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ABSTRACT 

1 
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._ .-'"t-.. ~ 

. . 

Carbon ls binding energies have been measured for CH 3CCH, 
CH3CCCH3, CF 3CCH and CF3CCCF 3 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 CF3 groups shifts the acetylenic Cls bind­
ing energy from 291.2 (HCCH) to 292.2 in CF 3 CCH and 292.7 ev in 
CF3CCCF 3 perhaps as a result of electron· withdrawal by the CF 3 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 iesolution, .it appears that acetylenic Cls bind­
ing energies decrease (to 290.7 (avg.) in CH 3CCH and to 290.1 ev in 
CH 3 CCCH 3 ) upon replacement of H by CH 3 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 
CH3 groups are electron donating with respect to unsaturated por­
tions of ~~e molecule, the magnitudes of the decrease are much 
larger than would be expected from ground state electr"onic polari­
zations and it is suggested that electron rearrangemerits (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
en~e in Cls binding energies of the two acetylenic carbon atoms in 
CH 3 CCH which is not verified experimentally nor: mirrored by calcu­
lations on CF 3 CCH. The CH 3 binding energies are 291.8 ev in CH 3CCH 
and 291,3 ev in CH 3 CCCH 3 both higher than values assigned to CH4 or 
C2H 6 • The success of rel~xation corrected CNDO potentials in in­
terpreting shifts over uncorrecfed potentials or charge calculations 
lends further support to its utility. 

* Work performed under the auspices of the U. S. Atomic Energy Commission. 
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INTRODUCTION 

It is now well established that core photoelectron spectros­

copy (known as ESCA or XPS) 2 ' 3 provides, ·in the form of chemical 

shifts of the apparent binding energies, information about the 

changes of the electronic potentials of atoms accompanying sub-

stitution. The most definitive results are obtained on gaseous 

molecules since in this ca~e the conservation equation 

(1) 

(where hv is the energy of the incident photon, Ek. the kinetic 
1n 

energy of the ejected etectron and EB the apparent binding energy) 

is obeyed exactly. Surface effects, charging and contact potential, 

effects which can obscure the variations between molecules do not 

apply. Since the gaseous sample leaks out and must therefore be 

continuously replenished, the effect ofX-ray Jnduced decomposition· 

following the photoionization process·is also eliminated. 

Recent contributions to the understanding of the significance 

and utility of the resultant apparent binding energies obtained by 

core photoionization studies suggest that they can be analysed in 

detail to provide chemically useful information. Furthermore, the 

surface dominated nature of ESCA suggests considerable application 

to the study of catalytic processes on metal surfaces and the be­

ginnihgs of such applications have been ~eported. It is. essentia~ 

for such studies· to know the detailed characteristics of the free 

molecule and we have accordingly embarked on a study of core arid 
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valence -electron spectroscopy of simple molecules which are of 

importance as organomet~llic ligands or in catalytic processes. 

We report herein core-electron spectra of some acetylenic mole­

cules. 
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· Experimental 

Materials: .The compounds CF3 CCH, CF
3

CCCF
3

, CH
3

CCH, CH
3

CCCH
3 

were commercial materials which were used without purification 

since checking for impurities by both photoelectron spectroscopy 

and j..nfrared spe.ctroscopy indicated that the materials were great-

er than 98% pure. 

Instrumentation and data processing: The spectra were obtained 

on the Berkeley Iron Free spectrometer described elsewhere 4 ' 5 . In 

the.present studies the X-ray tube was modified6 to seal it from 

the sample compartment and to allow independe~t pumping of the 

tube chamber. This modification prevented contamination of the 

X-ray tube by sample gases and permitted. longer periods of operation ' . 

with good X-ray intensities. 

In all cases spectra were obtained with Mg K radiation with 
. a 

the sample gas contained in a ce115 at pressures of .the order of 30-

100 microns. No pressure dependence of line position (kinetic energy) 

was found. Data was collected as described elsewhere
4

' 5 ~nd analysed 

7 by means of the program SUNDER • The experimental data were fitted 

to Gaussian and Lorentzian line shapes characterized by full width 

at half maximum (FWHM), position and tail parameters.Mg K satel­
a 

lites and background were subtracted be£ore deconvolution into com-

ponents was attempted. . The quality of the fit was evaluated by compar'"7" 

ing the weighted sum of least square·residuals ()( 2 ) and in general 

the Gaussian function provided a marginally 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 

tion against the Ar 2p
312 

line . 8 at 248.62 ev • 

LBL-2941 

argon for calibra-

No significant 

differences in line shape were observed fn the mixed gas experi-

ments. In some cases gases were also calibrated against Neon with 

comparable results to those obtained with Argon, but all numerical 

values quoted ·are obtained with reference to Argon. Line positions 

are reliable to to .1 eV and separations resolved peaks on the same 

scan are probably good to better thanto.os ev. 
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Results 

The results are listed in Table 1 including corrected bind-

ing energies (vs Ar 2p
312

, 248.62 ev), FWHM and relative intensi­

ties of all peaks. In the case of fluorocarbons, the fluorocar­

bon c1 s -peaks were well separated from the c1s lines of the hydro­

carbon moiety. The low re~olution of the measurements prevented 

clear distinctions between the different types of carbons in the 

case of the hydrocarbon molecules al,though 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
3

CCCF
3 

There are two c
1

s lines due to the acetylenic and fluoro-

carbon moieties separated by 7.25 ev with the acetylenic c1 s line 

appearing to lower binding energy than the CF
3 

line and both are 

clearly resolved. The fluorocarbon line is substantially narrower 

than the acetylenic c
15 

line although both peaks enclose nearly 

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

cule contains equal numbers of atoms of each type. 

CF3CCH The fluorocarbon c
1

s _peak is well separated from the acety-

lenic carbon peak ( 7. 45 ev) with the acetylenic carbon peak appear­

ing 'to low binding energy. Although the acetylenic carbon peak is 

broader than the fluorocarbon peak and it is _tempting to associate 

this width of acetylenic carbon with the fact that two kinds of 

acetylenic carbon atoms are present, such a procedure cannot be 

justified because the-identical acetylenic carbons in CF 3CCCF3 
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also give rise to a peak which is broader than the c
1

s peak of the 

fluorocarbon moiety. The comparison of the ratio of the widths of 

acetylenic c 1s/fluorocarbon c
1

s which is 1. 22 in CF 3cccF 3 and 1. 20 

in CF3CCH indicates clearly that two kinds.of carbon cannot be 

distinguished in the acetylenic c
1

s line of CF3CCH. The very small 

predicted difference between these two carbons (vide infra) supports 

the experimental indistinguishability within experimental error, the 

areas of CF/C t 1 . carbon types are 1/2 in agreement with the ace y en1c · 

molecular formula. 

CH 3CCCH3 There are two carbon environments clearly indicated in 

the spectrum although the resolution is incomplete (Fig. 2). The 

spectrum can be separated into either (a) 'two components of equal 

area but differen-t width (FWHM values 1. 27 and 1.13 ev respectively) 

or into (b) bvo components of equal width in which case each com-

ponent peak has a different area -(Ratio 0.80/1). Comparison of the 

quality of the two analyses based on the weighted x2 .values indicates 

that ·a marginally better fit is obtained from the fixed FWHM analysis.· 

When both FWHM and area were allowed to run free, no satisfactory 

solution was obtained. Since neither the data nor the analysis prq-

·cedure indicate clearly whether fixed FWHM or fiked area are pre­

ferable we select the solution in which the .relative areas are con-

strained tobe equal reflecting the equality of the numbers of each 

type of carbon in the molecule·in preference to the alternative 

with no significant sacrifice of the x2 criterion. The solution is 

then consistent with that of the perfluorinateO. analog, CF3CCCF3 • 
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CH 3CCH The presence of different carbon environments in this 

molecule is indic.ated. only by the asymmetry of the c 1s peak (Fig. 2) 

but it is possible and justified by the facile resolution of the c
1

s 

peak of CH
3

cccH
3 

to divide this asymmetric peak into at least two 

·components of 1:2 intensity r·atio. Since the carbon types are hot 

clearly distinguished experimentally, the major emphasis was placed 

on a deconvolution with a fixed 2:1 ·area ratio in keeping \'lith the 

atomic ratios within the molecule. This procedure gave two peaks 

with a separation of 1.14 ev and different width. The narrowest of 

the peaks (FWHM 1.12 ev) is the unit area peak which we will assign 

to the methyl carbon. On a more speculative level resolution of 

three equal area components (at equal FWHM)· gave an equally good 

fit to the data and preserved the area and position of the previously 

extracted unit area peak which we wish to assign to the methyl car-

bon. A good three component deconvolution resolution was achieved 

with only fixed FWHM throughout. Attempts to allow free FWHM for 

the acetylenic carbon gave nonsensical results. The positions of 

all three components are ·in reasonable, but not exact, agreement 

with predictions. 

Acetylene: The core and molecular orbital spectra of the simplest 

molecule of the series 'Vlas reinvestigated and the resultant energies 

fou"nd to be in good agreement with those published else\.;here9 • The 

valence level spectra. were of significantly better quality (Fig. 3) 

than those obtained elsewhere9 · as a result of the modifications to 

the system which improved the lifetime of the X-ray tube in the 

presence of gases. It is notable however that the weak 1T orbitals 
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were sti.ll not observed. The. c
1

s binding energy obtained herein, 

291.14 ev (calibrated vs Ar 2p
312 

which has been revised recently
8 

.to 24 8 • 62 ev) is in excellent· agreement .with the earlier value 
. 9 

(291.2 ev) . The valence band levels are found at 23.33 and 18.59 

. . . . . d h 9 ev ~n/agreement w~th 23.5 and 18.-5 reporte by T omas The two 

peaks have respective re1ati ve areas of 1.106/1 and FWHM of 1. 53 

and 1.91 ev respectively when fitted to a Gaussian line shape 

function. 
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Discussion 

Carbon (ls) Apparent Binding Energies: 

Assignments are straightforward in the cases of CF
3
cccF

3 
and . 

cr3ccH. The low binding energy c 1s lines are ciearly the acetylenic 

carbons and the higher binding energy lines are due to the c
1

s of 

the fluorocarbo~ fragments in keeping with the expected shift of 

c 1 s to higher binding energy as a ·result of electron wi thdra~..,ral 

from carbon by fluorine. In both fluorocarbon molecules the acety-

lenic carbon binding energies are also.shifted to higher binding 

energy values (about 1. 0 and 1. 5 ev for CF 3ccH and CF 3cccF 3 respec­

tively) relative to the binding energy in th~ parent HCCH molecule. 

This shift to higher binding energy is expected as a result of the 

electron withdrawing ability of the CF 3 group which increases the 

positive charge on the acetylenic carbon atoms. 3 It is notable that 

two CF 3 groups are not twice as effective as one indicating that 

such substitutional effects are not directly.proportional to the 

number of substituent groups. This "saturation of substituent 

effect " is probably a major reason for the difficulty of creating 

unique substituent contribution scales. Exactly.proportional effects 

are not to be expected if we consider that the single CF3 in CF 3CCH 

is able to withdraw electron density from two acetylenic carbons 

(and appears to do so since the two acetylenic carbons in CF 3ccH · 

are indistinguishable), whereas the two CF 3 groups in CF3 CCCF3 must 

compete with each other for the electron density available on the 

acetylenic carbon atom and must therefore be iridividually less success­

ful at VJithdrawing electron density. All competitive effects are 

likely to behave in a similar fashion. 
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Assignment'of C bindi'ng energies in the·hydrocarbons is . ls 

less straightforWard because the shifts are not sufficientto 

provide complete resolution under the limitations of soft X-ray 

excitation. However there are clearly two different carbon peaks 

in CH 3cccH 3 which can be easily separated by curve fitting tech­

niques. The resultant two peaks, constrained to have equal areas 

in the absence of evidence to support any other desirable constraint. 

can be assigned in two possible ways: (a) the lower binding. energy 

component at 290.1 ev can be assigned to the acetylenic carbons and 

the higher at 291.3 ev to the methyl carbons or (b) the reverse 

which gives the acetylenic carbon a slightly higher binding energy 

than for acetylene itself. 

We prefer the former assignment for a variety of reasons, 

none of which are unfortunately very substantial. The peak at 

higher binding energy is narrower than that at lower energy and 

since the acetylenic peaks appear to be. broader than either fluoro-

carbon or saturated hydrocarbon peak~., we prefer to associate the 

broader, lmver energy peak to the c:::c g.rouping. 
. 9 

Further Thomas' data 

suggests that replacement of H by CH causes a shift to lower bind-
3 

ing energy (i.e. opposite to the effect of CF 3 above) thus c:::c in 

CH 3'cccH3 should have lower binding energy than in acetylene as 

suggested by assignment (a)~ The c:c group is thus acting to with~ 

draw charge from the CH 3 group and causes a shift to higher binding 

energy since the c 15 binding energy of the cH
3 

group in CH 3cccH 3 is 

larger than in CH4 under assignment (a). This is in keeping with 

chemical expectati·on10 and the trends established elsewhere9 , however 

it does not permit this work to independently in4icate trends of 
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chemical 'interest. Furthermore it must be pointed out that the 

linewidths obtained for this mol-ecule may be artefacts of the data 

analysis .and not _genuine. Also of concern is the fact that the 

estimated relaxation eriergies change substantially from CH 4 to a 

CH 3 group and from HCCH to a substituted acetylene hence it is 

questiqnable whether the data for a. substituted molecule can.be com-

pared with the parent. Fortunately, hO\vever, calculations of changes 

in atomic potential and relaxation effects using the CNDO model (vide 

infra) also support assignment (a) and in fact provide the most sub-

stantial support for our assignment. 

The final assignment to be made, that for CH 3CCH, is the most 

difficult 'of all because the differences in carbon shifts are the 

smallest encountered and up to three carbon environments must be con-

sider~d possible .. A shoulder on the high binding energy side indi-

cates the presence of a distinguishable component in the major peak 

and a peak can be easily extracted by curve fitting procedures. We 
. 

have constrained this peak to unit area and assign it to the CH
3 

car-

bon atom following the assignment made above for CH
3

CCCH
3

• Thus this 

unit intensity peak which possesses a relatively narrow linewidth 

gives a consistent shift of CH 3 c 1s binding energy to a higher value 

than: that for CH
4

, a result·which is consistent with donation of 

electron density to the unsaturated part of the molecule by the CH
3 

d f 
' 10 group as suggeste above or cH

3
cccH 3 and also elsewhere The 

same arguments therefore result in a compatible assignment of both 

CH3 CCH and CH
3

CCCH
3

. The re~aining area of 2 units in the peak can 

only arise from the two acetylenic carbon atoms in cH 3ccH. The in­

distinguishability of the two acetylenic carbon atoms in CF 3CcH noted 
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· above however suggests that there may· not be any justification for 

making a distinction between the·different acetylenic carbon atoms 

in CH 3ccH· and we. should proceed no f~rther with peak deconvolution 

procedures. Since the potential model calculations discussed below 

do indi.cate a large and possibly distinguishable difference between 

these two acetylenic carbon atoms in cH 3c~, deconvolution of this 

two fold intensity component into two unit area components which 

could therefore be associated with each of the acetylenic carbon atoms 
/ 

was successfully attempted yielding three equal area (intensity) pea,ks 

in reasonable positions but only when linewidths were constrained to 

be equal to that of the CH 3 group peak (Table) and therefore the 

separability of the components may not be real. One of ·the resultant 

three peak·s corresponded identically to the peak extracted from the 

high binding energy side during the analysis discussed above in which 

the area ratio 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 atoms can be assigned to the two 

components of lower binding energy thus providing a consistent assi.gn­

merit within the hydrocarbon series. The separation of the two c 1s 

binding ener.gies obtained in this manner is in fair agreement with 

the ·calculated (CNDO) separation. Since no inflections were observed 

in the two fold intensity portion of the peak, it is difficult to 

justify the reality of the two acetylenic c 1 s values obtained by 

curve analysis and the results of the deconvolution procedure may 

not correspond to reality. The results of the second analysis should 

be treated ~ith scepticis~~ 
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CNDO Potential Model Calculations and Predictions of Shifts 

In a series of selected mol~cules of.this type the magnitudes 

of atomic pbtential changes cannot be evaluated from qualitative 

considerations of atomic number or oxidation state. Thermochemical 
. ' 

approaches, although elegant and useful, are difficult to apply to 

complex molecules because of limitations .to the available thermo-

dynamic data. It is therefore useful to have a method of estimating 

nuclear potentials which correlate with observed binding energies 

and such a method has been described by Davis and Shirley11 utiliz-

ing a slightly modified CNDO approach. Relaxation effects can be 

estimated by the simple technique of exchanging the central core for 

11 ·the element of one higher unit of nuclear charge whereupon the re-

laxation energy is given by 

ER = 1/2 V(Z+l) - 1/2 V(Z) (2) 

where V ( Z) is the calculat.ed atomic potential for the nucleus of 

charge z and V(Z+l) is the resultant poten-tial obtained upon substi-

tution of the nucleus of Z+l charge in the molecule following the 
. 12 

"equivalent cores'' approach ~o relaxation potential calculations. 

Binding ~nergies can be predicted relative to a standard from either 

the change in nuclear potential: 

liE = -LlV(Z) 
B 

(3) 

which is the Ground State Potential Model (GPM) 11 or by the more 

accurate relationship 

LlEB = -1/2 V(Z) ~ 1/2 V(Z+l) ( 4) 
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which includes relaxation contributions (The Relaxation Potential 

Model, RPM) 11 • Predictions basedon (4) are more successful because 

the relaxation contributions are re·latively large (about 10% of the 

·nuclear potential effect) ana are dependent on molecular complex-

.·t 11 
~ y. In a series of sim.ilar molecules with similar numbers of 

atoms (e.g. cx4 molecules) the relaxation contributions are likely 

to be similar and the binding-energy shifts may be obtained directly 

from the computed changes in nuclear potential which arise from sub­

stitution because the errors involved in the neglect of relaxation 

effects will be small. Chemically interesting studies, however, 

usually involve interchanging sUbstituents of various type and com-
_J 

plexity on the same framework with a resultant variation in molecular 

size. In such cases the relaxation effects can be substantially 

differefit from one molecule to another (perhaps as much as 2 ev or 

more) and apparent binding energy shifts will not directly reflect 

the effect of a substi tue11:t on the nuclear potential at the atom 

under observation but rather the-combined effect of this change in 

nuclear potential and the change in relaxation properties of the 

molecule (and its ion) relative to those of the series prototype. 

' . 11 The relationship between RPM atomic potent~als with observed 

binding energies are plotted in Figure 4 using an arbitrary potential 

scale. Predicted and calculated ~EB shifts relative to HCCH are 

shown in Figures.· The agreement is quite good and the points are 

in good agreement with the line of unit slope in Fig .• 5. As ex-
. 

· pected GPM predictions were considerably less successful than RPM 

j 



-15- LBL-2941 

predictions and are not shown graphically although.the data is 

given in the Table~ ·Alternative predictions from c.-alculated 

atomic charges are not nearly as successful as either GPM or RPM 

.models and considerable scatter resulted when such charges.were 

plotted against binding energy shifts. CNDO and similar approxi-

mate method·s are not likely to provide good estimations of charge 

hence the lack of agreement is not surprising. 

Both GPM and RPM CNDO models
11 

predict the differences in Cls 

binding energies between CF
3 

or CH3 and acetylenic carbon atoms 

qul.te well for both fluorocarbons and for CH 3cccH3 • The pr~dicted 

separations are best for the relaxation potential model but are rea­

sonably good for the GPM model, which is not too surprising because 

dif:ferenc~es in atomic potentials of atoms in the same molecule are 

probably more accurate as a result of cancellation of errors inher-

ent to the model. Since the RPM model accounts for changes in both 

atomic potential and the relaxation contribution it is not too sur­
/ 

prising, perhaps, that this model provides a better prediction of 

observed shift. 

The predicted shifts· and separations support. the assignments· 

for CF 3CCCH 3 , CF 3CCH, CH 3CCH and CH 3CCCH 3 made above. Notably the 

calculations support the assignment of CH 3 c1s to the peak of higher 

binding energy.in the latter providing the best independent support 

for the assignment preferred above. Some comment on the calculations 

and assignments in CH
3

CCH is however warranted because of the sur­

prisingly large differences predicted between the two acetylenic car­

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 c 1s of CH 3 • This is the peak which. appears 

as a shoulder to'high binding ertergy and can be easily extracted by 

deconvolution techniquei. The trend in CH 3 and C~C c
1

s binding ener­

gies with substitution (vide infra) is inagreement with this assign-

ment. The calcul.ations, however, suggest that there is a substantial 

difference in C 15 energies, of the order of 1. 7 ev, of. the two 

different acetylenic car~on atoms with the carbon bearing the single 

hydrogen appearing to lowest binding ene:r;-gy regardless of the model 

I • h h . . dll or whether the pp or poJ.n t c arge approac es are use • No firm 

experimental evidence is available.to suggest that the observed c1s 

line should be separated into more than the methyl c1s binding energy 

peak of unit area and an acetylenic carbon peak of twofold area ratio 

but the double area peak·can be divided into two equal area compon-

ents by deconvolution procedures. Alternatively, the u.nit area peak 

at high binding energy obtained in both analyses might be more suitably 

associated with the ~C-H acetylenic carbon, since the predicted sep-

aration of CH 3 and CH 3-f_ c1 s lines is very small (<0.5 ev) • That 

assignment is in conflict with the binding energy predictions sue-

cessful in all other molecules discussed herein and in numerous other 

cases 11 which clearly give the CH 3 c1s binding energy.the highest 

and the ~C-H c1 s binding energy the lowest value in keeping with 

our favoured assignment. Perhaps the CNDO method fails to estimate 

the carbon potentials correct1y·in cH3CCH, which is an unsymmetrical 

.'molecule, but it is difficult to accept such a failure when similar 

calculations on CH
3

CCH do not indicate a similar difference between 

_the acetylenic carbon atoms. Furthermore, the experimental evidence 
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also indicates no great differences in acetylenic c
1

s binding ener­

gies in either CF 3CCH or CH 3CCH. In the case of CF 3CCH computed 

atomic potentials (GPM) and relaxation energies of 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 effect of the CF
3 

group. In contrast, 

the potentials (GPM) at each carbon atom in CH 3CCH are substantially 

different, predicting that binding en~rgies decrease in the order 

~H3 > CH3~= > =~H with 0.8.- 1. 0 ev difference between each type of 

carbon. Furthermore, the relaxation energies for the potentially 

different acetylenic carbon atoms of CH
3

CCH are substantially differ­

ent (ER for ~H3 , 16.34, for CH 3~=, 15.88 and for =~H, 16.73 ev) in 

contrast to the nearly identical relaxation energies obtained (ER 

for CF3 ~=, 16.40 =:cH 16.73 ev) for the acetylenic carb.on ~toms of 

CF
3
ccH. Thus for CH 3~cH one acefylenic 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. 

Since the potentials increase (and thus predicted EB decreases) in t~e 

order CH 3 > CH 3~= > ::g_H a~dition of this unequal relaxation contribu­

tion'. tends to make the difference between the ~H3 and the CH 3c:: binding 

energies smaller than the potential (GPM) result alone would predict 

and simultaneously makes the. difference between the two types of acety-

lenic carbon atoms greater than the potential model suggests. The re­

sult is a suggestion of possible resolufion which is not experimentally 

observed. It would be of interest to reinvestigate the c 1s spectra of 
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CH 3CCH under significantly greater resolution ·to establish if these 

two acetylenic carbons .are indeed as· different as indicated by corn-

putation, however we suspect that the result is an artefact of the 

computational rnode'l and true relaxation effects are distributed more 

·evenly.throughout the molecule. 

The relaxation energies (ER) given in Table 1 which are esti­

mated from equation (2) illustrate the varying contributions from 

the different types of carbon and the influence of molecular complex­

ity. It is notable that the range of ER for a given type of carbon 

is nearly 1 ev even within the limited series of molecules considered 

.herein, indicating the necessity for including relaxation contribu-

tions in .any prediction of binding energy shifts as concluded abo~e. 

Also notable is the larger magnitude of relaxation contributions from 

the acetylenic portion of the rnolec.ule compared to either the CH3 

or CF 3 portions of the molecule, the difference being ~out 1 ev. 

Furthermore, relaxation contributions, to the acetylenic c
1

s binding 

energy of the substituted acetylenes are about 1 ev larger than for 

acetylene itself. All these differences serve to emphasize the ne-

cessity for including relaxation effects in predictions of binding 

energi.es since relaxation effects appear to contribute a significant 

propqrtion of . the observed .shifts. It is notable t.hat the ground 

. 11 
potential model · suggests smaller differences than are observed for 

CH 3 substitution and larger.differences than are observed for CF
3 

substitution whereas the relaxation rnode·l11 predictions are closer 

to the observed shifts. The efficacy of the relaxation model pre­

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

namic polarization effects _(.electron relaxation) ·following photo-
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ionization from inner core levels. These relaxation contributions 

obviously vary with the complexity of the molecule and may therefore 

provide a means of establishing atomic and/or groups polarizabilities 

which might be important for the understanding of chemical reactivity 

since electronic reorganization effects are undoubtedly important 

in the formation of a transition state. It.is important to empha-

size that these relaxation energies are not directly measurable quan-. 

tities since we cannot observe photoionization to the unrelaxed ion 

with a core electron vacancy. 

In the presen,t case it seems that replacement of H by CH 3 or CF 3 

.in acetylene increases the relaxation contribution of the acetylenic 

portion.of the 

cx3 portion of 

molecule (and also the relaxation contribution of the 
. . . 11 

the molecule Y.§ the cx4 precourser ) presumably as a 

result of greater redistributions of electron density following photo-· 

excitation in the substituted molecules. There is however no clearly 

defined association of the relaxation energy differences with changes 

of substituent and it is probably unreasonable to expect that these 

effects can be exclusively apportioned to segments of the molecule 

since the entire molecule is probably involved in the dynamic elec-

tronic redistributions which are described:crudely by the relaxation 

process. It would be of interest however to investigate the utility 

ot: this model with regard to further understanding of intramolecular 

relaxation and its importance in chemical reactivity~ Furthermore, 

it is clear that the observed binding energy shifts include relaxa-

tion effects (arising from dynamic electronic redistributions) as 

well as a static contributions arising from the modification of 
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atomic potentials in a molecule as a result o'f substitution of atoms 

or groups with different inductive effects on the molecular frame,... 

work, the actual binding energy shifts-themselves may be of great 

importance in the study of substituent effects on chemical-reactivity~ 

Summary and Conclusions: 

Substitution on CF3 on an acetylene framework induces a shift 

in binding energy of the acetylenic carbon to higher values whereas 

substitution of CH 3 induces a shift to lower EB values. Although 

these shifts are in keeping with the trend expected from a consider­

ation of changes in nuclear potential at the acetylenic carbon atom 

as a result of subs.ti tution of electron withdrawing (CF 3 ) or electron 

donating (CH3 ) substituents, it is clear that the relaxation energy 

makes substantial contributions since the shifts and separations 

are better predicted by a model which includes corrections for the 

relaxation effects. A correlation diagram (Fig. 6) illustrates the 

trends proposed. It is perhaps surprising that the effects of methyl 

substitution are as large as indicated and it must be remembered that 

alternative assignments (which are however not supported by the CNDO 

predictions or experimental evidence) ,could be made which would 

destroy or deemphasise the trends. The assignmertts appear to be 

correct and serve to emphasize that·substitution may have an un­

expectedly large effect which is only partly related to the ground 

state behaviour of the molecule since there is a significant contribu­

tion to the observed binding energy shifts from the electronic 

·structure of the ion which is in general different from that of 

the molecule. These relaxa~ion effects, which arise from rearrange-
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ment of extranuclear electrons following photoionization, appear to 

reflect atomic and/or group polarizabilities in the molecule. They 

are not at present clearly separable into group or atomic contri-

·butions. The RPM model appears to account rather well for the ob­

served shLfts because it accounts for electronic reorganizations in 

the molecule. The surprisingly large differences in calculated po­

tentials in CH 3ccH which are not paralleled in CF3CCH is deserving 

of further investigation since they may be an artefact of the compu­

tational modeL 
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TABLE 1 

CALCULATED AND EXPERIMENTAL BINDING ENERGY VALUES 

. 1 1 1 1 
.-[V(Z)) -[V(Z+l))-[2V(Z)+2V(Z+l)] ¥VCZ+l)-2V(Z) llEB(calc) t;EB(calc) 

GPM RPM ER . • (GPM) (RPM) E a(.FWHM)b 
B 

Molecule 

HCCH 

Atom 
~ 

£5.£ 

£HJ 

~ ev 

89.27 120.42 

88.23 121.27 

CH 3CtCH 3 l c:c 89. 36 123.14· 

CH
3

CCH 

Separation 

CH3 

-c::c-

Separation 

-C:£H 

Separation 

c:c 
CF CCCF -

[ 

£F3 

3 3 
Sep;ration 

CF 3CCII 

£F3 

£:CH 

c=£H 

88.10 

88,93 

89,86 

79.73 

86.07 

250,49 

120.78 

120,68 

123,31 

111.74 

120.95 

300,32 

80,41 111.99 

87.50 120.29 

87.47 120,5~ 

sep .cr3-C£(avg) 

!: 

Fluorine E8 
shift (CF3CCH­

cr3cccr3) 

251,17 300.65 

ev 

104.85 

104.75 

lo6.25 

104.44 

104.81 

lOG.S9 

95.74 

103.16 

275.41 

96.20 

103.90 

104.10 

275.91 

ev 

15.58 

16.52 

16.89 • 

16.34 

15.88 

16.73 

16,01 

17.09 

. 24.92 

15.79 

16.40 

16.63 

24.74 

ev 

0 

+1.04 

-0.09 

(1.13) 

+1.17 

+0.34 

(0.83) 

-0.59 

(0,93) 

+9 .• 54 

+3.20 

(6. 34) 

+8,86 

+1.77 

+1,80 

(7.08) 

(0.68) 

a 
b 

Values are re.li<lb1e to about :!:,0.05, separations to :!:,0.02 ev, 
Gaussian full width half-maximum 

c Unit area peak· 
d This parameter fixed throughout series 
e Area of peak is 2 units,. fixed relative to unit area peak 
f · Expe·rimental difference 

ev. ev 

0 291.14 (1. 28) 

+0.10 291.30(1.13) 

-1.40 290.03(1.27) 

(1.50) (1.27) 

+0.41 

+0.04 

(0~37) 

-1.74 

( 1. 7 B) 

+9.11 

+1.69 

(7.42) 

c d c 291.77 (1.16) 291.77 (1.17) 

c d! 
291.07 (1.16) . 

(0.70) 290.7 3e(1.45) 
c· d 

290.40 (1.16) 

(0.57) (1.04) 

299.9 8 (1.191 

292.7j(l.38) 

(7.25) 

694.54 (1.83) 

+8.65 299.70(1.28) , 
+0.95l 
+0.75 ~ 292 •24(1.45) 

(7.80) 

(0.50) 

(7.46) 

694.75(1,86) 

o.nt · 

t;EB (exp) 

ev 
vs HCCH 

0 

+0.18 

-1.06 

+0.63 +0,63 

-o.o7! 
-0.41 

-0.74 

+8.84 

I +1. 59 ('..) 

+8.56 

+1.10 

ol:> 
I 

&; 
lj' 
('..) 

1.0 
ol:> ..... 
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Figure Captions 

Fig. L· Gas phase spectrum of CF
3
cccF

3 
and CF

3
ccH at pressures of 40 and 

about 60 ~respectively. The-exper1mental data is shown as point 

symbols (+) and the calculated spectrum using a Gaussian line shape 

function is shown as a .so-lid line. Satellites of MgKa radiation are shown 

on calculated line shapes and are subtracted from other components 

where necessary. The corrected binding energies were obtained from 

calibration with Argon as described in the text. 

Fig. 2. Observed and calculated electron spectra of CH
3

CCCH
3 

and CH
3

CCH 

obtained at an experimental pressure of about 50 ~- Observed data are 

given as point symbols (+) with the vertical height of the symbol 

indicating the relative error of the measurement. Computed lineshapes 

were derived assuming a Gaussian line shape function with total area 

ratios fixed as indicated. The corrected energy _scale was obtained by 

calibration with an intimate mixture of argon as described in the'text. 

Fig. 3. Valence level spectra of HCCH at a pressure of 100 -~ excited with 

MgK radiation. Experimental data are given by point symbols (+) with 

the vertical height of the symbol reflecting the error in the·data. 

Lineshapes were fitted with Gaussian functions and satellit.e peaks were 

subtracted as indicated. The corrected energy scale was obtained by 

calibration with Argon. 

Fig. 4. Binding Energy (E8 ) vs the nuclear potential corrected for relaxation 

contributions. The points correspond to the molecule and atom indicated. 

The point 3d represents the average of the computed potential of the two 

acetylenic carbon atoms in CH
3

CCH plotted against the experimental c
1

s 
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binding E;!nergy obtained if these.carbon atomsare 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
3

CCH. 

Fig. 5. Predicted·and observed binding energy shifts relative to c
1

s of HCCH. 

The line is constrained to. unit. slope. Point 3d represents the average 

computed shift of the two acetylenic carbon atoms in CH
3

CCH and {s 

compared to the experimentalbinding energy shift obtained for 

indistinguishable carbon atoms. 

Fig. 6.- A correlation of c
1

s binding energy with carbon environment. Two 

alternatives are shown for CH
3

CCH (a) the case where acetylenic carbon 

atoms are considered. indistinguishable-and fitted by one Gaussian peak 

of two fold intensity and (b) the less defensible case where two c
1

s 

energies have been extra-cted from the two fold area peak above by line 

shape analysis. Either alternative is compatible with a regular 

correlation with substitution. 
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PREDICTED (RPM) AND OBSERVED BINDING ENERGY SHIFTS 
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..---------LEGAL NOTICE---------..... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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