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X-RAY PHOTOELECTRON SPECTROSCOPY OF FLUORINATED BENZENES 

D. W. Davis, David A. Shirley, and T. Darrah Thomas 

Department of Chemistry. and 
Lawrence Berkeley Laboratory 

Unive:sity of California 
Berkeley, California 94720 

.. November 1971 

Abstract 

LBL-270 

Carbon Is and (where applicable) fluorine Is binding energy shifts were 

measured in gaseous benzene', fluorobenzene ,0-, m-, and p-difluorobenzene, 

1,3,5":trifluorobenzene, the three tetrafluorobenzenes, pentafluorobenzene, and 

hexafluorobenzene. The fluorine spectra showed only a single peak for each 

flucrine-containing molecule. The carbon spectra of C6H6 and C6F 6 each sho.Ted 

only one peak. Two carbon peaks were found in the spectra of all the other 

molecules. In each case the higher binding energy peak was assigned to carbons 

bonded to fluorines, the lower to carbons bonded to hydrogens. Least-squares 

fitting procedures yielded binding-energy shifts with accuracies between 

. ±0.03 eV and ±O.17 eV (standard deviation). 

The shifts were interpreted in three ways. First, trends were observed. 

The formal symmetry between fluorine-substituted benzene and hydrogen-substituted 

perfluorobenzene was found to be reflected in detail in the carbon Is shifts . 

Saturation of the inductive action of fluorine on the ring was manifest as a 

deviation from s~netry in these shifts. A second, more quantitative inter-

pretation was based on the use of CNDO wave functions to calculate 6V, the 

shift in the el·ectrostatic potential at each nucleus. Thebj nding energy. shift 

6~ is related by li~ ~ ..;.6V: thus shifts could be estim.a.ted directly. These 
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theoretical shifts were in good agreement with experiment. Finally, an atomic 

charge analysis, ACHARGE, was made. This analysis is based on a point. charge 

approach that: used molecular geometries, atomic properties, and measured shifts 

to deduce empirically charges that could be assigned to each atom. The charges 

so obtained were in v'ery close agreement wfth CNDO charges and with chemical 

experience. A clear ortho";'meta..;,para ef'fectwas found. Fluorine atoms 

substituted on benzene we're found to have charges in the range -0.15 lei to 

-0.20 lei, depe:nding on the number of rluorines on the ring. The carbon to 

which a fluroine was bound has a charge of +0.23 lei in fluorobenzene and 

+0.14 lei in C6F 6. Charges of -0. 05 lei, +0.02 leI ,and 0.00 lei were found 

on carbons in the ortho, meta, and para positions, respectively. Additional 

tautomeric forms enhance these effects in :Polyfluori~atedbenzenes, as expected. 

The simplicity, strong empirical basis, and excellent agreement with both 

CNOO . charges and classical chemical resonance models strongly support the 

validity of the ACHARGE analysis, 'iIDd indicate that it may have value in 

predicting chemical properties from core 'level binding-energy shifts. 

• 
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I. Introduction 

Among the most basic characteristics of a molecule in its ground state 

are its chemical formula, the relative positions of' its atomic nuclei, and the 

"-
distribution of the valence electrons. The first two of t~,~se can in principle 

always be determined by well-established experimental techniques. The third--

the electron distribution--is very elusive. It affects almost every spectral 

property,but, with some exceptions (e.g. dipole moments in diatomic molecules), 

the deduction of electron distribution from measured quantities is indirect 

and often ambiguous. As a result our knowledge of electronic distributions in 

even rather well-studied molecules is far from perfect. Rough magnitudes of 

"atomic charges" are known (or at least agreed upon), and, for some extensl.vely-

studied series, concepts such as "lone pairs" and "back donation" are used with 

confidence, but existing experimental teChniques are not usually capable of 

yielding very quantitative results concerning electron distributions. The 

question "what is the charge on fluorine in fluorobenzene?", for example, will 

evoke a range of numerical answers. 

In this paper we' report. the results of an experimental study of the 

chemically-induced shifts in the binding energies of carbon and-fluorine Is electrons 

in fluorine-substituted benzenes. The Is binding energy of each atom is rather 

directly sensitive to the local electrostatic potential. ,An electrostatic potential 

model is used, together with CNDO wave functions, to predict shifts. We describe 'alae 

a "point charge" model that allows the interpretation of chemical shifts in 

binding energy in terms of an experimental population analysis for each molecule. 

This model is used to estimate atomic charges for the fluorine-substituted 

benzenes. Trends are discussed and compared with expectations based on chemical 

properties. 
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Experimental procedures are described in Section II, and results are 

given in Section III. Trends in the shifts are noted in Section IV. Section V 

treats the electrostatic potential model., The atomic-charge analysis' is described 

and applied in Section VI, and in Section VII the derived atomic charges are 

discussed. 

• 

• 
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II. Experimental 

Binding energies were measured by x-ray photoemission, using MgKa
1 

2 , 
radiation (1253.6 eV), and electrons were analyzed in the Berkeley Iron-Free 

1 -2 Spectrometer. The samples were all studied as gases 'at pressures in the 10 Torr 

range. Pressures were monitored by a MacLeod gauge. The pressure-sensitivity 

of peak positions was found to be negligible, in contrast to the results reported 

.2. 
by Siegbahn ~ al. Our experimental pressures were much lower 

than theirs (which ranged up to 1 Torr), while our counting rates were typically 

somewhat Higher. The peak-to background ratios in the spectra ranged from 

as high as 15/1 in the best cases down to less than 1/1 for the worst cases 

(weaker peak of a doublet, in the presence of a reference gas): for most cases 

the ratio was 5/1 or greater. 

Considerable care was taken to measure binding energy shifts with the 

highest accuracy feasible within the constraints of this study. In order to 

achieve this goal it was necessary to monitor all measurements with a standard 

reference gas. Both fluorofonn and fluorobenzene were used as references. Two 

procedures were followed. In some cases the reference gas was admitted to the 

experimental chamber along with the gas under study. This is, in principle, the 

more reliable procedure, but it suffers from two serious faults. First, the 

signal-to-background ratio is lowered SUbstantially by the presence of the 

reference gas. Second, for some cases (e.g., the fluorine lspeaks), tlle range 

• of chemical shifts is too Small to provide a reference compound with a peak that-

can be resolved from that of the compound under study. 

The second procedure consisted of admitting the sample and reference. gases 

alternately into the experimental chamber. The alternation period (~ 1 hour) was 
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fast compared to the long-term drift in the spectrometer calibration 

(0.2' - 0.3eV jday)', arid the latter was thus ,effecti velyeliminated. The 

reliability of this procedure was established by comparison of the shift results 

withthbse obtained using the more direct method. jEither of the 

two above procedures would still be feasible even if the apparent peak positions 

'W'ere pressur'e-dependent, but both would require more measurements. The origin 

of: the pressure dependence of peak position, in the data 'of ~iegbahn et ~. is 

not~ understood/ but for those gases in which comparisons are possible their 
, 

chemical shifts agree reasonably well with those measured with the Berkeley 

3 4 spectrometer. ' 

, The spectrometer magnet current was computer-controlled. It was stepped 

in units of 0.2 ma ("'0.3 eV) over a range wide enough to estaplish a baseline. 

The spectra were displayed and visually inspected during each run, which con-

, siste'd of se'vcral scans of the energy region under study. Each scan was recorded 

with a teletypewriter, and for each run of il scans both the sum of the first 

n/2 scans and the sum of all n scans were separately analyzed to check for con-

sistency.The data were transferred to punched cards and were least-squares 

fitted in a CDc-66oo computer. Gaussian peak shapes were used. They gave good 

fits, although the peaks are not necessarily expected to be Gaussian. Peak 

positions"linewidths, and intensities, as well as background parameters, were 

obtained from the least-squares fits. Standard deviations in 'eaCh parameter 

were also-,obtained; these are quoted directly as errors in the peak position, 

which is the only parameter that we shall interpret in detail. Severalnips 

were made on most of the peaks studied, and the results agreed to an extent that 

indicates these error estimates are realistic, and the errors therefore primarily 

statistical. Thus when two shifts were compined, th,e~rror in the resultant y,as 
. . . .. . 

obtained by the, standard rul,es of stat'{stica! error:~a:.lysis.' 

• 
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III. Results 

Benzene and ten of the twelve fluorine-substituted benzenes were studied. 

Only the two unsymmetrical trifluorobenzenes were omitted. Parameters were 

obtained for thirty peaks. Although we shill treat 'only the peak positions in 

detail, the other parameters deserve passing comment. The background was nearly 

flat. For those cases in which the background was high enough to allow analysis, 

it had a slight negative slope when plotted against kinetic energy. The line-

widths (FWHM) were in the range 1.2 - 1.3 eV for carbon Is peaks and in the 

range 1.4 - 1. 5 eV for the fluorine Is peaks. The peak intensity ratios were of 

interest. only for the carbon Is peaks in the compounds C6F H6 . For these cases n -n 

two distinct carbon peaks of intensity ratio n/(6-n) were observed. We interpret 

these two peaks as arising from the aggregate of all carbons bonded directly to 

fluorine and the aggregate of all carbons bonded directly to hydrogen, respectively. 

No further interpretation will be'made of these three parameters--background level, 

linewidth, and intensity--and they will not be reported in detail. 

The binding energies could be given in several ways. We have chosen 

to report binding energy shifts ~E, referring the carbon Is binding energies to 

benzene and the fluorine Is binding energies to hexafluorobenzene. IThese reference 

binding energies have the values ~(Cls;C6H6) = 290.4 eV and EB(Fls;C6F6) = 693.7 eV. 

Both are known only to an accuracy of a few tenths eV, but their exact values 'have 

Ii tile bearing on interpretation of the shift.s, which are known much more accurate]x. 

Table I gives the bi?iding energy shifts, referred to these two compounds. 

As an example of the reproducibility with which the position of a weak 

peak could be determined, the splitting of the two carbon Is peaks in fluoro-

benzene is reported for seven runs in Table II. 

\ 
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Table I. Ce1s) and F(ls) Binding Energy Shifts 

Compound, X Lower ... ~ Peak Higher-~ Peak 

(eV) (eV) 

C6H6 (0.00) 
/ 

C6H5F 0.39(3)a 2.43(4) 

1,4-C6H4F2 0.76(4) 2.74(6) 

. 1 ,3-C6H4F 2 0.70(5) 2.92(6) 

1,2-C6H4F2 0.72(4) 2.8J(6} 

1,3, 5-C6H3F 3 0.56(13) 3'.02( 9) 

1,2,3,4-C6H2F4 0.96{10} 3.20(10) 

1,2,3,5-C6H2F4 0.86(12) 3.05(12) 

1,2,4,S-C6H2F4 1.12(10) 3.20(10) 

C6HF5 1. 32(17) 3.38(14) 

C6F6 3.57(9) 

aError in last place given parenthetically. 

.. ~E13(F1 s) == 

. ~ (Fls, x) 

-~(Fls,C6F6) 

( eV) 

-1. 38{ 5) 

-1.08(5) 

-1. 08( 5) 

-1.01(5) 

-0.87(8) 

-0.68(10) 

.,.0.45(6) 

-0.48(10) 

-0. 31( 5) 

( 0.00) 

. . 
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Table II. Splitting of the C( Is) peaks in fluorobenzene 

.' 
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IV.· Trends Among the Shifts 

Chemici3.l shifts in binding energies of core electrons can be interpreted 

at severi3.l levels of sophistication, ranging from correlations with an empirical 

parameter such as electronegati"',ity to comparison with the predictions of ab 

initio Hartree-Fock ca.lculatioris. The optimum interpretation for a given,set 

cifdatil'depentils in part upon the information desired from the data. 

In this study we had three <;>bJectives. First, we wished to trace binding-

energy shifts through a series of' related planar molecules, in order to observe 

variatioris in binding energy shifts with sUbstitution of fluorine for hydrogen. 

Second, we wanted to test the feasibility bfpredicting shifts by the use of an 
, , 

intennediate:-level moiecular orbital theOry. Finally, we wished to assess the 

possibility of analyzing the chemical shifts for each molecule in terms of a sel.f

consistent set of atomic charges by making a suitable ani3.lysis of the fluorine-

substi tuted benzenes. Binding-energy" trends are discussed in this section" and 

the other objecti.ves are discussed in Sections V and VII. 

The essential features of the spectra are illustrated in Fig. 1. The 

fluorine Is peak shifts monotonically to higher binding energies as more fluorines 

are added to the ring, suggesting an oxidizing effect of fluorines on other' , 

fluorines. Figure 2 shows the fluorinels binding energy shifts p~ctted against 
., 

n, the number of fluorines substituted on the ring. Only one fluorine Is peak 
( 

was observed in each case, even for molecules wi th ineq,uivalent fl uorines. This 

, is notsurpris ing because the total range of fluorine Is shifts (1. 38 eV) is about' 

the same size as the fluorine Is linewidth (1.4 - 1. 5eV), and splittings of a 

few tenths eV in the F(ls) spectrum of a given molecule could have gone unnoticed. 

Figure 2 also, shows that the variation of ~(Fls) ,is linear in n and that there 

is no significant variation in ~(Fls) among isomers. For purposes of chemical 

( 

'V 
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analysis the fluorine Is shifts c~ be represented by the relation 

obtained in our best spectra, one could determine n uniquely, but could not 

distinguish among isomers. 

The'carbon Is shifts contain more information. First, for every molecule 

containing both carbons bonded directly to fluorine and carbons bonded directly 
; 

to hydrogen (hereafter referred to as C
F 

and C
H

, respectively) there are two 

carbon Is peaks. The ratio of the intensity,of the peak at the higher binding 
I 

energy to that of the peak at the lower binding energy is in each case n/(6-n). 

Furthermore, from the (rather sparse) binding-energy systematics that are 

available to date, these two peaks fall at energies that might reasonably be 

predicted for CH and CF . We therefore assign the bro carbons Is peaks to the 

aggregate of all the CH carbons (the peak with the lower ~) and to the aggregate 

of all the C
F

" carbons (the peak with higher EB). ,Several molecules had two or 

more inequivalent CH or CF carbons, but the spectra showed no decisive evidence 

for two or more binding energies among either ~he CF or the CH carbons in any case. 

Again, as in the fluorine Is case, the existence of components spread over several 

tenths eV in energy would have been undetectable with the instrumental resolution 

and counting statistics available in this work. 5 Our interpretations below are 

based on the observation that all the CF or CH carbons in each molecule must have 

essentially the same binding energy. The experimental carbon Is linewidths of 

1. 2 - 1. 3 eV set an upper limit of about 0.5 eV on the range of shifts possible 

within a given peak. 

Figure 3 shows the carbon Is binding energies, relatjve to that of CH 

in benzene, plotted against the number of fluorine atoms in each molecule. All 
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the shifts are positive. This might naively be taken as evidence that ~ the 

carbons in the other ten molecules are oxidized relative to a carbon in benzene. 

Such a conclusion would be quite erroneous, however, as we shall discover in 

Sections VI and VII. Core-level binding energies are d~termined by the local 

potentials, not just by the charge on the host atom. Thus, except for very simple 
"\ 

molecules, there exists no one-to-one relation between carbon Is binding energy 

and the extent of oxidation. 

The binding energi~ es shown in Fig. 3 fall into two 'groups, corresponding 

to the C
F 

and C
H 

carbons. For -each cokpound 'in which both C
F 

,and CH carbons are 

present the C
F 

peak is shifted to higher binding energy by about 2 eV, relative 

to the CH ,peak. This suggests substantial oxidation of the carbon atoms that are 

directl:y bO.1ded to fluorines. The shift 

is only slightly 1(;55 than the comparable shift for methane, i.e., 

Both the CH and the CF shifts show essentiallymonotonic~pward trends as the 
,/ 

number of fluorines is increased. It would be tempting to infer from this fact 

the CH carbons in the ring as well as the C
F 

carbon lose electronic charg'e to 

the fluorines. In fact we shall discover in Sections VI and VII that the converse 

often is true: some CH carbons gain negative charge (but show an ,increase in 

Is binding energy) when flUorine is substituted fcrhydrogen elsewhere on the 

ring. One must be careful not to infer a particular direction of charge flow 

with a given sign for the binding-energy shift. Such questions will be deferred 

/, 

.', 
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to the atomic charge analysis in Section VI. For the remainder of this section 

we shall m~ke observations only aQout the symmetries ~0bserved among the chemical 

shifts. 

It would be very interesting to measure directly shifts induced in the 

binding energies of the ortho ,meta, and para C
li 

carbons when a fluorine 'atom 

is bonded to a benzene ring to form fluorobenzene. The present resolution does 

not allow this: all three CH carbons contribute to a single peak. Another 

approach is available, however. The C
F 

carbon has its photoelectron line split 

out of the CH peak by about 2 eV, where it can be studied separately. This C
F 

carbon may then be situated in the 0, m, or p position relative to a second CF 

carbon, in adifluorobenzene molecule. Each of these molecules contains only 

one 8F specieo. 'l'hus the CF line in C6HsF may be taken as a standard, and the 

three shifts 

may then be regarded as measuring the effect of fluorine substitution on the 

0, m, or p position, at least as de~ected by a C
F 

carbon. These three shifts 

are set out in Table III. 

There is an interesting formal symmetry among the eleven compounds 

studied in this work. Pentafluorobenzene may be regarded as C6F6 upon which a 

single hydrogen has been substituted, having a relationship to C6F6 analogous to 

that of C6H5F toC6H6. The tetrafluorobenzenes may then be regarded as 0-, m-, and 

p~dihydro-perfluorobenzene, etc. In fact the whole series inay be compared by 

going first up, then dO\(ll, the list in the order given in Table 1. Of course 

the CF shifts going in one direction must be compared to the CH shifts going the 

other way. The shifts 
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analogous to the 0, m, and p C
F 

shifts ,in the difluorobenzenes, B:re included 

for comparison in Table III. Uncertaintie,s in the magnitudes of the shifts 

preclude extensive discussion, but several observations can be made. H8.king 

the appropriate pairwise comparisons, the C
F 

shifts have the oJ)posite sign from 

the CH shifts (as expected) and about the same magnitudes. With less reliability 

we can note that the trends in the magnitudes of the shifts are similar, 

meta> ortho > para, and that the CH shifts slightly exceed the CF shifts in magnitude. 

Figure 4 shows the nine pairs of shifts plotted in a way that tests their 

~ 1:1 correspondence. The two sets of shifts are strongly correlated, and a straight 

line with unit slope even gIves a fa.ir repre::i~ntatl0n of the rels.ticIOSh~p between 

them. This supports the concept of symmetry between the CH shifts in compound X 

and theCF shifts in compound X) ,,;,r.ere X is obtained. from X by l'eplaci.ng hydrogens 

by fluorines and vice versa. The t'wo sets of shifts are not exactly equal in 

magnitude, but there is no reason to expect them to be. 

A conspicuous feature of the carbon Is shifts in Table I is that the 

addition of fluorines raises the Is binding energies of all six carbons in the 

ring, and not just those of the CF carbons. This may be interp::-eted as showing 

that fluo:rines remove charge "from the ring" in the sense of creating an electro

statically more attractive environment for all the carbon Is electrons, but it 

must not be taken, without further analysis, as indicating anything directly about 

the charges on the C~ carbons. It ~s useful, however, to compare the shifts in an 

empirical fashion. Some indication of the total amount of charge withdrawn from 

the ring by fluol"ines is gi ve~ by the total of the. binding-energy shifts of all 

\4', , 
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Table III. The 0, m, and p Shifts 

E( CFls ) -E( CFls ... 

in C6H
5
F), in eV 

0.44 (6) 

0.49 (6) 

0.31 (6) 

Molecule 

~ere 0, m, .prefer to the hydrogen positions. 

E(CH1S)-E(CHls 

in C6HF
5
), in eV 

-0.46 (12) 

-0.20 (10) 

bThe error in the C6H5F energy is not included, since we wish to compare these 

three shifts. 
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I 

six carbon atoms, relative to benzene. For the molecule X, with empirical 

formula C6Hc F, the total shift E(X) is given by o-.n n 

If hydrogens are replaced by fluorines in X, and vice-versa, to form X, with 

empirical formula C6HnF 6..,.n' then the analogous total shift, relative toC6F6 , 

is given by 

~ In Fig. 5, r(x) is plotted against r'(x) for the nine compounds studied that had 

1 ~ n .~ 5. 'rhe goOd cO;l:"relation supports the concept of symroetr~r emor..g the 

shifts, and the deviation of the points from total quantitative a:greement 

may be interpreted separately. The points in Fig. 5 mostly lie above a straight 

line with a slope of -1. This may be understood qualitatively if we recognize 

that in C6H6 the atoms are nearly neutral, and thus the electronic charge is 

more mobile, than in C
6

F
6

, in which the C-F bonds are highly pclarized. We 

may describe this phenomenon as the saturation of an inductive effect. As 

more fluorines are added, each can withdraw less charge. This'result was 

qualitatively evident in the F(ls) shifts in Fig. 2; it is treated 

qllanti,tatively in Section VI, ,in which atomic charges for the fluorines' are 

derived. 

In Fig. 6. the saturation effect on the shifts is displayed more effecti vE;ly: 

/' 
The total caiiion ls shifts per substituted ligand, I(X)/n, and r'(X)/n, are plotted 

against the nurr~er of SUbstituted ligands, n. On the whole the points in Fig. 6 
- i 

show a negative slope, although most of this slope ,1 sassociatec. with the L: (X) In 

I 

,.,t.. 

J 
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shifts (relative to benzene). A qualitative interpretation of this resUlt can 

be given. As fluorines are added t·o C6H6, induction and its saturation proceed 

normally. In going back from C6F6 the substitution of hydrogens cannot return 

electronic charge to the ring so effectively because the remaining fluorines, 

(which are not so negatively charged as in fluorobenzene, for example, and are 

thus still quite electronegative) tend to withdraw the additional charge. 

The above comments indicate the possibilities and limitations for 

obtaining infonnation from binding-energy shifts by stu~ing trends and using 

chemical intuition. A more quantitative discussion is presented below. 
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v. A CNDO PQtential Model 

An 'electrostatic potential model based on SCF wave functions and, Koopmans' 
/ 

theorem has been found to predict quantit~tively the chemical shifts in some small, 

6 7 ' . 
molecules •. , ,It would be desirable to apply this model to larger molecules if 

one could avoid the expense of calculating ab initio wave functions, aildthe 

CNOO/2 approximation was explored to this end. I ,While requiring little computer 

time,"CNDO/2 has been successful in predicting the properties of molecules 

8 
composed of first-row elements. 

As in the at initio approach, the electrostatic potential ener~ of an 

electron at.a nucleus 

, ' 
e2 ( f.-I ) 

; r. 
. l 

2 
c { " \ 

.!., 

:)13 calcuJ.ated. The symbols r. and R. refer, respectively, tc the distal~C0 bC::",,'CE:!l 
1 J 

. '. th 
the parent rtucleusand the i electron and to the distance' between the nucleus 

and. the jth other,nucleus with charge Zj.The first sum is taken overall the 

electrons in the molecule, the second over all the n:uclei except the parent. 
I 

'l'he change in the potential energy at the nucleus of an element between two 

molecules is taken to be the l?egative of the shift in the binding energies of 

the Is electrons associated with that nucleus. 

The calculation of (E ..L) was done as follows: the be.sis functions 
i ri 

(SJ;aterorbitals) were treated as if they were orthonormal, as in the CNOO 

reduction of the Roothaan equations. The portion of the sum arising from the 

basis functio~s centered on the parent nucleus was calculated eXf;ictly, iiY contrast 

to the empirical approach used 1lY Siegbahn,. et a1. 9 The portion arising from, 

b~s'is functions cerltered on other 'nuclei was evaluated in two alternative ways, 
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each based on CNDO populations: (1) a "point charge" calculation" i.e., treatment 

of all basis functions as if they were spherically symmetrical and retention of 

only the diagonal matrix elements between basis functions; (2) exact evaluation , 
-1 of r iritegrals, with retention of diagonal matrix elements plus off-diagonal 

( 

matrix elements between p orbitals on the same center. 

Both approaches are similar to the use of "complete neglect of differential 

overlap" in the evaluation of Coulomb integrals. ,The first approach treats all 

electrons not localized on the parent atom as if they were point charges at 

the.nuclei to which their orbitals belong. In this case the above formula can 

be rewritten as 

whc:rc the first SWl1 is taken only over the electrons centered on the parent 

atom and the second sum is taken, as before, over all of the other ato:-:,_s. The 

quantity qj refers to the atomic charge of the jth atom. The second approach 

includes the effects of differences in the spatial orientation of s, po, and 

p1T orbitals, and so reflects chemical bonding more ac(!urately. This approach is 

justified within the ermo approxirr..ation, which neglects differences betiieen s, 

po, and p1T orbitals in its evaluation of only some of ,the integrals in the 

,Roothaan equations. Addition of the non-diagonal elements was necessary to 

preserve the invariance of' the matrix to unitary transfonnations which mix p 
I 

orbitals on the same center.Syrnmetrically located nuclei are thereby guaranteed 

the same potentials. 

TheoI".f and experiment are compared in Table IV. The nwnerical results 

of both of the above approaches are quite close, and agreement wi th e>"}leriment 

. . , ... ·_i·· .• 
. :. .." 
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Table IV. Carbon arid Fluorine Is Electron Binding Energy Shifts in eVa 

Compound Nucleus 

F 

0 
F OF .~ .. i: . 

-4 

------
'F 

(} 5 3 
. 4 F 

F 

F 

Cl 
C ,2,6 

C3;5 
C 4 

F 

., C 
1,2 

-C~. 6 
. -. 
°4,5 

F 

.Cl ,3 
C~ 

c:. 

C4 ,6 
C

5 

F 

C1 ,4 
C 2,3, 

5,6 

F 

.•. 065 :2
3
.". ~1.3,5_ 

2,4,? 
.. Ii'. . lr·F' , F 

Calculated 
(point charge) 

2.25 

0.
17 1 A . r ve. 

0.4? ;';'0.26 
0.10 

2.48 

0. 76 1 0.72 
0.67 

-0.03 

2.66 

0.331 
0.27 0.43 

0.84 

0.36 

2},36 

0.61, 

0.16 

3.08 ~ 

0.42 

6.71 

Calculated, 
diagonal plus. 
p-p' elements 

2.79 

0.
16 1 A ve. 

0.52 ::0.29 
0.11' 

2.98 

0. 84 1 0.81 
0.78 , 

-0.08 

3.30 

0.
29 1 0.26 0.46 

1.04 

0.37 

2.91 

0.68 

0.18 

3.82 

0.40 

0.74 

, b 
Experimental 

2.43(4) 

I 

0.39(3) 

2.87(6) 

0.72(4,) 

0.37(10) 

2.92(6) 

0.30(10) 

2.74(6) 

0.76(4) 

9·30(10) 

3.CJ2(9) 

0.56(3) 

·0;5i(lJ) 

(continued) 

"-

! . 

,." 

i .... I!., 

'v 
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F 

Compound 

F 

4 
F 

F 

F0F 

FVF 

Nucleus 

F 

C 

F 
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Table IV. (continued) 

Calculated 
(point charge) 

3.
15 1' A ve. 

3.25 =3.20 

1.43 

0.63lo.75 
0.86 { 

3.40 1 
2.96 3.27 

3.31 

1.23 

0.80 / 
0.66 0.'71 

0.58 

3.15 

1.51 

0.62 

3.
62

1 3.44 3.57 

·3.71 

1.71 

1.

09

1 1.05 1.11 

1.28 

1. 52 

Calculated, 
diagonal plus 
p-p' elements 

3.77 l 3.81 
3.84 r 
1.63 

0.62l 0.70 
0.78 { . 

4.
09 1 

3.48 3.92 

4.02 

1.32 

0.17/ 
' 0.61 0.69 

0.61 

3.77 
1.66 

0.61 

4.
34 1 

4.06 4.24 

4.39' . 

1.90 

1.
04

1 ' 1.~4 1.07 

1.21 

4.64 

1.48 

Experimenta1a 

3.20(10) 

0.96(10) 

3.05(12) 

0.86(12) 

3.20(10) 

1.12(10) 

0.90(15) 

3 -:;8 ( 1 ).) • -" \_"-t-

3.51(9) 

1. 38( 5) 

aCarbon shifts relative to benzene; fluorine shifts relative to f1uorobenzene. 
bError in le.st place given parenthetically. 

=================-____ =c=_=--=========~==== 



-20-

113 comparable to that obtained from ground stateab - in1 tio calculations .3,7 ,10 

This 'agreement is further illustrated in Fig. 7, where we have plotted the 

experimental shifts versus those predicted by the first of the two CNDO/2 methods. 

The second method exaggerates chemical shifts slightly, especially in the heavily 

fluorinated benzenes. This is in contrast to the predictions of this method 

for the fl'l.loromethanes, which are in almost perfect agreement with experiment .11 

It is noteworthy that the dipole moments obtained from the CNDO/2 method 

, 12-14 
for the fluorobenzenes also agree fairly well with the known experimental values, 

. " 15 16 
as shown in Table V, and as reported prevlously.' Similar a,greement between 

theoretical and experimental values of dipole moments has' been obtained, with the 

CNDO/2 method for many 0ther classes of molecule~, including the fluoromethanes.
B 

.. Fdr . this re~son, and because both dipole moments and chemical shifts seem to be 

sensitive measures of ground state electronic and nuclear distributions, it is 

expected that these CHDO/2 potential models will predict chemical shifts well 

forruo,st molecules composed of first-row elements. 

The bond lengths used for the CNOO/2 calculations were 1. OB A. for the 

C-H borid, 1. 39 A :for the C-C bond, 1. 30 A for the C-F, bond if there were no 

fluorine atoms ortho to one another, and 1.35 A otherwise. These are the 

experimental bond lengths obtained for the difluorobenzenes;17 the experimental 
\ 

bond lengths of most of the other :fluorobenzenes are unknown. 
'" 11 

In apribr note 

des eri bing these Cr'iDO potential models~ the corresponding borid lensths, used for 

the :fluorobenzenes were LoB A, 1.3B A, and 1.30 A;, slightly different chemical: 

shifts were obtained, while the atoIilic charges differed by a negligible amount. 

Since (L ;. ')' is proportional to the nuclea~ diarn8.gj1etic shielding 
l ' 

constant; theCNDO/2 calculation of '( L .l..) may be of use in the interpretation 
r. 

1 

" 
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Table V. Dipole Moments 

'fluorobenzene 

1,2 difluorobenzene 

1.3difluorobenzene 

Experimental 

1.57
12 

2.4013 

1.5814 

CNDO/2 

1.52 

3.07 

1. 50 
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'of UMR chemical shifts. The connection between ~CAand NMR was first discussed 

by Basch;6 empirical correlations between NMR frequencies and ESCA'binding 

18 19 .energies have already appeared in the literature. ' 

The electrostatic potential ene,rgies wereco{llputed numer~cally by a 

subprogram written to augment the CNDO/2 FORTRAN. IV program. The field length 

of the program was increased by less than 2000 words; the additional comp~tations 

,.require about one-tenth of the time needed to obtain the CNOO/2 wave functions. 

'J 
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VI. An Atomic Charge Analysis 

It seems worthwhile to develop a method of analyzing core~level binding-

energy shifts directly to yield information about charge distributions in molecules, 

without recourse to molecular orbital models. Such an approach is suggested 
" 

because core electrons are in some ways nearly ideal "test charges": they are 

sensitive to, but do not participate in, electron redistribution accompanying 
, 

bond formation. In this section we discuss the derivation of an "atomic charge" 

analysis and its application to the fluorine-substituted benzenes. We seek. both 

to test the model and (if possible) to derive information about charge dis-

tributions in these molecules. 

Let us consider a molecule with n inequivalent atoms. If all n Is 

electron binding energies are known, they may be referred to suitable standard 

binding energies to yield a set of binding-energy shifts OE. (i = 1, 2~ .•• ~) • 
1. 

These shifts carry information ahout the eler.tronic charge dist:dbution. 

have only n data we can derive from them a set of n numbers {q.} at most with 
1 

which to describe this charge distribution. These numbers may be taken to represent 

cha~ges centered on the different atoms. The resultant crude point-charge model is 

subject to several criticisms, but the atomic charges derived from it may prove 

useful on an intuitive level, as an essentially experimental population analysis. 

Assigning charge qj to atom j, and denoting by Rij the internuclear 

distance between atoms i and j, we may write 

= L C:i) 
j j 

= (dEl) eq. + 
ag. 1. 

1. 

. (VI-l) 

, .. 
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as ,the incremental change in the binding ener.gy ofa core electron in atom i 
, , ' 

accompanying a redi!?tribution of charge iIi the molecule describedb;y the set of 

numbers {c'qi}. Note that qj is thus the charge on atom, J in uni tsofl el • 

If we choose· the binding-energy reference state as qj = 0 fOr all j (i.e. , 

hypothetical neutral atoms within the molecule) and invoke the essential constancy 

aE. 20 
( 1) . . d ' E (3) b O f --- as q. 1S ,var1.e " q. . ecomes ,aq. '1 . 

1 

k·qi + 1. / 

2 

L e -q 
j:fi Rij j 

(4) 

21 
Equations 'similar to this are well known in x-ray phot"Oelectron spectroscopy. 

Siegbahn',et al. ,9 have recently discussed this electrostatic approach for free 

~ moiecule$ in some cl-=tail.· '!-'hey gave an exprescior. veY'y si:rri:!.3.r to Eq. (4), 

but their analysis was quite different from, that given below. 

Equ~tion(4) is a linear equation in n unknowns {qJ}. There are 

n, such equatio:ls, one for the shift cE. on each atom,i. It is , , . " 1. 

convenient to write these equations in matrix form, 

.... 
Aq 

.... 
Here t and q, are n-dimensional vectors whose components are the ordered 

sets {oE.} and {q.} respectively. The n x n matrix' A has elements 1. ' 1 

A .. = k. = (dEi ) 
11. l. aq. 

l. 

A ... = 
1J 

for i ,,'j (6) 

~' 
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The off-diagonal elementsAij are easily worked out from a knowledge of the 

molecular geometry. Diagonal elements can be evaluated in several ways, as 

discussed below. The important point here is that the entire matrix A can 

be obtained from Coulomb's Law plus free-atom wave functions, with no reference 

whatever to molecular orbital models. Thus we may combine the matrix A, 

calculated essentially from first principles, with a complete set of n experi-

mentally-determined shifts l to solve for the n charges 
-+ 
q, thereby obtaining 

an empirical population following the evaluation of A .. = k; for the elements 
~~ ... 

carbon and fluorine. 

Binding-energy shifts for core electrons of isolated atoms arise via 

Coulomb shielding by electrons in the valence shell. For free atoms it has been 

~hc,.;n 6~ 7 th~t tv e g;),)d a~rroxiJlle.tion ~ = ~V: wh€;l'e ~ is the bir .. ding-ene::ogy 

shift, and b.V is the shift in potential energy of a Is electron, that are 

induced when a ch~nge takes place in tr.e valence shell. In fact the Is orai tc.ls 

even of first-row atoms such as carbon and fluorine are sufficient1y Iocalized 

that b.V may be taken as the change ~n potential energy of an eIectronic charge

I e I at the nucleus." A single valence electron interacting with such a charge 

2 (' -1 > ( -1) , gives rise to a potential energy term e r , where r is the expectation 

-1 22 value ,of r for the valence electron. If the electron population of the valence 

shell shoUld decrease by the fraction of one electron cq, correspondint$ to an 

increase of charge in the valence shell by the fraction oq of one charge unit 

lei, then: the binding energy of a Is electron would be changed in this approxi-

mation by an amount 
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',Comparison with the Udiagonal" terms/in Eqs. (3) and. (4) yield8 

2 ( -1) k
i 

= e . r
i 

\ 

(8) 

In this analysis we shall use a single value ofk. for each' element. 'The' s and 
1 

valence orbitals on the same atom have slightly different values .of < r-
l 

) . ' 

However, we prefer to avoid any arbitrariness that might result from the intro-

duction of additional paI.:ameters (e.g., to describe hybri,dization). 'rh{s is 

certainly justified, because the derived charges are ac;tual1y not very sensitive 

to the exact value of k used. 

Mann' s23 free-atom Hartree-Fock calculations of ( l/r) yield 

kC ~ 21.1 eVil el and ~ = 34.5 eV/ I el far the 2p orbitals of free carbon and 

fluorine,:ccspecti-1E:ly. Siegbahn et,cil.
9 fuund slopes of k

C
'= 21.9,an<i KF = 27.0 

by least-squares fits of binding-energy shifts. They gave values k =22'.0 arid 

. kF~ = . 35.1calc~at~d from Slater orbitals for the elements. The agreemellt among 

these sets of values is encouraging. We havejmade atomic charge analyses based 

on ranges of values for kCand ~ of about ,5 eVil e I, centered 'on the adopted 

values given below. The sensitivity of the derived charge to variation in kC 

and kF is very slight, typically 

oq .. 

6k~ 'V 0.005 

in the ranges studied. Our final adopted values are 

k =22.0 eV/lel 
C 
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Reference energies must be selected for carbon and fluorine before. the 

data can be treated. In this analysis the charge on carbon in benzene is taken 

24 
as zero. Thus the carbon shifts for the other molecules are referred to benzene 

as in Table I. The fluorine reference energy may then be deduced by comparing 

C6H6 and C6F6 . For C6F6 (using the bond distances given in Section V, and taking 

kC = 22.0), Eg. (3) becomes 

Taking eSc = 3.57 eV, and setting qF = - qc for C6F 6' we have 

q = q = 0.1'41 - FC 

(Three d.il3jt~ have bee'1 retah,ed herE. and be~LO'w in inter!:lcd.i.ate st3.2;e3 of 

computation, to avoid rounding-off errors. The third digit has no physical 

significance, and is not givenlin final results.) For fluorine in C6F6 Eq. 

becomes 

= -2.43 eV 

i.e., the fluorine zero-charge reference state falls at als binding energy 

2.43 eV higher than that of fluoriile in. C6F6.The fluorine Is shifts in this scale 

are given in Table VI. 

In hydrogen-containing compounas it is impossible to measure a complete 

set of core-level shifts, because hydrogen has no core levels. We have therefore 

constrained all hydrogens in each molecule to have the same charge (in some cases 
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Table VI~Fluorine shifts relE:.:iYe to a hypothetical neutral standard state 

Compoimd, 6E(Fls), eV Compound " cSE(Fls) , eV 

C6
HsF -3.81 1,2,3,4-C6H2F

4 
-3.11 , 

'.' .>' 

p-C6H4F2 
-3.51 . 1,2,3, 5-C 6H2F4 -2.88 

. m-C
6

H4F2 -3.51 1,2,4,5-C6H2F4 -2.91 

~-C6H4F2 " "..3.44 C6HF5 -2.74 

1,~,S"';C6H3F3 -3.30 C6
H6 -2.43 
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this is already required by symmetry} and have used the condition of electrical 

neutrality for each molecule, r qi = 0, as the final equation necessary to 

determine m charges from m-l shifts. ,Finally, within each moleculeal~ C
H 

shifts have been taken as that· of the CH peak, and s.iIIlila.rly for CF. This 

would appear to be a rather drast"ic, approximation, but· it is not. The component!:; 

within each CH or CF peak cannot have relative shifts of more than a few tenths 

eV, because there is little evidence of line broadening. 

With the above constraints the actual calculation of atomic charges 

reduces, for each molecule, to solving m linear equat'ions for m unknowns, 

with m = 4, 5, 6, or 8 for the cases studied.· Here m-l is the number of. 

inequivalent atoms other than hydrogen. When the number of equations is reduced 

to take adva...'1ta~e of "the moieculaT syrrJnE)"try. the s] err..ents of the resul tin'S (smaller) 

matrix are linear combinations of the Aii and Aij given by Eq. (6). For example, , 
the matrIx equ(;l.tion for p-difluoro·o8nzene is 

27.180 32.682 14.606 21.934 

16.341 43.521 10.188 28.031 
= 

14.606 20.376 I 35.177 17.574 qF 
I 

o 2 4 2 4 qH 

Here qCl is the charge on each C
F 

carbon. The linear equations were solved for 

the nine molecule~ studied containing C, F, and H; using a program named ACHP~GE. 

This program also inverts the coefficient matrix, to test the sensitivity of 

(9) 

deri ved charges to errors in the shi fts • Results are given in 'rable VI I, together 

with atomic charges obtained from the CNOO/2 calculations described in Section V. 



Compound 

'F 

F F 

F 

F 

G)1 
, ,4 2, 

5 4 

a 
,'Atom " 

C 1 
C ,2,6 

C3~5 
C4 
F 
-
H 

C1 ,2 
C 3,,6 
C45 , , 
,F 

H 

C1 ,3 
C 2 

C4 6 , 
C 

5 
F 
-H, 

C1 ,'4 
C ,2,3,5,6 

F 

H 

Table VII. Deriv¢d Atomic Charges 

q q ,-
(AC~ARGE) ( CNDO/2) CompouI1d 

23b 24 
F 

- 4 -'5 

1 3 

0 - 1 .P 

-19 -20 

0 0 F 

19 19 

- 3 - 3 

1 1 

-17 -18.
5 

F 

0 1 

25 26' 
F 

- 9 -12 

~4·5 - 7 
2 5 -

-F 
-18 ;..20 

, 0. 5 2 

23 22 

- 3 ,.. 3 

-18 -20 

1 2 

Atom 
q q 

,(ACHARGE) (CNDO/2) 

18 19 C 4 F 1,2,,5 
C3,6 - 7 - 8 

F -15 -18 
~ 

F H 2 5 

19 19 CI 4 , , 
F C2 ,3 14 ' 15, 

C5,6 - 6 ... 3 

-17 -18 i 
w 

-16 '-16 0 
I 

-F F1 ,4 
F2 ,3 

H +4. 5 - 3 

Cf
t
3 '19 23 

C2 19 11 ' 

C4,6 -10 -12, 

25 27 Cr: 
:> 

, FI ,3 ' -12 - ~17 

F2 -15 -17 

F5 -16- -19 

H, 1 ? 



Table VII. (con~inued) 

~ere H denotes average of all hydrogen charges. 

bCha:rgesare given in units of 10-2 lei, 

q 
(ACHARGE) 

19 . 

14 

14 

- 9 

-15 

-15 

-15 

4'5 

14 

-14 

q 
(CNDO/2) 

21 

13 

17 

'-10 

-17 

-16 

-16 

6 

15'5 , 
w 

-15'5 
I-' 
I 
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VII. Discussion of the Atom1c Charge Values 

The 'agreement displayed in Table VII between .the charges obtained from 

ACHARGEaild those calculated by CNDO/2 is extremely good for most cases. Not 
, 

only are the numerical values very close, but sever'al tr~nds ~re revealed by 

both se'tsof charges. This consistency lends credence to the notion that 

atomic cliarges may provide a useful, though admittedly rather qualitative ,basis 

on whicht6 discuss certain molecular properties. 

Before interpreting the charges we must issue a caveat. The conceptual 

shor1;.comings'of a point charge model are well-known. Point charges are especially 

inadequate for describing multiple bonds, some lone pairs, and delbcalized pi 

systems.' NeVertheless, molecular orbitals are usually expanded in terms' oT 

. ,a:tomic orbitals, and the "overlap popul'ations" can be assigned to indi'tidual 

ti.tomsin away that yields a useful,albeit arbitrary, population analysis. 

Tnisparticular kind of arbitrariness is not necessary in the two charge analyses 

discussed above (!.,CHARGEand CNDO/2), but only because the even cruder asswnpticn 

that ali eiectrons a'.re;; centered on one atom or another is' already built into both 

models. 

The good agreement between ACHARGE and CNDO/2 charges arises largely 

from similarities b"etween the two approaches. In f,act, the first CNDO/2method 

described, in which we ignore off-diagonal matrix elements, is identical to 

ACHA,RGE; Th,ere are, however, significant differences between ~hat is done. We 

have used the'CNDO/2 me~hod to calculate the atomic charges and binding energy 

shifts without adjustable parameters. The calcul~ted shifts are found ,to compare 

favorably with th:e experimental values. With ACHARGE. we have a simple method 

to derive atomic ch9Tge~sfrom the experimental results without reference to 

molecular orbitals or to specific Inodels of bonding~That these charges are ih 

,'.t,j 
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agreement with chemical experience wHlbe seen below. It should be noted, 

however, that to the extent that the CNDO/2 method gives shifts that are in 

agreement with experiment, it should also give charges that are identical to 

those obtained by ACHARGE. 

The dipole moment of fluorobenzene is·normally attributed to polarization 

of the C-F bond, while its tendency to accept electrophilic substituents in the 

ortho and para positions is attributed to resonance tautomers such as 

and 

Pola.rizatio!1s elf the C- Y bo~1 is ch:a-rly e1:'ident in the ch5.!"ge values in Table 

VII. The difference q(C
F

) - q(F) ranges from about 0.3 to 0.45. There is a 

clear trend in the (average) fluorine charge, from about -0.20 in fluorobenzene 

to \about -0~15 in C6F6. 

No such trend is evident in the carbon charges, because of the dominant 

effects· associated with the ortho, meta, and para positions.· These effects are 

indicated in Table VIII. The ortho, meta, and para charges for the ~ carbons 

in fluorobenzene give this effect directly. It may be found also in the C
F 

carbon in fluorobenzene. The effect is evident in both bases (and the'CNDO/;? 

charges alSo show it). The photoelectron data with the ACHARGE analysis appear 

to show a rtegative charge of about -0.04 on the ortho carbon, and, with less 

certainty, a. very small positive charge on the meta carbon. The para carbon 

appears to be essentially neutral. 

The 0, m, p effects are present in the multiply-substituted fluorobenzenes. 
, 

This is most readily apparent in 1,3-difluorobenzene and 1,3, 5-trifluorobenzene, 
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Table VIII. Ortho, meta, para alternation in atomic charges 

C '" • fll+orollenzene . (Ch£i:rge carb.ons ~ in 
H 

on CF 
carbon in difluorobenzenes) 

-

Position 
. . 

. Charge (Wlits of IeI'> 
minus (Charge on C

F 
carbon in fluorobenzen 

J 

From 1 From Molecule ~q from ~q fr 
ACHARGE. CNDO/2 ACHARGE CNDO/ 

, 

ortho '.' .. -0.05 -0.05 o-difluorobenzene -0.04 -0.0 , 

meta " +0.02 +0.02 m-difluorobenzene +0.01 +0.0 

para 0.00 -0.02 p-difluorobenzene 0.00 -0.0 

.... 

. ... ' 
, "I"· 

e) 

om 
2 

5 

3 

1 



-35-

for which the additional tautomeric forms reinforce one another. In 1,3-difluoro

benzene, for example, the carbon in position 2 is ortho to both fluorines and 

should therefore carry a large negative charge. It does; for this cas,e 

q(C) = -0.09. This effect should be even largpr in 1,3,5-trifluorobenzene, 

because carbons in the 2, 4~ and 6 positions are eachortho to two fluorines and 

para to another~ The ACHARGE result, q(CH) = -0.13, confirms this expectati'on. 

Furthermore, for this molecule the C
F 

carbons have the largest positive charge 

observed in this study. This is also expected because each is meta to two 

fluorines. 

A number of other systematic trends can be observed among the charges 

in Table VII. They all appear to be in accord with what is expected on chemical 

gro'..l!':.ci.s. W'J couclt::.de. that :'he AC!U .. HGE aaalysis yields cllargeo th3.t a!'e tA3eful 

in understanding chemical properties. With further refinement, and especially 

in co~bi:1at:ion with higher-resol':..:tion spectra, the ACHARGE ani:l..lysis of .t,110tO- . 

electron data may permit prediction of the reactivities of new compounds. 
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Figure Captlons 

Fig. 1. "X~r!3.Y photoelectron spectra. of fluorobertzenes ,obtained with Mg Xa. 

radiation. 

Fig. 2. Fluorine Is binding-energy ,shif'ts 'of fluorobenzenes relative to C
6

F
6

, 

plotted against number of fluorines. 

c 'Fig. 3. Ct:i:rbon Is binding energies of fluorobenzenes relative to that of 

benz,ene,,: plotted against number of fluorines. The upper points ref~r to 
, , 

carbons to which fluorines arebcihdeci; the lower points re'f'er to carbons 

to which hydrogens are bonded. 

Fig. 4. Shift of C
H 

Is. binding energies (relative to that ofC
6

H F
5

) for 

, " 

compounds C6FInF6_n pl~tted against the shift of Cpo Is, :t>inding energies 
/ 

(r€:le.tiY~ t-:>C
6

H
5
FJ :'01 the :::c!Iipleoente.ry ~oI:l')oullds C ... H,.. F. 

, ;'" , 0 o-n ~ 

<Fig.' 5. 'The 'ordinate is the shift in total binding energy of cllrbon Is electrons 

rela.tive to those in benzene for the cOIDnound C
6

H F6 . The acscissa is • n -n 

the shift in total binding energy of carbon Is electrons relative to those 

in C6F6'for the com,plementary compound C6H6-n: n' , 

Fig. 6., Shift in the total pinding energy of carbon Is electrons per SUbstituted 

ligand, plotted versus number of ligands~ The open'circles refer to substitution 

of fluorines for. hydrogens on benzene; the closed circles refer to substituticn 

of hydrogens for fluorines on C
6

F
6

• 

Fig. 7. Experimental shifts for binding energies of Is electrons plotted against 

the shifts calculated by the first of the two J:::NDO!2 methods described in the 
, .... :. 

text. 

I.",' )' , 

\ " "" 
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