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| m-Donor Relaxation in the Oxygen ls Ionization of Carbonyl Compounds

- :
William L. Jolly and Theodore F. Schaaf

Contribution from the Department,of Cheﬁiécry, University of Califormia
and the Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
Berkeley, California 94720. .

Abétract: Oxygen 1s and carbon 1ls binding energies have been measured for
a wide vafiety of compoqnds containing the carbonyl group. It is ébn-
élﬁded thgﬁ most of the oxygen 1ls ionizations include a rather large

. amount of electronic relaxation corresﬁonding toT electronldonation from
;thé‘groups bonded to the carbonyi grdups. The data are analyzed in two
different wa&s to derive m-donor relaxation energiés.f The two reéultihg.
sets of relaxation energies are in fair agreeﬁeﬁt, énd either set may

be used to estimate the relative T-domor abilities of substituents.
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The oxygen 1s’binding_energies of compoundS'containing the keto

N
_ C=0, do not show a simple correlation with the electronegativities

v

of the substituent groups. For example, the carbonyl oxygen ls binding

group,

energies pf methyl éarbonate, formaldehyde, and carbonyl fluoride increase
in the order (CH30),CO < H,CO < F,CO. The presept étudy was carried out

_ to.test thé<hypothesis'that this apparently anomﬁlqus behavior is due to
different electfonic relaxation energies in the photoioniz#tions. We

have determined the core binding energies of a wide variety of carbonyl

compounds'to provide sufficient data for systematic analysis. Our experi-

- mental results, aS'well as-soﬁé from other éoutées, are presented in _
Tablé 1. In;our analysis of these data we havg assumed that, in most of
the do@pdunds; core ionization of the carbonyl o#ygen atoms invoi§es
"extra" relaxation energy due to T electron donation from the substituent
grou@s. ‘Using two different approaches, we havé évaluated the relative -

. 7 donor abilities of the various substituent groups.
The  Proximity Effect
AVVNANVA VWV,

The ¢ore binding energy of an a#om in é molécule changes when other
“atoms in the ﬁolecule ére repiaced.ﬁy different atom; or groups. These
chemical shifts_in binding energy are generally more pronounced the nearer _
the Substitﬁént gfoups are to the core-ionizing atom. This proximity
effegt can be seen in the carbon 1s binding eﬁergies of compounds of the '
typg CH3-—-CEEEE . As the gro#ps X, Y, énd.z are changed, the binding
energy of the CHg carbon atom changes much less than that of the CXYZ

carbon atom. . Figure 1 is a plot of the CHj; binding’énergies against the
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Table I. Oxygen 1s and Carbon 1s Bvindi_ng Enéréies ._O_f ‘Carbonyl Compounds

Compound ' Eg(0), eV Eg(C), eV * 7-Donor Relaxation
o _ Fnergy, eV@ _
From CHELEQ
Fig. 2 Calcn.
0=c=0 - 5013059 3975 0.5 0.7
0 ) | | o
FCF = 540.60 299.47 2.5 3.7
CF;3CCF3 . 540.51 - 295.61 . -0.1 0.6
0=C=C=C=0 530.8 ® = 204.9 © 0.1 0.8
@ - - . |
C1CC1 . 539.55 296.58 1.6 1.7 .
0 | o
1] , ' _ g _
CFsCOH  539.46 ——— 1.9
q |
HCH 539.4350 204,218 0.0 0.4
HoH ~ 538.8900 295.86% 1.7 1.8
| 0o o |
~ (CHs)sCCC1 538.65 294.62 1.1 1.7
CH300CCH; 538.44 295.26 L7 2
g . | ' ' S
CH,CH 538.4 293.83 0.8 1.3
0
o £ , v
HCOCH; ~ 538.35 ——— S 2.2
~ contd.



Table I. contd.

0
CH3COH

. o

n

p'NO2Cst.CH

 GHy=CHOCCH,

0

S
'.C2H5C0C2Hs v

i
Ce¢HsCH

"bcontd.

. 533.35

538.22F

538.21

. 538.03

538.00 -

537.91

~ 537.88

.537.87

537.8

§

537.62

537.60

537.6 P

537.52

295.4
293.59
204.80

293.71

295.95°

. 293.31

294.31

294.5

293,17

2.1

1.0
1.9

1.2

2.8

1.9
2.0

1.2

2.3

2.0

1.8

2.6 .
1.8

3.2

- 3.5

2.4
2.8
2.3

2.4

2.3

2.4



Table I. contd.

0
H . :
CeHsCCH, 537.16 - 293.11 1.5 2.7
0 | S
(CeHs)H=CHCH  537.14 o 2.8
-'  537.13 292.3 1.7 2.9
0 |
NH,QNH, 537.05 294.70 2.7 3.1
0 B N
-p-CHsOCeH,CH  536.98 e - 3.0
(QH3) NGH 536. 81 293.31 2.0 3.1
Q. S - - v
~ CeHsCCeHs 536.80 292.9 1.7 3.2

no
C S |
@ 536.75 293.44.5 2.1 3.2

%In this table, a positive relaxation energy corresponds to a negative
contnbutlon to the binding energy.. bRef 5. CG Johansson, J. Hedman,
A. Berndtsson, M. Klasson, and R. Nilsson, J. Electron Spectrosc. Relat.
Phenam., 2, 295 (1973). 9R. W. Shaw, Jr., and T. D. Thomas, J. Electron
Spectrosc. Relat. Phenom., 5, 1081 (1974).. eU._Gellus, C. J. Allan, D. A.
Allison, H. Siegbahn, and K. Siegbahn, Chem. Phys. Lett., 11, 224 (1971) .
fp. Mills and D. A. Shirley, mpublishéd observations. ST. D. Thomas,
unpublished data. hT X. Carroll, S. R. Smlth and T D. ’I'homas J. Amer.
Chem. Soc., 97, 659 (1975). '
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CXYZ binding energies for fourteen different compounds_.l-5 The data are

linearly correlated and may be represented by the relation
Eg(CH3) = 242.57 +  0.165Eg(CXYZ)

This behavior is typical pf simple compounds in which the atoms whose
bindiﬁg énergiés aie being compared are joined by singlé bondé.

An entirely different result is obtained from a comparison of thei.
oxygen and carbon binding energies of carbonyl compounds in Table I. A
plot'of'the oxygeﬁ binding energies against‘the.garbon binding energies
. (Figure 2) shows that thére isvessentially no cdfreiation befween these
quantitieé. Wé.ﬁelieve fhe lack of cor:elation is éaused by differences
in the oxygen relaxation enefgies due to the different m-donor abilities
of fhe_groups attached fo the~carb6nyl groups. If there were no shift in
. T electron density from the‘substituents to the oxjgen of ;he-q;rbonyl
| gToup, thé oxygen core ionizétion wéuld be représented bybthe equatidn

X ' oxygen X
0 core N +

‘Y’/// - ionization el

Y

in which the ionized oxygen core is represented‘by the chemically equiva-
lent6 fluorine core. However, because of the high electronegativity of
the‘fluqrine’atom, it is more realistic to represent the core-ionized

molecule as a resonance hybrid:

X

\/
7
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We shéllvréfer to the shift in 7 electfqn deﬁsit& Vhiéh increases the
ékteht tb which the right-hand resonance structﬁré contributes.to the
bonding of the core-ionized molecule as ﬂ-dohor,feiaxation.

The sf:aight line in Figure 2 correspondsqu ﬁhe co;relation expected
for hypothetical molecules in which there is no w-donor relaxation in the
éarboﬂfi oxygen core idnizatidn. Vertical devigtidns 6f the points in »
Figure 2 from this ;ine.correSpond to T-donor relagation energies (listed
in Table I) and are measures of the’ﬂ-ddnof abilities of tﬁe groups. The
éfraight'line'Was drawn in accord with the folipwing theoretical
considerations. First, the line should'pasé through the point for
formaldehyde, because hydrogen atoms have no T~-donor ability._ Second, we
believe it is a gnodwapprﬁximation to assume tﬁat the CF; groupé in (CFg)éCO
also have no T-donor ability, inasmucﬁ as T donation from a CF3 group
implies uﬁlikély resonance structures.chh as | | |
c==cCF, F'

-~ -
>Howéver, core ionizﬁtidn of the carbonylvgggggg'atom in (CF3)2CO may well
inclﬁde a significant amount of extra relaxation, in view of the probable

"importance of the following type of resonance in the core-ionized m.c:oilv.ecx.xle.7~’-8

CFa

Such relaxation is probably unimportant in the other carbonyl compounds,
and therefore we believe the carbonyl carbon binding energy for (CFg)ZCO

may be anomalously low. For these reasons we feelvtﬁat the point for

et i orpE0c00
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(CF3),C0 should lie dn, or somewhat to the left of, the straight line.
‘Third, in the case of CO,, oxygen core ionization should involve consider-

able m~donor relaxation:

0==C _F+ - +0’:_."C F

Hence the CO, point should lie well below the s;raight line. It can be

seen that the placement of thé straight line in Figure 2 is consistent with .

the three restriétions we have just discussed. Indeed, the restrictions
permit very little leewaylin the placement of the line. The line corre~

sponds to the correlation
Eg(0) = 333.5 + O0.7Eg(C) @

The fact thaﬁ the coefficient 0.7 is much greatef;than fhevcorresponding
coefficient 0.165 in eq 1 is probably‘due to three facts: (1) The C=0-
bond-ié shorter than ﬁhe C-C bond in CH;CXYZ;'heqée changes in the charge
of the carbon atom will have é felatively‘large:effect on the potential
at the oxjgen‘core. (2)-The C=0-d§uble.bon§ is more polarizable than the
C~C bond in CﬁgCXYZ; hence changgs in'the'chérge:of the carbon atom will
~cause a felativély iarge chahge in the charge éf'the oxygen atom; (3)
The oxygeﬁ atom ié smailer than the carbon atom;“and.hence a given change
in atomic charge will cause a éreater change in 1s>binding énergy in. the

case of oxygen than in the case of carbon.

CHELES-Analxsis

We have used a second, entirely different method for estimating the



"extra" relaxation energy associated with the oxygen core ionization of
~carbonyl ¢dmpounds.v The core binding energy of aniatomvcah be calculated

by the "transition-state” point-charge potential equation,9
Ep = k(Q+Qe-1)/2 + (V+Vg)/2 + & | (3)

where Q is the initial charge on the atom; V is the Coulombic potential
energy dﬁevfo'the‘other.charged atoms in the moiecule,bqf and V¢ are the
values of Q énd V for the core-ionized‘molecule, and k and % are empirical
»Cdnstants. We have successfully correlated binding gnergies with eq 3

using atomic charges‘calculéted by the CHELEQ elgctronegati&ity equalizatibh
method; the calenlations for‘core-ibnized molecules involved the equivalent~-

6 The k and % values for oxygen were determined from -

~ cores apprdximatinn.
data for compounds which have no ambiguities in bbhding and no épetial
ralaxation energy effécts.lo We have calculatedvthe 6xygen 1ls binding
energies bf.the carbonyi compounds in Tabie I usiﬁg theée_values of-k'and |
2 aﬁd assuming that the core-ionized molecules have the same simple valence-
Bond structures as the ground-state molecules (that is, assuming no ﬂ-donof
relaxation). All of the calculated binding energies were- greater than the
experimentél vaiués; the differences are interpreted'as'ﬁ—donor.relaxation

‘ energies.and are listed ig Table I. The values célculated in this way

are similar to the values obtained ffom Figufe 2.  The two sets of data

are plotted againét one another in Figure 3 to show their correlation.
Either set of m-donor reléxa;ion energies listedvin Table I may be used

to compare the relative T-donor abilities of atoms and groups. However,

- in order to make meaningful comparisons, the values from a given set

should be:cdnsisteﬁtly used.

APl lokPkOS0O



-10-

C'o%arison with R Values

Swain and Lupton11 have used a large number of kimetic, thermodynamic,
and spectroscopic data to evaluate the magnitudes of the "resonance con-
stant" R for a series of substituents. The s.ca'levof R values was set up
such that negative values correspond to substituents which are:better
T donors than the hydrogen atom and positive values correspond to substi-
tuents which are better T acceptors than the hydrogen atom. In Figure 4
the ﬂ-donor relaxation energies evaluated from Figure 2 for compounds of
tne type XZCOIare plotted against the R values for the X substituents.
_The fact that we observe a correlation of the type expected lends credence
to our interpretation of the core electron bindingVenergy data. We believe
that‘ﬂ—donor relaxation energies derived by the methods we have outlined

should have.numeroué chemical applicationms.

EggerimentalfSection

All spectra were obtained for samples in the gas phase, using the
- Berkeley iron—free magnetic Spectrometer and procedures which have been

12,13 The compounds studied were commercial samples.

described previously.
Except for the gaseous and highly volatile compounds (which were purified N
by fractional condensation on the vacuum line);‘the compounds were used -
as received. All.the compounds used were shown to be of satisfactory
purity by vapor pressure measurement (agreement with literature values

to within % 5%), by melting point measurement (agreement with literature

values to within + 2°), or by NMR spectroscopy (impurities estimated to
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be less than 1%).
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Figure Captions

Plot of CH; carbon 1s binding enefgies vs CXYZ carbon 1s binding -
energies for compounds of the type CH3CXYZ. Note that the o
vertical scale is twice as great as the horizontal scale. The

~points, in order of increasing Ep(CXYZ), correspond to BEts, i

BEt,Cl1, C,H¢, EtsNBH;, Et,NBH,, B(OEt)g,'EtOH EtO(CO)CFs,

- EtF, CH3C0CH3, CH,CHO, CH3;CO.H, CH3CHF2, CH3;CF;. For sources

of data, see refs. 1-5.

Plot of éarbonyl oxygen 1s binding energies vs the corresponding

~ carbonyl carbon 1s binding energies. The numbered points cor-

" respond to the following compounds: 1, anthrone; 2, dimethy- |

Eig. 3. -

Fig._4;—-

- formamide; 3, fluorenone; 4, p-chlorobenzaldehyde; 5, acetone;
6, vinyl acetate; 7, acrylaldehyde; 8, acetic anhydride; 9,

pivaloyl chloride. See text for the significance of the line. = |

Plot of m-danor relaxation energies calculated using CHELEQ
charges and eq 3 vs m-donor relaxation energies obtained from
Fig. 2.

Plot of m-donor relaxation energies obtained from Fig. 2 for
compounds of the type X,CO Vs resonance constants for ‘the groups
X. Resonance constants from ref. 11.
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Eq Calcd By CHELEQ Method, eV

N o

0o T2 3
Ex From Plot of E(01s) vs. E’B.(C1s), eV
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