to a slightly increased 

correlation energy for the ion. The dominant 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 ls
2 

correlation energy. Since the ls wave 

function will be only slightly affected by changes in the distribution of 

outer electrons, we can expect this energy to be more or less independent 

of what molecule the atom is in. Thus, in comparing one-electron energies 

for ls orbitals on different molecules we should be able to ignore the cor-

relation energy correction. 

From the foregoing, we conclude that the major correction to the 

one'"'electron energy must be the reorganization energy. The effect of this 

correction is that the one-electron energies are larger than the experimen-

tal ionization ·potentials. Whether the difference in one-electron energies 

between two compounds agrees with the difference in the experimental magni-

tudes depends on the relative reorganization energies of the t1vo compounds. 

Davis, Hollander, Shirley, and Thomas15 have found for a variety of compounds 

containing carbon, nitrogen, and/or oxygen that the experimental shift in ihe · 

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

·priate) is about 1 eV less than is calculated using Koopmans' theorem~ 'I'hus 

.._ .. , 
.' • 'i<· 

· .. · 



the reorganization energy correction is somewhat larger in the more complex 

molecules than in the hydrides. 

We will, therefore, expect the experimental shift of ls binding 

energies bet\veen 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

bon monoxide) 19 and Ritchie.and King (methane) 32 is 3.4 eV; that calculated 

by Basch and Snyder31 is 5.5 .eV. For neitner set of calculations is the 

result significantly greater than the experimental value.· For the Huo-Ritchie 

and King result, which is presumably the more reliable one38 the calculated 

value is significantly less than the experimental one, opposite to our ex-

pectations. 

Comparison 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, s~ch as molecular oxygen. 

The experimental shift ~ the ls binding energies in carbon monoxide and 

oxygen39 :E 1.2 e~. According to the calculations of Basch a~d Snyder; the 

shift should be 1.0 eV; according to those of Huo19 and Cade and.Malli33 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 

ls binding energy in carbon monoxide is 2.9 ± 0.1 eV greater than that in 
15 . .. 31 

\'rater. The calculations of Basch and Snyder give 3.3 eV and those of 

Huo19 and Ritchie and King32 give 2.7 eV. Here, as for the carbon ls ener-

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 thus appear to be an exception to the 

general trend observed by Davis et a1. 15 that the experimental shifts in 

ionization potential relative to that of the. hydride are less than those 

calculated using Koopmans' theorem. For carbon monoxide either the agree-

ment between calculation and experiment is fairly good or the disagreement 

is in the direction opposite to that expected. 

E. Relative intensities 

.. 
In the discussion of the outermost electrons we saw how the in-

tensity data can be correlated with the molecular orbital population analyses 

and the atomic photoelectric cross sections. In principle it is possible to 

do a more thorough comparison cf these quantities, although all of the data 

necessary are probably not.yet available. 

The cross section for the photoelectric effect will be proportional 

to, among ~ther things, I M !2 , where M is the matrix element connecting the 

initi.al molecular orbital via the perturbation of the photon to a final state 

consisting of an ion and a free electron. •Writing 'the n !!!, molecular orbital 

w as a linear combination of atomic orbitals t(. we have that 
n . J 

M =I w~. \H.\ *n ) n \-:r~nal 

::;: C <W fH ~~)0 . 
nj foinal 

1 1 
j · 

1 
j 

j 
q_ 

J 

::;: l: c 
j nj 

H 

vrhere the C . 's are the expansion coefficients and. the H.'s are the matrix 
~ J 

elements for the atomic photoelectric effect. 
I 

The 0's are phase factors to 
j 

take into account the fact that the phase of the incident radiation 'vill be , . 

.. ·~, 

., . 
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r different at different atoms. If the photon can be represented as a plane 
. 

wave, then thJ. = exp( i k Z .) , where k is the Z component of the photon mo-r z J z 

mentum and Z. is the distance (along the Z direction) of the atom from the 
J 

origin of the sytem. The photoelectric cross section is proportional to the 

square of the matrix element. 

= 
C* 
nj 

c 
n2 

H* H 
j Q 

For 6rbitals on the same atom, the product ?1 ~is 1. For orbitals on dif­

ferent atoms if the wave length of the incident radiation is long compared 

to the molecular dimensions, the real part of ~j ~X will be close to unity 

and the imaginary part very small. Since this condition is satisfied for 

the radiations considered here, we will assume that this product is 1. The 

C's are knm~ for carbon monoxide and many other molecules from molecular 

orbital calculations. The atomic matrixelements should, in principle, be 

easily calculated. 

It is of interest then to exami~e the relative intensities of the 

various peaks in the carbon monoxide spectrum and to compare them with theo-

retical predictions. The experimental relative intensi tie·s are given in 

Table III. The la and 2cr orbitals are essentially pure oxygen ls and carbon 

ls and we may expect that the relative intensities for these orbitals will 

be given by the atomic cross sections. For the outer electrons this will 

not be the case and it will be necessary to use the above formula. However, 

rather than use this formula; which involves two theoretical quantities, C . 
nJ 

and H., I believe that it is useful to compare the total intensity for the 
J 

outer orbitals vTith the intensities for the carbon and oxygen ls orbitals. 

. . ', . ~ . " ... -, . 
•' .. ' -: ... 

. . .;._._ 
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As '-~'e shall see below, this total intensity is approximately ·proportional 

to the sum of the atomi'c cross sections for the carbon and oxygen 2s and 

2p electrons. We thus have an opportunity to compare the measured and 
I 

theoretical intensities without the additional uncertainties introduced by 
( 

molecular orbital calculations. 

The molecular orbitals for the 3cr, 4o-, lTI, 5cr orbitals are, to a 

good approximation, linear combinations of the carbon and oxygen 2s and 2p 

orbitals. The intensity. of photoelectronsdrom these orbitals is given by 

the formula above. The sum of the intensities for these four orbitals. is 

given as 

= 
L: L: '·H* H L: C* 
J Q j J n nj 

c 
n£ 

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

equal to o jQ and 

I ~ 2 = L: jH . 
j l j l 

That is, the sum over the molecular inten~ity equals the sum over the inten-

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

/- !,.,;, 
that the overlap integrals Sj5t ='\('.t!j f r\...

2
/ be equal to 6 j~ • This is 

met for the orbitals centered on the same atom. For the orbitals centered 

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

ted. Then the above equation is approximately correct. 

Theoretical relative intensities calculated using the Stobbe formula 

(ncinrelativistic) 10 are compared in Table IV with the experimental values. 

We see from this comparison that the theoretical calculations predict a much 

vrider range of intensities than is found experimentally~ The theoretical 

ratio for oxygen ls to carbon ls is 3.4 compared to an experimental value of 

2.2. (We have found the same experimental value for the ratio of oxygen ls 

~ •. •. ' ' .. · '. 

' · .. . . .. . ~ 

. '~ . 
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intensity per atom of oxygen to carbon ls intensity per atom of cnrbon in 

. 4o) nitropropane. The ratio of the total outer orbital intensity to the 

carbon ls intensity is predicted to be about 1/6 the observed 

.... 

· .... 
\ 
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value. The intensity for 2·p electrons is :predicted to be vanishinely emall 

whereas the experimental intensityfor then electrons is comparable to the 

.;experimental intensities for the cr electrons. 

This is not the appropriate place to explore in detail these dis-
"!. 

cre:pancies. Either the model used to calculate the cross sections is inade-

quate, or the measured intensities do not reflect the photoelectric cross 
·.· 

sections. There are a number of reasons why either or both of these s~ate-

ments are true. At least one of these i~ that there is a non-linear :pres-

sure-dependence of the intensity. If this dependence varies with the 

electron energy there will be a pressure-dependence of the intensity ratio. 

Until we are more co~fident on these :points, it .will not be fruitfUl to use 

this method to explore the atomic composition of the molecular orbitals. 
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Table I 

Electron binding energies in carbon monoxide . . 
and oxygen determined by x ray photoelectron 
spectroscopy 

Binding 
Orbital energy~eV} 
.\ 

Carbon monoxide 
i 

5a 14.0 

111 17.2 

4a 19.8 

3a 38.9 

(carbon ls ). 2a 296.2* 

( oxygen ls) . la 542.3 

. Oxygen ls 543. 5t 

* 5.4 MeV greater than that of methane 

t This is a weighted average of the·~ and 2~ states. 
The splitting between these is 1.13 eV, with the 
4~ state having the lower energy. 
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Table II 

Comparison of outer electrons binding energies of carbon mono­
xide as determined by \~rious techniques 

( eV) 

~ 

Orbital Spectroscopic Photoelectron spectroscopy 

we wd e x ray 

50' 14.009a 14.00 14.01 14.0 

lTT 16.539b 16.54 16.55 17' .. 2? 

4cr 19.667b 19.65 19.69 19.8 

a. G. Herzberg, Molecular S·oectra and Molecular Structure I. 
Spectra of Diatomic Molecules. (D. Van Nostrand Co., Inc., 
New York 1950)·. . 

. . 

b. Donnees S~ectrosco i ues Concernant les Molecules Diatomiaue, 
B. Rosen, ed. (Hermann & Cie, Paris 1951 70. 

c. Reference 16 

d. J. E. Collin and P. Natalis, Int. J. Mass Spectry. and Ion Physics 
g, 231 (1969). 

e. This work 
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Table III 
.~ 

Experimental relative intensities for 
electrons ejected from carbon monoxide 
orbitals with magnesium K radiation 

. ct 

Intensity relative 
Orbital to carbon ls 

lcr (oxygen ls) 2.21 ± 0.15 

20" (carbon ls) 1 

3J 0.077± .007 

ltcr o. 070:1: .005 

lTT 0. 02];!:: .003 
' 

5:>" 0. 021;:1: .003 
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Table IV 

Comparison of experimental and theoretical 
intensities for electrons ejected from car­
bon monoxide orbitals,, with magnesium KQ' 
radiation 

Orbital 

0 ls (lo-) 

c ls ( 2cr) 

0 2s 

c 2s 

0 2p 

c 2;p 

Sum of n =2 

Relative intensity 
Theoretical Experimental 

(atomic) (molecular) 

3.39 

l. 

.0217 

.00749 

.00018 

.• 00003 

.0294 

'2.21 

l. 
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].i'IGUllli CAPTION: : 

Spectrum of outer electrons of carbon monoxide. ·The &olid linE: 
represent~ a least squares fit to the data. Exciting radiation' 
is magnesium K x rays. 
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