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ABSTRACT

N : _
Carbon ls binding energies have been measured for CH;3;CCH,
.CH3CCCHj3;, CF3CCH and CF3;CCCF3; and compared to a verified value for
acetylene. Assignments are based on the application of a CNDO po-
tential model with relaxation corrections which is quite success-
ful in predicting binding energy shifts plus qualitative considera-
tions. Substitution of CF; groups shifts the acetylenic Cjg bind-.
ing energy from 291.2 (HCCH) to 292.2 in CF3;CCH and 292.7 ev in
CF3CCCF; perhaps as a result of electron withdrawal by the CF3 group
from the acetylenic moiety. The unequal differences in shifts are
due to a saturation of substituent effect expected . in competitive
situations. With reservations arising .from uncertainties in assign-
ment due to lack of resolution,.it appears that acetylenic Cig bind-
ing energies decrease (to 290.7 (avg.) in CH3;CCH and to 290.1 ev in
CH3CCCH;) upon replacement of H by CH; groups. It appears that
significant portions of these shifts are due to changes in relaxa-
tion energy contributions rather than electronic redistributions
in the ground state of the molecule. Although the decrease in
acetylenic binding energies agrees with the chemical notion that
CH; groups are electron donating with respect to unsaturated por-
tions of the molecule, the magnitudes of the decrease are much
larger .than would be expected from ground state electronic polari-
zations and it is suggested that electron rearrangements (relaxa-
tion) following photoionization contribute significantly to the
observed shifts. Surprisingly potential. and relaxation corrected
potential calculations with the CNDO method suggest a large differ-
ence in Cjg binding energies of the two acetylenic carbon atoms in
CH3CCH which is not verified experimentally nor mirrored by calcu-
lations on CF;CCH. - The CH; binding energies are 291.8 ev in CH;CCH
and 291.3 ev in CH3;CCCHj; both higher thanrn values assigned to CH, or
Cz2Hg. The success of relaxation corrected CNDO potentials in in-
terpreting shifts over uncorrected potentials or charge calculations
lends further support to its utility.

* ’ e V . ! ) N .
Work performed under the auspices of the U. S. Atomic Energy Commission.
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INTRODUCTION -

It is:now.weli estahlished that core photoelectron spectros-
copy (known as ESCA or XPS)?"3 provrdes, ‘in the form of chemlcal
shlfts of the apparent blndlng energies, information about the
changes of the electronlc potentrals of atoms accompanylng sub—
stitution. The most deflnltlve results are obtained on gaseous

molecules since in this case the conservation equatlon
"hv = E_. '+ E_ - o : (1)

(where hv‘isxthe energy of the incident photoh, Ekin the kinetic
energy of-the-ejeCted.e%ectron and EB_the apparent bihding energy)
is obeyed eXactly._ Surface effects, charging and contact potential
effects which can obscure the Variations.between molecules do not
;'apply.,LSince'the éaseouS'sample leaks out and_must therefore be
continuously'replenished) the effect of_Xfray induced decomposition'
following the‘photoionization process 'is also eliminated.

Recent contributions to the uuderstanding of the significance
and utility of‘the‘resultant apparent hihding energies obtained by
- core photoionization_studies}suggest that they can be analysed in
-detail to provide'chemically.useful ihforﬁation. Furthermore,.the;
vsurface domlnated nature of ESCA suggests con51derable appllcatlon
to the study of. catalytlc processes on metal surfaces and the be-
glnnlngs of such appllcatlons have been reported It is essential
for such studies to know the detailed characteristics of the free

molecule andbwe:have accordingly embarked on a study of core and
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‘valencélelectron spectroscopy of simple molecules which are of

importance as organometallic ligands or in catalytic processes.
We report herein core-electronvspectra of some acetylenic mole-

cules.
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- Experimental

3 3 3! 3 3 3

were commercial materials which were used without purification

Materials: .The compounds CF.CCH, CF,CCCF,, CH.CCH, CH,CCCH

since checking for impurities by both phdtoelectron.spectroscopy
and iﬁfrared'spectroscopy indicated that the materials were great-

er than 98% pure.

Instrumentation and data processing: The spectra were obtained

4’5. In

~on the Berkeley Iron Free spectrometer described elsewhere
the present studiés the X-ray tube_was modified6 to seal it from
the samplé compartment and to allow ihdepéndept pumping of the
tube chamber. This modifiqation prevented contamination of the
X-ray . tube by §ample gases and permitted. longer periéds of operation
‘with good X—rayvintensities.x

In all cases*Spectra'Were obtained'with Mg K& radiation with
the sample gas contained in a cell” at pressures of ‘the order of 30~
100 microns. No pressure dependence éf’lihe position (kinetic energy)
was foﬁnd. Dafa was collected as described elsewhére4'5'énd analysed
by means of the program SﬁNDER7. The experimentaiidata were'fitted
to Gaussian and Lorentzian line shapes chafacterized by'full width
at haif.maximum.(FWHM), position and tail éarameters.Mg'Ka satel~
lites and background were subtracted before deconvblutiqn into com-~
ponents was attempted._:The'quality of the fit was evaiuated'by compar-
ing the weighted sum'of'léast square'residﬁals (xz)uand in general
fhe'Gaussian_fundtionlprovided a ma?ginall?_better fit although\in
most cases the differences in quality of fit were inSignificant.

Spectra were obtained for_the compound alone for line shape analysis
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and for an intimate mixture of the sample with argon for calibra-

tion againét the Ar 2§3/2 line at 248.62 evsa No significant
differences in liné‘éhape were observed in the mixed gas experi-
ments. In some'cases.gases wéfe a150'calibrated againStheon with
'comparable results. to those bbtained_with>Argon,'but-all numerical
valués quoted are bbta_ined y}ith reference to Afgon. Line pOSitions
are reliaple tdfo.l eV and separations resolved_peaks on the same

scan are probably good to better thant0.05 eV.
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Results

The results'arevlisted ln.Tahle l including corrected bind-
ing energies (vs-Ar 2p3/2, 248.6? ev), FWHM and relatiVe‘intensi—‘
tiespof all peaks In the case of fluorocarbons} the fluorocar-
bon Cl peaks were well separated from the Cl lines of the hydro—
carbon m01ety. The low resolutlon of the measurements ‘prevented
clear dlstlnctlons between the dlfferent types of carbons in the
case of the hydrocarbon molecules although we have managed in all
cases studied herein to distinguish the two major types of carbon

atom present in these hydrocarbons. .The individual cases are dis-

cussed in detail below.

CF,CCCF 5 There are two €, ¢ lines due to the acetylehic and fluoro-

carbon moieties separated by 7.25 ev with the acetylenic ClS line
appearing to lower binding energy than the CF3 line and both are
clearly resolved. Therfluorocarbon line is substantially narrower

than the aoetylenio Cié line although both peaks'ehclOSe nearly

equal areas (within experimental error) as expected since the mole-

cule contains equal numbers of atoms of each type.

CF,CCH The fluorocarbon C peak is well separated from'the acety—

3 1s .

lenic carbon peak (7 45 ev) with the acetylenlc carbon peak appear—

ing to low blndlng energy. Although the acetylenlc carbon peak is
broader than the fluorocarbon peak and it is tempting to assoc1ate
this width of.acetylenlc_carbon‘w1thvthe fact that two kinds of
acetylenic carbOh atoms'are present, such a prooedure cahnot be

justified because the  identical acetylenic'carbons‘in CF 4CCCF,
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also give rise;to”a peak which is broader than the Cls peak of the
fluorocarbon moiety. The comparison of the ratio of the widths of

acetylenic'c /flu-orocarbon.cls which is 1.22 in CF3CCCF3 and 1.20

in CF,CCH indicates clearly that two kinds of carbon cannot be

3
distinguished in the acetylenic Cl line of CF3CCH  The very small

predicted difference between these two carbons (v1de 1nfra) supports

the experimental indistinguisnability within experimental error, the

areas of C /C carbon types are 1/2 in agreement with the

acetylenic

molecular formula.

.CH3CCCH3 There are two carbon-environments clearly indicated inv

the spectrum although the resolution»is'incomplete (fig. 2). The
spectrum can be separated.into,eitherﬁ(a)'two components of equal
~area but different widthv(FWHMvvalﬁes=l.27_and l.l3'eV respectively)
orvinto (b) two components of equal width in which case each com—
ponent peak haS'a different area-(Ratio 6.80/1). :Comparison‘of the
quality of the tWo‘analySes'based on theiweighted xz,Values indicates
that-a'marginally_better fit is obtained from the fixed FWHM analysisg
When both FWHM:and area were allowed to run free, no:satisfactory
"solution Was-obtained._ Since neither_the data nor the analysis pro-
'cedure indicate clearly whether fixed FWHMbor fiXed area are pre-
ferable we select ‘the solution in which the relatlve areas are con-
strained to be equal reflecting ‘the equality of the numbers of each
type of carbon in the molecule in preference to the alternative

w1th no'Significant sacrifice.of the x criterlon.' The solution is

then consistent_with that of the perfluorinated analog, CF3CCCF3;
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CH,CCH The presence of different carbon environments in this

3 , v _
molecule is indicated.only by the asymmetry of the Cls peak (Fig. 2)

but it is possible and justified by the facile resolution o.f_thevclS

peak oﬁ'CH3CCCH3 to divide £his asymmetric peek into at least.two
bompohents of 1:2 intehsity ratio. -Since the cerbon tYpes are not
cleeriy distinguished experimentally, the major emphasis was piaced
on a deconvolutibn with a fixed 2:1-area ratio in keeping with the
atomic ratios within'the meiecule._ This pfocedure gave two peaks

- with a separation of'l.l4 e§‘and different width., The narfowest.of
the peaks (FWHM 1.12 ev) is tﬁe unit area peak which we will assign
to the methyl carbon. On a:more s?eculative level resolution of
three equal area components (at equal FWHM)‘gave‘an equally geod
fit to the data and;preserved the area and position of the previously
extracted unit erea_peak whieh we wish to assign to the methyl car-
bon. A good three component deconvolution resolution Was achieved
with enly fixed'fWHM throughout. Attempts-to‘ellow.free FWHM for
the acetylenic carbon gave hQnSensical'results. The positions of
all three components,are'in'reasonable,-but not exact, agreement

with predictions.

Acetylene;_iThe core and meiecular orbital spectra of the simpiest
moiecule‘of the'series was feinvestigated and_the resultant energies
found to be in good agfeement with these published eleewhereg.v‘The
valence 1evei.speCtralwere of significantly better quelity (Fig. 3)
than thoee.obtaiﬁea elsewheregfas a result of ﬁhe'modificationS'to
the system which,improved the lifetime_of the'X-fay tube:in the

presence'ef gases. - It is notable however that the weak m orbitals
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were_sﬁill not ebeer§ed. .The,.C‘ls binding'energy obtained herein,
29l.l4veV‘(ealibrated vs Ar 2p3/2ewﬁich has been revised recently8
to 248;62‘ev)eis~in'exeellenf agreement with the earlier value |
(291;2 ev)g. Tﬁe Valehce bend levels are'found at.23.33 and 18.59
ev iQ/agreement with 23.5 ana 18.5 reported by Thomasg. vThe two
peake heve respective felative areas of 1;106/1 and FWHM Of,l'53

and 1.91 ev respectively when fitted to a Gaussian line shape

function.
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Discussion

Carbon (ls) Apparent Blndlng Energies:

A551gnments are stralghtforward in the cases of CF3CCCF3 and

CF3CCH. The low;blndlng _energy_ClS

carbons and the higher binding energy lines are due to the Ciq of

lines are clearly the acetylenic

the fluorocarbon fragments in keeping With the expected shift of-

C to higher binding energy as a result of electron.withdrawal

1s
from carbon by fluorine.  In both fluorocarbon molecules the acety-
lenic carbon bindihg ehergies are also. Shifted to higher binding
energy values (about 1.0 and 1.5 ev for CF3CCH and CF3CCCF3"respeo—
tively) relatlve to the binding energy in the parent HCCH molecule.
Thls shift to hlgher binding energy is expected as a result of the
electron withdrawing ébility”oﬁ the CF, group which ihcreases the

3

positiVe charge on the acetylehic carbon atoms.” ‘It is notable that

two CF groups are not tw1ce .as effectlve as one indicating that

3
Vsuch substltutlonal effects are not dlrectly proportlonal to the

number of substltuent groups. This saturatlon of substituent

effect " is probably a major reeSon‘for the difficulty of creating
unique substituent contribﬁtion scales. Exectly4proportional effects
are,not to be expected if we consider that the single CF3 in CFéCCH

is able'to‘Withdraw electron densityrfrom two acetylenic carbons...
(and appeers to do so eince the two acetylenic carbons.in CF3CCH-

are indistinguishable), Whereas the two CF3 grohpshinICF3CCCF3 must
compete with each other for the‘electron density available on the
acetylehic carbon. atom and must therefore be individually less success-
fﬁl at withdrawing‘eleotron density; All oompetitive effects are

likely to behave in a similar feshion.
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VAssignmenttof cl binding energies 1n the hydrocarbons is
less straightforWard.because the shifts are not sufficient to

provide compleéte resolution under thealimitations of soft X-ray
excitation.v-However there -are clearly'two different’carbon peaks

in CH3CCCH3 which can be easily separated by curve, fitting tech—
niques. The resultant two peaks, constrained to have equal areas

in the absence of ev1dence.to support any other desirable constraint
can be assigned in twogpossible ways: (a),the lower binding‘energy
component at3290;l,evkcan be assigned to the acetylenic carbons and
the higher at 291.3 ev to thevmethyl carbons or (b) the reverse
.which gives thevacetylenic'carbon a.slightly higher binding energy
than for aCetylene itself. |

| We.prefer the fOrmer assignnent for a-variety of reasons,‘

none of which are unfortunatelyvvery'substantial. The‘peak at
higher binding energyvis narrower than that:at lower energy and
‘since the acetylenic peaks'appear to'be.broaderrthan eitherefluorof
carbon'or saturated_hydrocarbon peaks, we prefer to associate the N
broader, lower_energy peak to the CEC grouping. - Further Thoﬁas' datag'
suggests thatyreplacement of H by CH3 Causes a shift to lower bind-
ing-energy (i.e. OppOSlte to the effect . of CF3 above) thus C=C in
CHéCCCH3 should have lower blnding energy than in acetylene as
suggested by a551gnment (a).  The Ci C group is thus acting to Wlth—
draw charge lrom the CH3 group and causes a Shlft to higher bindwng

energy'51nce‘the’c | binding energy of.theACH3 group in CH3CCCH3 is

1ls

larger than in CH, under assignment (a). This is in keeping with.

4
chemical expectationlo and'the‘trends established_elsewhereg, however

it does not permit this work to independently:indicate trends of
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chemical'interéSt. Furthermore it must bé pointed. out that the
linewidths 6btained'for this molecule may be artefacts of the data
analyéis.and7not genuine. Also of copéernviéhthe fact that the
estimated relaxation energies“ghange]substantially’from CH4’to a
CH3 gropp and from HCCH to a substituted acetYléne hence it is
queStiqnable whether thé data for a substituted molecule can.be com-
pared with the parent( Fortunately, howéver; calculation§ of changes
in atomic potential and relaxation effects using the CNDO model (vide
infra) also supportvassignment (a) and in fact provide the most sub-
. stantial support er our assiéﬁment.' |

The final assignment'td be made, that for CH3CCH, is the most
difficult of all because the‘differenées in carbon shifts are:the'
smallest encountered and up to three carbon environments must be coﬂ—
sidered possible. _A'shoﬁider on the high binding energy side indi-
cates the“présence of‘a‘diStinguiShable compbnent‘in the majof peék
and a peak canbbe easily extracted by curve fifting procedures; We
'have constrained this peék to unit area'and-assign it to the CH3 car-
bon atom following the assignﬁent made-above for CH3CCCH3. Thus this
ﬁnit intensity peak which poSsesses a relatively narrow linewidth
,gi§es a-consistént shift éf.CHj Cls binaing_énergy to a highervvalﬁe

than that for'CH 'a result which is consistent with donation of

4I
eleqtron density to the unsaturatéd part of the molecule by the CH3
‘group as suggested above for’CH3CCCH3'and’alsp'eISewherelo. The

same argﬁments therefore result in a cbmpatible assignment of both
3 . 3 |
only arise from the two acetylenic carbon atoms in CH3CCH. The in-

3

CH.CCH and CH.CCCH The remaining'area of 2 units in’ the peak can

- distinguishability of the two acetYlenic carboh atom$7in CF3CCH,nOted
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" above however suggests that there may not be any justlflcatlon for
maklng a dlstlnctlon between the dlfferent acetylenlc carbon atoms
in CH3CCH and we,should proceed_no‘furthergw1th peak-deconvolutlon'
procedures: Since thelnotential model calculations discussed below
de indicate a.large and éossibly distinguishable difference between
these two acetylenic carbon atoms in CH3CCH,'deconVolution of this
two fold intensity component‘inte two unit area eomponents which
could therefore be associated with each of thevacetylenic_carbon‘atoms
was sﬁecessfully.attempted yielding three egual area (intensity) peaks
in reasonable positions but only when linewidths were constrained to
be equal to that of the CH3 group peak (Table) and therefore the
separability of‘the components may not bebreal. One-efithe resultant
three peaks"correspondedlidentically to the peak extraeted from the
high'binding'energy_side dnring the analysis dichssed above in‘which
the area_ratie of the components was fixed at 1:2. This unique high
binding energy peak iS'reasonably.assigned to the carbon atom of the
methyl group, consistent with the assignment made for the 1:2 area.
ratio case. The acetylenic carbon atoﬁs can be assigned to the two
components of lower binding energy thus prOViding a“consistent assign-
merit within the-hydrocarbonhseries. The separation of the two Cl
blndlng energles obtalned in thlS manner is in fair’ agreement w1tn
the «calculated. (CVDO) separatlon. Since no—lnflectlons were observed
in the two fold 1ntens1ty portion of the peak, 1t is'difficult to
justify the reaiit&'ef'the twe'acetyleniecl values obtained by
curve analysistand the'resnlts.ef the'deeonVOlutlon_procedure may
not cerrespond_to reality._‘The results_Of the second analysis should"

be treated with scepticism.
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CNDO Poteﬁtial Model Calculations and Predictions of Shifts

vIn a éeries of;sélected moleculeé of this type the mégnitudes
of atomic pOtential changes cannot be eyalﬁated from qualitative
'cdnsiderations_pf atomic nﬁmber or‘oxidétion state. - Thermochemical-:
appréaches,_although eiegant'and useful, are difficult to apply to
compleX‘moleculés because of limitationé to the available thermo-
‘dynamic data. It is therefore useful to haQé a method of estimating.
-nuclear potehtials'which correlate with observed binding‘energies
and such a_méthod has been'described‘bbeavis and‘S_hirleyll utilié—
ing a slightly médified CNDO approach. Relaxation effects can be
~estimated by the simple technique'df exchanging the central core for
-the‘element of one higher uﬁitvof nuclear chargell'whereupon the're_

laxation energy is given by

By = 1/2 V(z+1) - 1/2 V() - (2)

where V(Z) is the calculated atomic potential for the nucleus.of
charée 7 and V(2+1l) is the resultant potential obtained'upon substiQ
tution of the huCleus'of Zz+1 charge in the mblecule following the
,"equivaient cores"lz_apprqachvto relaxation potential calculations.

" Binding ghérgies can be.predicted_rélative to a standard from either

the change in nuclear potential:

AE, = -AV(Z) - o | 3

which is ‘the Ground State Potential Model (GPM)ll‘or by the more
accurate relationship

BBy = -1/2 v(z) - 1/2 V(z+1) - (4)
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.which includes relaxation contributions (The Relaxation Potential
Model, RPM)ll. Prediétions based. on (4) are more successful becaﬁse_
the relaxation contributions are relatively large  (about 10% of the
‘nuclear.potential effect) an8l are dependent on molecular complex-

Il

ity. In a series of similar molecules with similar numbers of

atoms (e.g. CX, molecules) the relaxation contributions are likely

4
to be similar and the binding energy shiftslﬁayvbe obtained directly
from the computed changes in nuclear patential which arise from sub-
stitution because the‘errorsvinvolved in the neglect of relaxation
effectarwill'be~small. Chemically.iﬁterestihg studies, however,
usually invblve interchangiﬁg substituents of-various‘typé and com-
plexity on thé same fraﬁework with a reéulrant variationlin mélecular‘
size. .In subh cases»the'relaxatiah éffecﬁs can be substantially
different from one molecule ro another (perhaps as much as 2‘ev.or
‘more) and apparent binding energy shifts wiil not directly reflect
the effect of‘a subsfitueat 6n the nuclearvpotential_at the atom
,ﬁnder observation but rather the:combined'efféct of this change in
nﬁclear potentialland fhevChange'in-relaxarion properties of the
molecule (aﬁd its ion)»relative to>those'of rhe-séries prototype;

" The relationship betweeh RPM atomic botentialsll with obsérved
binding energies are plotted in Figuré 4 using'an arbitrary potential
séale; Predicted and.calbulated AEB shifts reiative to‘HCCH are
shown in Figure 5.° The agreement»is-quite good and the points are
in good,agraement7With the line of unit sloPe in Fig. 5. ‘As ex-

- pected GPM predictions were considerably less successful than RPM
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prédictions and are ncttsnown graphicaily although -the data is
given in the Tablé; ‘Altéfnative predictions from calculated
atomid charggs aré not nearly*és successful as either GPM or RPM
-models énd considerable scatter resulted when such charges. were
plottéd against binding energy shifts; CNDO and similar approxi-
mate methods are not likely td pro?ide'good'estimations‘of charge
hence the lack of agteeﬁent is not»sutprising.

‘Both GPMtand RPM CNDO modelsll predictnthe diffefences in C

1s

binding energies between CF_ or CH3 and acetylenic carbon atoms

3
quite well for both fluorocarbons and for CH3CCCH3. The predicted
separations,arégbeét forvthe‘relaxationtpotential mbdel'but are rea-
‘snnably good for the GPM’model, which iS not ton surprising because
‘différenqgs in‘atomic potentiéls of atoms in the same moléculé are |
ptobably more accurate as a fesult of canceilation of errors inher-
ent to the model. tSince the RPM model accounts for changes in both .
atomic potentiai and the relaxation contribution it is nOt too sur-
prising, pérhaps, tnat_this'model provides‘n better prediction of |
ébserved‘shift. |

The predicted shifts and separations support the assignmenté

for CF,CCCH CF,CCH, CH,CCH and CH,CCCH, made above. Notably the

30CCH g CFLCH, CH, 3CCCH3 _
calCulations_suppOrt‘the assignment of'CH3 ClS to the,peak of higher
binding energy in the latter providing the best .independent support

for the assignment preferréd above. Some comment on the calculations

and assignments in CH,

prisingly large differences predicted'between‘the_two acetylenic car-

CCH is however warranted because of the sur-

bon atoms in this molecule. Calculations with either the GPM or RPM
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models using CNDO methodology support the assignment of the highest

binding energy peak as -the-ClS 3

of CH ;-sThis is the peak which. appears
as a shoulder tthigh binding energy and'can,be easily extracted by |

. deconvolution techhiques. The trend_in CH., and C=C C binding ener-

3 1s

gies with substitution (vide infra) is in'agreement with this assign-

ment. The calculations, however, suggest that there is a substantial
difference in Cl.'energies, of the order Of 1.7 ev, of the two
different acetylenlc carbon atoms w1th the carbon bearing the 51ngle

hydrogen appearing to lowest binding energy regardless of the model

or.whether the pp' or point charge approacheS'are u'sed]Il No firm

experimental evidehce is available.to suggest that the observed Cis

11ne -should be separated into more than the methyl C blndlng energy

1s
peak of unlt area and an acetylenlc carbon peak of twofold area ratio
but the double area peak-can be divided into two equal_area.compoh—_
ehts by deconvolution procedures. Alternatively, the uhit'area peaks

at high binding énergy obtained ih both analyses mighthhe more suitably
associated with the EC—H'acetyienic carbon, sinee the predicted sep—
aration of CH, and CH,-C €

assignmeht is in conflict with the binding energy predictienS‘ suc-

lines is very small (<0.5 ev) , fThat

cessful in all other molecules discussed herein and in numerous other

‘cases 11 which clearly give the CH3 Clq binding energy . the highest

- and the =C-H C binding energy ‘the lowest Value 1n keeplng 'with

1s
our favoured a551gnmenth’ Perhaps the CNDO method fails to estimate
the carbon potentials correctly-ln CH3CCH, which is an unsymmetrical
“molecule, but it is dlfflcult to accept such a fallure when similar
calculations on CH CCH do not 1nd1cate a similar dlfference between

3

the acetylenic carbon atoms. Furthermore, the experlmental evidence
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also indicates nbvgreat differences in acetylenic Cls binding ener-

gies in either CF3CCH or CH3CCH. In!thelease of CF3CCH computed
atomic potentials (GPM) and relaxation energies'bf each acetylenic
carbon atom are Very similar and the resultant binding energy differ-
ence between these carbon atoms is very much smaller than resolution
capability whereas we might have naively expected a larger difference
between the acetylenic carbon atoms in this case because of the
greater.electron withdrawing effeet.of the,.CF3 group. ‘In contrast,
the potentials (CPM)'at'eachbcarbon atom in CH,CCH are substantially
different, predicting that binding energies decrease in the order
CHy > CH,C= > =CH with 0.8 - l.Otev difference between each type of

carbdn. Furthermore, the relaxation energies for the potentially

different acetylenic carbon atoms of‘CHvCCH are substantially differ-

3

4+ 16.34, for CH,CZ, 15.88 and for ZCH, 16.73 ev) in

contrast to the nearly identical relaxation energies obtained'(ER

ent (ER for CH

for CF C=, 16.40 =CH 16.73 ev) for the acetylenic earbon atoms of -

3

CF,CCH. Thus . for CHBCCH one acetylenic carbon atom has the smallest

and the other the largest relaxation energy with the relaxation energy

of the carbon atom in the methyl group_possessing an intermediate value.

B

order CH, >ACH395 > =CH addition of this unequal relaxation contribu-

tionitends to make the difference between the EHB and the CH3QE binding

Since the potentials increase (and thus predicted E, decreases) in the

energies smaller than the potential (GéM) result alone would prediet
and simultaneeusly‘makee therdifference between'the two types of acety-.
lenic earbenvatoms greater tnanithe potential model enggests. The re-
sult is a'sﬁggestidn of'possible_resolntion_which is:not experimentally.

observed. It would be of interest to reinvestigate theicls-spectra of
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: CH3

two acetylenic carbons are indeed as- different as .indicated by com-

CCH under'Significantly greater resdlutioh'té establish if these

putation, however we suspect that thé résult is an_értefact of the
computational model aﬁd true‘relaxation effects are distributed more
"evenly. throughout thelmolecﬁlé. | |
‘The relaxation energies (ER)_givén_in Table 1 which are esti-
matéd from equation (2) illustrate the vafying conﬁributiOns from .
the different-types of carbon and the_influénde of molecular complex-

ity. It is notable that the'rangé of Ex for a given type of carbon

is nearly l'evfeven within the limited series 6f molecules considered
‘herein, indicating the necéssity for including felaxation contribu-
tions in any prediction of binding enefgy_shiftsrés concluded .above.
Also notable_is'the larger-magnitude of relaxation contributions from
the acetylehic portion of the molecule compared'to either’the CH3

or CF3 portions of the molecule, the difference being about 1 ev.

Furthermoré, relaxation contributipns\to thé acetylenic Cls binding
energy of the substituted acetyleneS'are about 1 ev largér than for
‘acetylene itself. All these differences serve to eﬁphasize the ne-
‘cessity for including relaxation effects in predictions of binding
_energies'since'relaXatiQn effects appear'to contribute‘a signifiéant
proportion ofﬂthevobserVed-shifts.'~It is‘nofable that the grOuhd
po'tent'ialvmo‘de_'lll suggests émaller differences than are observed for
CH3 substitution and larger'differences than are observed for CF37
'substitution Whereas the felaxation modell; predictidﬁs are closer
té the observed shiffs. The:gffidacy of tﬁe relaxation model pre-

sumably arises from the ability of this model.to account for the dy-

namic pola:ization‘effects‘(electron‘relaxation) followingﬁphdtof



“19- ¢  DBL-2041

_ioniZation'from»inner core levels. These,relaxatioh contributions
obviously very'with'the complexity.of the molecule and may therefore
provide a means of establishing atomlc and/or groups polarlzabllltles.
which might be lmportant for the understandlng of chemical react1v1ty
‘51nce,electronlc reorganlzatlon effects are undoubtedly important
in the formation of a transition state. It is important to empha-
size thet these relagation energies are not directly measurable guan- .
tities since;We'canhot-observe photoionization to the unrelaxed ion
with a'core.electron QeCancy.' }

In the present case it seems that replacement of H by CH,; or CF3
.in acetylene inCreases the relaxation contribution of the acetylenic
portion .of the.molecule (and also the relakation contribution of the

CX, portion of the molecule vs the CX4 precourserll) presumably as a

3
result of greater redlstrlbutlons of electron den51ty follow1ng photo-
exc1tatlon in the substituted molecules. There is however no clearly
defined assocratlon of the relaxation energy differences with changes
of substituent and it is probably unreasonabie to expect that these
effects can be_exclusively aéportioned to segments of the molecule
since_thenehtire molecule is probably involved in the dynemic‘elec—
.tronic'redistributions which are described:crudely by the relaxation .
process.. It wouldhbe of ihterest however tohihvestigate the utility
of this model withfregard to further understanding-of intramolecularA
relaxation ahd its importance in chemical'reactiVity? ‘Furthermore,
it is clear'that the observed binding energy shifts include relaxa—.

tion effects (arising- from dynamlc electronlc redistributions) as

well as a Stath contrlbutlons ar151ng from the modification of
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or groups with different inductive effects on the molecular frame-
work, the actual binding energy shiftsathemSelves may be of great
importaﬁce in the study of substituent effects on chemical reactivity.

Summary and Conclusions:

¥

Substitution on CF, on an acetylene framework induces a shift
in binding energy of the’acetylenic.carbon to higher values whereas

substitution ofeCHB’induces a shift to lower E. values. Although

B

these shifts are in keeping with the trend expected from a consider-
ation of changes in nuclear pqtential at_theiacetylenic carbon atom
‘as avresult of substitution of electron withdrawing (CF,) er electron
doﬁating (CHB),Substituents, it is'cleaf that the relaxation energy
makes substantial conﬁributiqns since the shifts and separations

are better predictedfbyva model which includes.corrections for the
reléxation effects. A correlationjdiagram (Fig. 6) illuétrates the
trends propesed. It is berhepe sufpriSing that_the effects of methyl
.substitution'ére as large'as indicatee‘and it must ‘be remembered ﬁhat
alternatiVe assignmenfs (Which are however nqt-supported by the CNDO
predictions or experimental evidencej,could_be made which would
.destroy_or”deemphasise the trends. vThe‘aSSignmeﬁts appear to be
correct and serve to emphasize_ﬁhat'substitﬁtibﬁ may‘have:an'un-
expectedly iarge effect_whieh is only partly related to the groﬁnd
'state.behavioﬁr bf the~mplecule since_there'is a significant eontribu-
tioﬁ fo the observed binding energy-shiftsfffom the_electronicv
‘structure of the ion which is in general different from that of

'fhe'molecule. These relaxation effects, which arise*from rearrange-
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'ment of eXtranuclear electrons folIOWing pho£oionizatioh, appeaf to
reflect atomic and/ordgroup polarizabilities in the molecule. -Théy
are not at preseﬁt clearly séparable,into group Oxr étomic contri-
'butiohs. The RPM modél ap?ears to account_rather.Well for the ob-
servéd'shifts because it accounts for electfonic reorganizations in
the molecule. The suiprisingly largé differences in calculated po-
tentials in CH4CCH which afe hot paralleled in CF3CCH.is desérving
of further investigation since they may be an artefact ofifhe‘compu—

tational model,

Acknowledgements

I:wouldAlike to thank Dr. Jaék.Hollander and Dr. D. A. Shirley
and the Lawrence Berkeley Laboratory for Eﬁeir hospitality( support
and the 0pportuni£y to use the -electron séectrometer. Thanks are
due to D. A. Shirléy,'D. Wf_Dévis} B.VE.'Mills ahd R. A. Pollak. for
éssisﬁance'and for.both.exberimental and‘théoretiéal instruction in
the techniqueévof,eleétfqn spectroscopy. Finally I am graﬁeful to
the Univeréity ﬁffAlberta for gene#ous sabbaficai ieave support

from July 1971 to July 1972.



l.

’ 2 o

22— . : LBL-2941.

- References .,

On leave from the UnlverSLty of Alberta, Edmonton, Alberta,

Canada (1971- 1972)

“(a) K. Slegbahn, C. Nordllng, G. Johansson, J. Hedman, P. F.

Héden, K. Hamrln, U. Gellus, T. Bergmark L 0. Werme,

R. Manne and Y. Baer, ESCA Applled to Free Molecules

I(North Holland Amsterdam, 1969)

(b) J. M. Hollander and W. L. Jolly, Accounts of Chem.
Research, 3, 193 (1970).

D; A, Shirley,‘Advances_in Chemical PhYsics (ed. L'Rrigogine'

and S. A. Rice), Wiley, New York (1972) Vol. 23, p. 85.

(a) J. M. Hollander, M. D. Holtz, T. Novakov, R. L. Graham,

Arkiv Fysik, 28, 375 (1965).
(b) T. Yamazaki and J. M. Hollander,'Nucl. Phys;, §£, 505

(1966) .

(a) C. S. Fadley, G. L. Geoffroy, S.-B.‘M.-Hagstrom and J.

‘M. Hollander, Nucl. Inst. Methods,'gg 177 (1969).
(b) cC. S Fadley, Ph. D. Thes1s, Lawrence Radlatlon Laboratory,

Report URCL 19535 (1970)

'The modlflcatlons are descrlbed by D. W Dav1s,vPh D. TheSlS,

Lawrence_Berkeley‘Laboratory, 1973 (Report LBL—l9OQ),

Developed by C. Lederer, Lawrence’Berkeley Laboratory. Functions
‘are described in refs. (5a) and (6).

- J. Hedman, A. Berndtsson, M. Klasson and R. Nilsson, J. Elect.

Spect., 2, 295 (1973).



lo_a :

11.

12..

-23~ . 1LBL-2041

T. D. Thomas, J. Chem. Physics, 52, 1373, 1970.

E. S. Gould, Mechanism and Structure in Organic Chemistry,

Holt Rinehart and Winston, New York (1959).

D. W. DaviS'ana.D. A.-shirléy,.J; Elect. Spect., 3, 137
A1974) . | | B |

W. L. Jolly and D. N. Hendrickson, J. Am. Chem. Séc;; 92,
1863 (1970). D. A. Shirley, Chem. Phys. Letts., 15, 325

(1972).



--[V(Z)] ~wizen )~z v(z>+ U (2+1)} P (2+1)-3V(2) 8E, (cale) LEy(cale)

TABLE 1

CALCULATED' AND EX?ERIMENTAL BINDING ENERGY VALUES

o oo

Values are re}iéble_to about +0.05, ééparations to +0.02 ev, -
Gaussian full width half-maximum . - '
Unit area peak

This parameter fixed throughout series .

Area of peak is 2 units,. fixed relative to unit area peak
Bxperlmental difference

-pC-

a b AEB(exp)
Atom RPM Eg : (GPM) (RPM) (FWHM) av
Molecule Type . - ev ev ev ’ ev ev ev. ey vs HCCH
HeeH . czc 89.27  120.42 104,85 15.58 0 0 291.14(1.28) 0
cHy 88.23 121.27. - 104.75 " 16.52 +1.04 +0.10 '291.30(1.13) +0.18
' cH,CCCH czc 89.36 123.14- 106.25 16.89 °  ~0.09  -1.40 290.03(1.27) -1.06
" \separation | - O (113) . (1.50)  (1.27) -
CH, 88.10 120.78 104,44 16.34 +1.17 +0.41  291.7,%(1.16)% 291.7,5(1.17)  +0.63 +0.63
 -cac- 98,93 120,68 104.81 © . 15.88. $0.34 40,04 291.0,5(1.16)¢ _ -0.07
cugecn { separation . - (0.83) (0.37)  {0.70) 290.7,5(1.45) -} -0.41
-czcH 89,86 123,31 106.59 16.73  =0.59  ~=1.74 290.4,°(1.16)% -0.74
Separation ) ' - (0,93)  (1.78): (0.57) (1.04) - -
CcFy 79,73 111.74 95,74 16.01 +9.54 49,11 299.94(1,19) +8.84
cz¢ 86.07 120.95 103.16 17.09 +3.20 +1.69  292.7,(1.33) +1.59
CF3CCC?3 . .
oo Separation - o . . - - (6.34) (7.42) (7.25) -
E 250.49 300,32 275,41 - .24.92 - Co- 694.5,(1.83) -
CFy 80.41 111,99 96.20 15,79 +8.86 . +B.65  299.7,(1,28) , +8.56
czcH 87.50  120.29 103.90 11640 +1.77 +0.95 _
' - : , S : o ' 292.2,(1.45) +1.10
CF 5CCH czCH. ~  87.47 120,55 104,10 16.63 +1,80 +0.75) » .
. [sep cFy-cclavg) .- ‘ N (7.08) " (7.80) -(7.46). -
' E 251,17 300.65 275.91 24,74 ' = 694.7,5(1.86) -
'Fluorlne Ey
shift (CF CCH— 7
- CF4CCCF, j o : ' _
3 4 - (0.68) . (0.50)  o0.21f -

Iv6c~191
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Figure.CaptionS

4

Fig. i;' Ga;.éhase speCtrgmzof'CF3CCCF3 énd CF3CQH atvpreséures of 40 and
abouﬁ 60 U reépectivél?. The'experiméntal data is showh as point
symbols k+) ana the calculated‘spectrum using a,Gauséian line shape
function is shbwn AS a .solid line. Satellites Qf MgKa radiation are shown

: dn Calcﬁlated line sﬁapes and are subtracted from éthef_components

wheré necessary. Thé corrected binding energies were.obtained from
calibratiqn-with Argén as dgscribed in thé text.

Fig. 2. Observed and calculatéd eiectroﬁ.spectra of_CH3CCCH3 and CH3C¢H

V obtained at an ekpeximental pressure of about 50 M. Observe@ data are

given as‘point‘symbois (+) with the vertical height of the symbol
indicating the relative error of the meésurement. Computea linéshapes
were derived assumin§ a Gauséian line shape function.witﬁ total area
ratios fixed as‘indicated. The corfectea energy .scale was obtained by
calibration with an-intimate'migture of argbn as described in thé'text;

Fié. 3.' Valenéé level spectra bf HCCH ag a preSsure'of 100 y ekcited with
MgK raaiation.l Experimehfél data are given by point symbols (+) with
the vertical height'of.the symbol reflecting the errof in the' data.
Linéshapes were fitted with‘Gaussian functioﬁé'and satellite peaks‘were
subtracted és indicated. The correéted‘energy scale was obtained by
éalibration:wifh Arg§n; |

‘Fig. 4{ .Binding Eﬁefgy‘(Egs'Yg_tﬁe'nuqlear pOtential correéted fbr relaxation
cbntributiohs._ The‘péints correspond to the molecule and atom indicated.
The point‘3d repfésents_the:average of the computed potential of the two

acetylenid carbon atoms in CH,CCH ﬁlottéd against the experimental C

3 1s
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binding energy obtained if these.carbon atoms. are considered to be
indistinguishable. The line represents the_best_straight line fit to
the data using the point 3d rather than 3b. and 3c for CH,CCH.

Fig. 5. Predicted and observed binding energy shifts relative to C, o ©Of HCCH.

The line is constraihed to unit slope. Point 3d repfesénﬁs the average
gomputed'éhift of the two acetylenic cafbon atoms in CH,CCH and is
ébmpared to the experiﬁental'binding gnergy shiftvobtained'for
indistihguishahle carbon atoms.

Fig. 6.- A correlation of C s bindiﬁg enefgy with carboh environment. Two

1

alternatives are shown for CH3CCH (a) the case where acetylenic carbon

atoms are considered.indistinguiShablé'and fitted by oﬁe Gaussian peak
of two fold intensity and (b) the less defensible case where two Clé
energies have been ext;atted from the two fold area peak above'by line

shape analysis. Either alternative is compatible with a regulaf

correlation with substitution.
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