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ABSTRACT

Carbon 1s ionizationfpotentiais,for methane (290;8 eV); ethané (290.6),
.ethylene (290.7), acetylene (29152),-cyclohexage (290.3), bénzene (290;%),
2,2-dimethylpropane (290.k4), and fluoroform (299.1), together with the -flqoririe
1s ionization potential for fluoroform (694.1) and ionization potentials for
4tﬁe‘2ag.and 2au orbitals of ethylene (EM.Sil and 19.5%1) an@ for theHQGg_and
20u dfbitals of acetylene’(23.5 and 18.5) have been measured.' These.values, tpgether
with those from other measurements, are COmpared with orbital energies thaihed by use
.6f Koopmans' theorem. The comparison indicates thgt this method of calculation
gives orbitél energies that are about five percent larger than the‘experimental
’iOnization potentials'for carbon 1l1s électrons.and 10-15 percent greater for the

outer electrons. These differences are consistent with calculations_of the

Supported in part by the U. 5. Atomic Energy . Commission.

Permanent address.



—iv- © UCRL-18961

ionization potenﬁials of carbon atomé. The carbon ls binding energy decreases
with hydrogenation and when a hydrogen is replaced by an alkyl grbup. The .
first of these resulté is consistent with theoretical calculations and with
other chemical evidence. There is an>apparent discrepancy between the second
result and the result of theory or othe£ chemical evidence. A possible source

of this discrepancy is discussed.
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I. INTRODUCTION

The ionization potenﬁials of simple hydrocarbons have beeﬁ the subject
Qf numerous experimental measurements and theoretical calculations.. of par-
ticﬁlar inferest are such séries of compounds as ethane, ethylene, and acety-
lene and methane, ethane, and cyclohexané. In the first case we can see the
combined effect on ionization potentials of hydrégenation and changing.thé
type of bonding between the carbbns;»in the second, the effect of substituting
‘carbons for hydrogens about a givén carbon.

Expefimental measﬁrements bf'the ionization potentials have, for the
most‘part, prdvided reliable_information only on the least bbund electrons..
For these, there are a variety of satisfactory techniques and theré is good
agreement among the various techniques on the first ionization potentiallof
many'substances. for the other loosely bound electrons only photbelécﬁrén
spectroscopy haé given unambiguous results,

Photoelectron spectroscopy with ultraviolet (uv) radiafion‘is capabie
of giving very precise and detailed1information on the dufermést électréns,l
It is, at pre;ent, limited to électrons Qith binding energies of iess than
él eV. Less precise information can be obtained by x-ray photoelectron Specf‘
troscopy on both these and more tightly bound electrons.2 Data from the two -
types of photoelectron spectroscopy can be combined to givé a complete picture.
of the ionization potentials of a parficular molecule.

X-ray photoelectron spectroSéopy can give not only the values of the
ionization potentials, but also information on tﬁe makéup of molecular orbi-
tals. For 1 keV radiation incident on carbon, for insfance, the cross secﬁion

for exciting a 2s electron is considerably larger than that for exciting a -
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2p electron.3 Thus, relative intensities can be used to détermine Whetherla
particular photoelectron péak corresponds to a vacancy in a predominantly S
or a predominahtly p level. TFor instance Hamrin, Johansson, Gelius, Fahlmén,
Nordling, and Siegbahnu ﬂave'shown for methane that the probability of exciting
~ electrons from the 2a, orbital (mostly carbon 2s) is three or four times higher

than the probability of exciting one-from the 1t, orbital (mostly carbon_Zp)

2

. even thbugh there are three times as many electrons in the 1t2 orbital as in

the 2al orbital. They have seen a similar effect in ethane, where the probé—

bility of ionization of the 2alg and 2a U levels (mostly carbon 2s) is con-

2
Siderably greater than that for ionization of the levels that are mostly carbon
2p.1 This effect is demonstrated in Fig. i, which shows the spectrum of loosély
bouhd electrons onbacetylene excited with magnesium K x rays. The Bipding
energies indicated By the tﬁo arrows (30g and 1Hﬁj were measured by UV photo-
eléctron spectroscopy.' We see that there is no detectable excitationvof';
eiectrons from the tﬁo outermoSt levels, whose wave functions are'qomppsed .
almosf entirely 6f carboﬁ 2p and hydrogen 1s wéve functions.
X—ray.phofoelectron spectroscdpyralso provides a;technique for pre-
cise measurement of the.binding enérgies of the moét tightly‘boﬁnd_electrons..
These electréns do not participate in the chéﬁical bond to any great eitent;
their binding energies are, however, affécted by the femo§él of’addition of.
_Quter eléctrons. There is_an_increase Qf'abqut 15 eV in.the binding.énergy 
bbf.an inner éiectron when an outér'electrQn ié removed té'infinity.i‘ Acfuaii>""
, shifté froﬁ one éompoﬁnd‘to anothér are fathér'smaller:than thisﬂbécause.iq.>u
forming_chemiéalvbonds the'valenéé electrons are removed nof totihfinity but

rather to the adjacent atoms in thé molecule or, in some cases, only as far
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as a larger radius centered on the original atom. The change in energy of

an inner electron will then be (approximately) -15 + ee/r eV, where r 1is
the average distance to which the electron has been removed. For r about

1 A, the second term is sgbout 1L eV and the shift is, therefore; much smaller
than 15 eV. If the amount of charge'withdrawn from the atom is greater or
less than one electronic charge, the shift in binding enéfgy of an inner eléc—
tron will be proportionally larger'of smaller. Similarly, if electrons are
doﬁated’to the atom of interest by the surroundings, the binding energy of the
iﬁner electrohs wiil be decreased in magnitude. These binding energy shifts
provide information that can be reléted to electronegativity or t§ charges on
thé Variéus atoms.in a ﬁolecule or solid.

I preséntvhere the results of measurements of the ionization potentials'
of various hydrocarbons by x-ray photoelectron spectroscopy. The compounds étudied
are methane, ethane, ethylene,'acetyléne,v2,2—diméthylpropané; benzene, and cyclohéxane.
Becausévthe least boﬁnd electrbné can be studied most effectively by UV photo-
electron spectroscopy, I have concenfrated my efforts on those électronsyfor
which x~ray photoelectron spectfoscopy is particularly useful:‘ those with
binding energies greater than_2l eV and ﬁhose outer orbitals that have appre-
ciable s character. I have combined ﬁy measuremenﬁs with those df othefs to

.give a fairly complete picture of the ionization potentials for methane,
ethane, ethyléne, andbacetylene. These resuits are éﬁmpared wifh various fheo—
‘retical calculations. I have given particuiar attention to an accurate meas-
urement of the rather small differehces among the carbon 1s binding energieé

of the substaﬁces studied. As part of the calibration_andsstandafdization
procedure, I have obtained the binding energies for the is'electron in neon |

and for the carbon 1ls and fluorine.ls electrons in fluoroform.
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II. EXPERIMENTAL METHOD
Iﬁ photoelectron spectroscopy, the binding energy of an électron is
determined by measuring the kinetic energy of electrons ejected by-monoenergetie
pﬁotons incident on the sample of interest. By conservation of energy the

binding energy Eb, or ionization potential, is given as

E=hv - B

- where Ek is the kinetic energy of the ejected electren.. This expression is
:tfﬁe for gaseous samples. For solids, where the binding energy is measured
relative-to the Fermi level, it is necessary to cofrect for the work functien
of‘the spectremeter.§

For these experiments the exciting radiation was magnesium Ka_x rays
(1253.6 eV).'7 The eieetronvenergies were ﬁeasured in an iron-free double-
foeusing spectrometer of 50-cm radius.8 The substances studied were introdﬁeed
into the spectrometer in the gas phase. All were obtained from eemmefcial :
sQﬁrces, and were used as supplied without further purification. With the .
possible exception of acetylene (which is supplied dissolved in ecetone)'I saw
no evidence for impurities ih any of the materials studied.

Thevcaiibration of the specsrometer was based on thefknown bindiné
energies of the neon 2s and 2p electrons, 48.5 and 21.6 eV,9 respeetiVely,-
.Duriﬁg thebcalibration pfocedure I measuredvthe binding energy of the 1s eleéfs
tron in neon;, In order te‘compensate for‘any instrumentel drifts auring‘the
measuremenﬁs, I elferﬁately scanned.theethree lines observedein neon'(or ih )

-some cases only the 1ls and 2s lines). The average of three measurements is-

869.7+0.1 eV, where the error is the standard deviation of the three. This is
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compared Vith other determinations of this quantity by a Variety'of methods

in Table I. Except for the value reported by Hartmann and Chun,lo which has

a rather large error, the values of Table I, including mine, are within 0.6 eV
of one another.

Fdr_measurement of the rather small shifts among the 1ls binding energies
of the varioﬁs hydrocarbons, Ibused a miiture of two gases, one the sample of
interest, the other fluoroform; Any effects of drift or gas-pressuré on the

" line position are the same for both lines. (The pressurevin the gas cell was
between 0.01 and 0.05 Torr. Over fhe range 0.005 to 0.15 Torr we have found
that the.position of the fluorine 1ls line from fluoroform does not vary by msre
than 0.2 eV.ll Presuniably any differential pressure dependence‘of twobcompoﬁnds
run togethsr will be substsntially less than this.) The carbdnlls'line in
fluoroférm is weil'removed from ths same line in hydrosarbons and is, therefofe,
a convenient standard. The difference bstween the position of this line and ‘
that of the sample was reprsducible to better than 0.2 eV. 'Figure‘é shows sev-
eral spectra obtained in this way. In order to provide an absolute energy I
made measurements on a mixture of neon and fluoroform taking a series of alter-
nate scans of the neon 1s, 2s, carbon ls, and fluorine 1s lines. For carbon in
fluoroform the 1s binding energy ﬁas found to be 299ﬁli0.1 eV.and for fluoriné’

in fluoroform 694+0.1 eV. The errors quoted reflsct the reproducibility of the
results and do not take into account the possibility of some systemstis>errorf

'~ The agreement of the neon 1s binding enérgy with that obtaiﬁed by othefs sug-

gests that such systematic errors are no more_than 0.6 eV af neon and‘probably.
less for csrbon 1s electrons which are closer in energy ts the calibration

‘energies. The systematic error should be quite small for thé valence electrons.
= . v v
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III. RESULTS
A, Methane

The carbon 1s (of, more correctiy, the la.) binding energy for methane

1
was found to be 8ﬂ3t0.1 eV less than that of fluoroform, or 290.8 eV. This is

in good agreement with a value of 291 extracted from the first graph givenh by

Hamrin gﬁ_gl.,u but disagrees with the value of 288.8%0.2 reported by Chun. T2

(The 2 eV discrepancy here is about the same as the discrepancy between Hartmann

and Chun's value for neon 1ls and that found by others. See Table I.) The

ionization potential of the least bound electron (1t.) has been measured by a

2
. ' 13 . i )
variety of methods and found to be 12.99 eV." Hamrin et al. have reported

"13.5 eV.  The difference between this value and that'measured by others may be

the difference between the adiabatic and vertical values. The 2al level was .

found by Hamrin gE.gl:h to be at 23.1 eV, beyond the range of excitation by
the 584 A'line of helium.
The ekperimental ionization potentials;are compared in Fig. 3 with the

values calculated theoretically by Palke and Lipscomblh and by Arrighini,
15 ‘

Guidotti, Maestro, Moccia, and Salveti, and with the semiempirical values

of Dewar and Worley.l6 The experimental values are generally smaller than the
calculated ones by five to ten percent.

B. - Ethane

In ethane the carbon 1ls (or la2a + lalg) level is found tojbe.8.5 eV

less bound than the corresponding level in fluoroform, giving a binding energy

of 290.6 eV in good agreement with a value of 290.5 extracted from the second .

graph given by Hamrin ei_gi.h I have measured values of 2L.2 and 20.6 eV for
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the 2a1g and 2a2u levels, witﬁin 0.3 eV bf those given by Haﬁrin gﬁ_gl, The
value for the 2a2u level is to be compared with a value of 20.13 réported by
Al-Joboury and Turner to be the adiabatic value.13 Three other levels (leﬁ,
3a1 , and leg)vare expected for’ethane; only.two have been found,vonebat

11.49 eV and one at 1h.7h ev.13 Theoretical calculations indicate a spacing
between the 3alg and 1eg levels (the least bound levels) of no more than aﬁéut

0.5 ev.lh’16'18

It is likely that these levels have not been resolved experi-
mentally.
The experimentél'results for all but the 1ls electrons are compared in
. . . . . 1h,16-18 .

Fig. 4 with the results of wvarious theoretical calculations. - As in
the case of methane the experimental Values‘are smaller in magnitude than are
the theoretical ones. As for methane, the semiempirical results of Dewar and

16 ' : _ L
Worley are 'in good agreement with the experimental values for the least bound

electrons; the agreement becomes progressively worse as we go to the deeper

levels.

-C. -Ethylene

: Ethylene reacted raﬁidly with the tﬁngsten filament'of.the X-ray tubei
making itvimbossible to make measureﬁeﬂts,over a long timé. As a résult it .
was possible to meésure accurately only the binding energy of the_innermosf
eiéctroﬁs. The carbon ls_binding energy.in ethylene is shifted 8.4 eV from.
“that in fluoroform; the corrgsponding,binding energy is 290.7 eV. Tﬁgbonlyv.-:
observable outer electrons.had binding energies of_QM.Sil and719.5;i QV. _
" These presumably correspond to the Zag and 2au;orbitals, which aré priméfily‘

composed of the carbon 2s orbitals. As noted above, the cross_éeétioﬁ for
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excitation of the 2s electrons is considerably higher than that for excitation
of 2p electrons. Al-Joboury and Turnerl have reported levels in ethylene at
10.48, 12.50, 14.39, 15.63, and possibly at 19.13 eV. The tentative level at
19.13 eV is presumably the same as the one I havg seen at about 19.5 eV. Dewar
and Worley16 agree with Al—Jobbury.and Turner for the three least bound levels,
but place the fourth at an uncertain value of 18.03 eV.

Figure 5 shows a comparison of the experimental ionization potentialsx
for the outermost electrons with fheoretical values. .The theoretical results
tend to be in good agreement with one another, but in rather mediocre agreement
with the experimental wvalues. The calculations of Dewér and Worleyl6 give
results thaﬁ are iﬁ\géod agreement with experiment for three of the six values.
The theoretical values are, except for the.leaét bound level, greaﬁer‘in magni-

tude than the experimental values.

D. Acetylene

<

Acetylenéiréacted with the filament of the.x—rayvtube,,thbugh'not sg
rapidly as did ethylene. It wés poésible to obtain reasonably satiéfactory
.‘data on some of the outef electrons for acetylene, which are shown in Fig. l;
The carbon 1ls line is shifted.7.9 eV from the same line in fluoroférm; the
:binding energy is, therefore, 291.2 ev. The only observablé outer'electréns
were at 23.5 and 18.5 er These afe_most likely the 20g‘and 20u levels;f
which are predOminantly carbon éé levelsf' ﬁvahdtoélectrQn_spectroscopyi’go
gives levelsraf il;hl, 16.4%, 18.42 (Ref. 20),‘or 18.56:(Ref.vl)_eV, and . an
undertain level ét 20.SlveV. The one at about 18.5 corresponds to the leyel
at the same energy that,I have assigned tq 20u; the uncertain level at-20.5

does not agree with my result for 20
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1h,17,21-23 results for

A comparison of experimental and thebretical
the outer electrons of acetylene is shown in Fig. 6. There is fairly good
agreement between experiment and theory>for the lowest ionization potential.
Beyoﬁd that, the results. of the various theoretical calculations resemble oﬁe
another more than they resemble the experimental results. The paftern seen
before is apparent in Fig. 6, namely, the theoretical calcuiatiéns predict

higher binding energies than are found experimentally (except for the least

bound level).

E. .Benzene and chldhexane

I have measured only the innermost electrons for benzene and cyclo-
hexane. For benzene the shift from fluoroform is 8.7 eV; the ionization
potential is 290.4 eV. The corresponding numbers for cyclohexane are 8.8 and

290.3 eV.

F. 2,2-Dimethylpropane

In the hope of being able to see the difference between the.nonéquiv-i
aient carbons,.i have measuréd the carbon 1s binding energy for 2,2-dimethyl-"
propane (neopentane). The spectrum.is shown in Fig. 7 together with a least-
squares fit to the experiméntai_data. The centroid 6f‘the peak ié shiftéd
8.7 eV from fluoroform;vfor an a&erage.binding energy of 290.k4 eV.  There is
no obvious svidence in the spectrum for noneqﬁivalent carbohsf |

There are twb féatureé of the data that suggest thatvthé centfél carbon
has a differeﬁt binding energy from'tha£ of the meth&l carbons; In the firSt‘piace'

the average binding energy of neopentane is 0.2 eV less than that for ethane.’
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We would, however, expect the 1ls electrons in the methyl groups of neopentane
to have the same binding energy as those in the methyl groups of ethane. The
observed shift can be aécountéd for by assuming.that the‘binding energy for
the central carbon is about 1.0 eV less than that of ethane.

Furthermore, the peak shown in Fig. 7 for neopentane is about 10 per-
cent widéf than I have found for most other carbon lines. This extra widfh is
consistent with there being a satellite peak one fourth the height of the main
peak and displaced about 0.5 eV to higher'br lower energies.

The least-squares curve of Fig. T was calculated on thevassumption
~ that there are two Gaussian peaks in the ratio of b to 1, both.with the same
-width, and with a displacement of On6 eV. The resulting fit ié in reasohéble

égreéhent with the data although aisingle peak gives an equallyAgood fit.
When the data are fit With two peaks, in this mahner, then the widths are in.

better agreement with those determined for other compounds, and the position

of the main peak is 0.1 eV closer to that of.éthane. »(An equally satisfactory

fit is obtained if I assume the satellite peak 1s at higher binding energy than
the main peak. In this case, however, the main peak position is 0.3 eV from

that of ethane.)

: ' , . T
The data on neopentane are thus consistent with a difference of 0.5 to

1.0 eV between the carbon ls'binding energies of the central carbon and the

methyl carbons. The results suggest that the binding energy is less for the

central carbon, in agreement with the trend seen from methane to ethane to

cyclohexane.
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IV. DISCUSSION

A. Bome Preliminary Remarks

For comparing the experimental and theorétical values of the ioniza—
tion potentials it is useful to develop a simple desbription of thé.ionization
prbcess. Let us consider the iohization of a 1s eléctron from carbon by a
magneéium K x ray. The ejecfed electron has a kinetic energy of about 1 keV,
ior a velocity of about 2XlO9 cm/sec. The electron has effectively left thé
lmdlecule after trayeling.a few A,'or in about lO—l7 sec. The molecule is left
with a hole in tﬁe K shell, which fills by the Auger effect in a time longer

15 sec—much later than the time of the electron ejection.

than about 210"
After the Auger process, the molecule is left doubly ionized and either is
neutralized in>a subsequent collision or breaks into fragments. The lifetime
of the species formed upon ejection of an electron from the K shell is noﬁ

long compared to the time for a moleéular vibrationv(as it is when outer eleéj
trons are ejected). For this reason, the question bf Whether the transitioﬁ

is "vertical" or "adiabatic", which is rélevant.for transitions involving ou£er
electrons, is brobably of little significance for transitions leaving the molé—
gule with a K—shell vacancy.

Ignored'in the above description is any rearrangement of the.remaining
electrons during the ejection of the 1é electron.v Before thé afrival of the
photon, all of the électrons are in eigenstates of the neutrai moleCule.'.Aftér :
the ejection of the electron and before thé Auger process takes place, ﬁhe
electrons are in eigenstates of. the ion, (although not neceéséfily stationéfy :
states). There must.be_a'relaxation taking place after: the electron is-ejeéted;

=17

If the relaxation is fast compared with the emission time (10. sec), the
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electron is ejected with full energy (hv - the ionization ﬁotential). If the
relaxation time is slow, then the electron is ejected with an energy that is
less than the full energy by an amount equal to the relaxation energy.

The preceding paragraph gives a classical description of the process.
© Quantum mechanically we can aescribe the eigenstates of the neutfal molecule.
as linear combinations of the eigenstates of the ion. In order to determine
the final state of the ion, we must solve the time-dependent Scherihger equa-
tion, with the leaviné electron providing the time-dependent portion of the
Hamiltonian. If the electron leaves in a fime long compared to the relaxation
time of the other electrons, the wave functions will evolve ihto.thbse of the
lowest eigehstates of the ion. If the eiéctron léaves quickly, the ion will
be left in some excited state. As seen above, thé relaxation time for the 1ls
hole in carbon is about 10'-15 sec compared to an ejection time of about ]_O__l-T
sec. We expect (aﬁd find experimentally) thét the ion will be formed with a -

1s holéf | | |

Whether there &111 be additional EXCitéfion of the ioﬁ‘beyohd that: v
due to a 1s hole depends on the relaxation timé for the various electrons
involved. - For_instance, the 1s wave function must change‘frdm one appropriafe
to neutral carbon,.where oﬂe_of the_ls electfons is shielaed by fhé_othér, to
a wave function appropriaﬁe‘to idnized carboﬁ, where this shieldingvhas d;s?'
"appeared., Wé can make é éimple estimate of the time required for this relaxé; 
tion. On the average, the 1s elecfrOns in a carbon atom have'a kinetié.energy

‘of about 300 eV, or a veloe¢ity. of about 109

cm/sec. About half of the 1s
'electron density is within 0.2 A of the nucleus. The electron can move_froﬁv '

one part of the orbital to any other part in about thO—lg sec—a time'comparabie
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to the time for ejection of the other electron. Relaxation of the 1s elee—
tron is presumably completed by the time the ejected electron has left the
mOlecﬁle. The outer electrons, however, meve more slowly and cover a larger
volume than the 1ls electrons do. The reiaxation times are correspondingly
longer and it seems likely that the ion will sometimes be’left with a higher
excitation than that due to a.ls hole alone. Eiectrons emitted in such a
process will appear in the spectrum'at kinetic ehergies lower than the usual
velue. Seme evidence for such processes has been feuna for x-ray excitation

of the rare'gases.

B. Comparison Between Experimental and Theoretical Results .

According to Koopmans' theorem,25 the orbital binding energies cal-
culated by the Hartree—Foek'method are equal to the ionization potentials of
the mqlecule.‘ The theorem is true_only if the wave functions for the elec—
trons of the‘ion are identical to those for the'samevelectrons of the.molecule..
As noted above, this is not the case, and the orbital energies given by
Hartree-Fock calcﬁlations.will be greater then the actual ionizatieﬁ.potentiale
by the relaxation enefgy. The correct value of the ionization poteqfial.is
cbtained by taking the difference between the total.energies of the ion'and éf
the neutral molecule._ “ |

.Siegbahn and eo-workere'have calculated ionization.potentials fdr atoms
‘using Keopmens' theorem and by taking the differencevbetween the energy-of the
v-neutrai atom and fhat of‘the'ion;26 for carbon they find that Koopmans' -theorem 8
éives binding eeergies'that are h.perceht too great for thebls-orbital, ld éer—

cent (2 eV) for the 2s, and 16 percent (1.5 eV) for the 2p. The difference
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between the calculated orbital energies and the experimental values is there-
fore, about as one would expect. That the measured carbon ls energies are
about five percent less than the calculated values is consistent with the dif-
ference of four percent calculated.by Siegbahn et al. for atomic carbon.2
The situation for the outer electrons is similarly in accord with the calcula-

tion for atomic carbon.

C. Carbon 1s Binding Energies

The carbon 1s binding energies of the compounds studied aré summarized
in Table II. Included in this table is the référence value for fluoroform. The
ionization potentials for the hydrocarbons clusfer around 291 eV. The Koopmans''
theorem values are about.BOS eV; the discrepéncy of five percent is about as
expectéd.

of mdré interest than the absolute values of the binding‘energies are -
the relétiVe values. Although theoretical orbital energies based on Koopmans'
theorem shoﬁld not agree exactly with the experimental values, thevtheoretipa}
calculatidhs sﬂould give the distribution of electrons in the molecule with
some accuracy. Since the shifts of the 1s‘binding energies result largely
from chaﬁges in the distribution of the outer electrons, we may hope that the
célcuiations Wiil predict these shifts with some accuracy. Failing this, they
‘should at leasﬁ accoqnﬁ for the direction of the shiftsi However, the error in

:the“iqnization potenfial obtained_from use of Kéopmans' theorem is about SZpefe
cent of the absolute value of the ionization potentiais. The shifts in thé.i
carbon-ls binding energies among the hydrocarbons étudied are less than 0.3

percent of the absolute value. If the error in the Koopmans' theorem wvalue
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varies from compound to cdmpound, then comparison bétween shifts calculated
using Koopmans' theorem énd experimental shifts'may not be very useful. There
is somé evidence that Hartree-Fock calculations dé'not give the correct rela-
tive énergies for the carbon 1ls ionization potentials in the flubrinated
methanes'.

’A comparison of the experimental and theoretical shifts for the com-
pounds.acetylene, ethylene, ethané, and methane is shown in Fig. 8. The
energies are all plotted relative to that of acefylene taken as zero. The
hatched areas represent the errors in each measurement and include the error
in the acetylehé‘measuremént. For the series acetylene, ethylene, ethane the
agreement between theory and experiment ié quite'g§od. With.the exception of
the ethane-acetylene differénce calculated by Buenker,.Peyerimhoff, and
Whitten;lT and by Basch and Snyder28’the theoretical values for the shift
are rather closé to the experimeﬁfal values. The direction of the shift'indi~
cates that each ad&itional hydrogen increases the éleétfon densityiat the “
carbon and makes the carbon 1s electron slightly less bound. . The calculations'
of Palke and_Lipscom]olLL for these compounds are in agreement with this édnclu—
sion and show that the carbon is negatively charged and the hydrogen pdsitively.
According to their results, the charge on the carbon increases from -0.188 for'
acetylene to -0.372 for ethane.. This point of view is consistent with the fact
that the electronegativity of carbon is greater than that of h&drogen.29 ‘we
see a similar result on comparing benzene with chlohexane, Adding six hydro-
gens to bénzene causes é decrease of 0.1 eV in the carboﬁ.lé,bindiﬁg energy, .
the same as between ethylene and ethane. 1In both cases the bonding chaﬁges

from sp2 to sp3. Adding carbons across a triple or double bond also causes a
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decrease in the ionization potential. There is an 0.8 eV shift between acet-
ylene and benzene and an 0.4 eV shift between ethylene and cyclohexane. Thése
shifts are larger than those for addition of a hydrogen. This result suggests
that an alkyl group is electron donating relative to hydrogen.

For the methane, ethane, cyclohexaﬁe comparison, theofy and experi-
ment are not iﬁ agreement. The 1ls electron in ethane is less bound than that
in methane by 0.2%0.2 eV, and that in cyclohexane is less bound than that in
ethane by 0.3 eV. Similarly, there is a shift of 0.3 eV between ethylene and
- benzene. The replacement of a hydrogen attached to a carbon with g carbon
apparently results in an incréasedlelectron denéity at the carbon. This
fesult is.not consistent with the molecular orbital célculations. Those of
Palke and Lipscomblh and those of Basch and Snyder28 indicate a shift of 0.2 eV
‘between methane and ethane in the direction opposite to that observed. Palke
and Lipscomb calculate a charge of -0.452 on the methane carbon and -0.372 on-
those of'ethane——feversed from what one migh£'conclude from the experimenfal
data;~ A comparison of the results éalculétea by Cade and Huo30 for CH with

31

those of Greenshields for C. indicates the 1s electron in C, is bound by

2 2

1.15 eV more than that in CH--again in th¢ oppdsite direction'to the observed
methane—ethaneishift. The discrepancy between theory and experimeﬁt may béldue
‘to the inapplicability of Koopmans' theorem.

| In additién; however,.the.measured shift seems to be in the opposite
directién from that sqggested by chemical evidence. Fof-instance,.thé.elec;l

_ tronegatiVity of carbon is greater than that of hydrogen, sﬁggesting that an.
‘alkyl gréup éhould be electron withdrawing relétive to hydrogen. Although

for unsaturated carbons alkyl groups are known to be electron donating,32
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theré is some evidence that a methyl group attached to a saturated carbon is
électron withdrawing relative to hydrogen.33 |

There is an important difference betweenvthe othér determinétiohs of
the electron withdrawing power of alkyl groups and those reported here.v The
previous investigations have determined this properﬁy fdr'néutral molecules!
In photoelectron spectroscopy, the resulfvis affected by the properties of
both molecule and ion. The positively-charged carbén left aftef ionization
withdréws electrons from the neighboring atoms, reducing the total energy of -
the ion, énd, hence, reducing the ionization potential. We can estimate the -
relative electron donatiﬁg powers of an alkyl group and of hydrogen tdwards'
a positively-charged carbon'by looking at the carboxyiic acids. In these the
carbon will be positively charged_since oxygen is moré electronegétive th;n
'Carbon. (Measurements of the carbon 1s binding energies give results in
agreement with this conclusion.3h) The higher acidity of formic acid relative'
to acetic acid indicates that the carboxyl carbon in acetic:acid is more nég—
ative than that in formic acid and that, in this situatioh,-thé'methyl group
is electron donating relative to hydrogen. (This is not a new conciusion.32)
Thus there are two opposing effects determining the'ionization poteﬁtial. The
carbon.ls electron ih methane sees a higher negative potential than does thét
viﬁ ethane (in agreement with the fheérefical results and other chemicél evi-
dence). This effect tenas to make the ionizatiqn potential larger for ethane
than for methane. In the ion, fhe greater electron donating power of methyl.
_rélative to hydrogen towards the positively—éharged carbon causeé a gfééter

reduction in energy for the ethane ion than for the methane ion. This effect,

- which is apparently dominating, tends to make the ionization potential smaller



18- S ~ UCRL-18961

for ethane than for methane, which is the case. In cyclohexane, where there
are two ends of an alkyl chain to contribute electrons to the ionized carbon,

the effect is even greater.
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Table I. Various measurements of the
1s binding energy in neon.

Brogren 870.3+0.1 | a
Backovsky - 870.é b
Hartmann and Chun 867.8+1.8 ¢
Korber and Melhorn 870.0+0.4 ‘d
Kunzl and Svobodova- 869.7 b
Joanelli ,

Moore and Chalkin 1 869.9%0.1 b
Thié work 869.7

&s. Brogren, Nova Acta Régiaé Soc. Seil.
Upsaliensis, Ser IV, 1h, no. 4 (1949).
PQuotea by (a).

Rer. 10.

%. Kérber and W. Melhorn, Z. Physik 191,

217 (1966).
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Table II. Carbon 1ls binding ehergies
in simple hydrocarbons.

Compound Shift from Binding
fluoroform . (eV)
(ev)
Methane —8;3 290.8
Ethane -8.5 290.6
Ethylene -8.4 290.7
Acetylene -7.9 291.2
Cyclohexane -8.8 290.3
Benzene -8.7 290.4
2,2-dimethylpropane -8.7 290.4
Fluoroform 0 299.1

l

UCRL~18961
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FIGURE CAPTIONS

Fig. 1. Spectrum of outer eléctrons from acetylene excited by magnesium K
X rays. The dashed curve-represénts a least—sduéres fit ﬁo the data
assuming a linearly decreasing background and two Gaussian.pedks of the
samexwidth. The energies marked 30g and lHu have been determined from UV
photoelectron spectroscopy (Refs. 1, 20).

Fig. 2. Spectra of the carbon ls electrons on acetylene, ethyléné, and ethane

_relati#e to fluoroform. Radiation is magﬁeéium K x rays.

Fig. 3. Experimental values for the binding énergies of outer electrons on
methane compared to theoretical values. Palke and Lipscomb: ' Ref. 1k,
ACMMS: Ref. 15. Dewar and Worley:  Ref. 16,

Fig. M. Experiﬁental values for the binding energies of outer electrons on
ethane coﬁpared to theoretical values. Buenker, Peyerimhoff,'and Whittén:
Ref. 17. Pitzer and Lipscomb: Ref. 18. Palke and Lipscomb: Ref,zlh.
Dewar and Worley: Ref; 16;

Fig. 5. Experimental values for the binding energies of oﬁtéfveleétrons on
ethylene compafed to theoretical Valueéf' Buenker, Peyerimhoff, and Whitten:
Ref. 17. Kaldor and Shavitt: Ref. 19. Palke and Lipscomb: Ref. 1k,
bewar and Worley: Ref. 16. k

Fig. 6; Experimental values'fof the binding enefgiés of outer electrons on -
acetylene compared to theoretical values. McLean: Ref. 21, Moskowitz:f

Ref. 22. Palke and Lipscomb: Ref. 1b. Kaldor: Ref. 23. Buenker, o
Peyérimhoff, and Whitten: Ref.. 16. | m
Fig. T. Spectrﬁm of carbon 1ls electrons from 2,2—dimethylpropane. Cufveé

represent a least-squares fit to the data, assuming two Gaussian peaks
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with an area ratio of 4 to 1, the smaller ﬁeak being displaced 0.6 eV to
lower binding energies. The solid curve shows the sum of the two peaks
plus background. The dashed curves show the component peaks.

8. Experimental values for the.carbon 1s binding eﬁergies of ethylene,
ethane, énd methane relative to acetylene compared with theoretical values.
The hatched areas represent the experimental values and their uncertainties.
The solid iines refer to the calculations of Palke and Lipscomb (Ref. lh),
the dotted lines to thosé of Buenker, Peyerimhoff, and Whitten (Ref. 17),

the short-dashed lines to those of Kaldor and Shavitt (Ref. 19, 23), the

long-dashed lines to those of Basch and Snyder (Ref. 28).
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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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