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Abstract: Carbon Is and (where applicable) fluorine Is binding energy shifts were measured in gaseous benzene, 
fluorobenzene, o-, m-, and /?-difluorobenzene, 1,3,5-trifluorobenzene, and three tetrafluorobenzenes, pentafluoro-
benzene, and hexafluorobenzene. The fluorine spectra showed only a single peak for each fluorine-containing 
molecule. The carbon spectra of C6H6 and C6F6 each showed 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 and ±0.17 eV (standard deviation). The shifts were interpreted in 
three ways. First, trends were observed. The formal symmetry between fluorine-substituted benzene and hydro­
gen-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 manifested as a deviation from symmetry in these shifts. A second, more 
quantitative interpretation was based on the use of CNDO wave functions to calculate AV, the shift in the electro­
static potential at each nucleus. The binding energy shift AEB is related to A£B = - A F ; thus shifts could be 
estimated directly. These 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 ge­
ometries, atomic properties, and measured shifts to deduce empirically charges that could be assigned to each 
atom. The charges so obtained were in very close agreement with CNDO charges and with chemical experience. 
A clear ortho-meta-para effect was found. Fluorine atoms substituted on benzene were found to have charges 
in the range —0.15|e| to —0.20|e|, depending on the number of fluorines on the ring. The carbon to which a 
fluorine was bound has a charge of +0.23|e| in fluorobenzene and +0.14|e| in C6F6. Charges of —0.05, +0.02, 
and O.OOjej were found on carbons in the ortho, meta, and para positions, respectively. Additional tautomeric 
forms enhance these effects in polyfluorinated benzenes, as expected. The simplicity, strong empirical basis, and 
excellent agreement with both CNDO charges and classical chemical resonance models strongly support the valid­
ity of the ACHARGE analysis and indicate that it may have value in predicting chemical properties from core 
level binding-energy shifts. 

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 these can in 
principle always be determined by well-established ex­
perimental techniques. The third, the electron dis­
tribution, is very elusive. It affects almost every spec­
tral property, but, with some exceptions (e.g., dipole 
moments in diatomic molecules), the deduction of elec­
tron 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), 

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission. 

and, for some extensively 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 ex­
ample, 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 electro­
static potential. An electrostatic potential model is 
used, together with CNDO wave functions, to predict 
shifts. We describe also 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 
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atomic charges for the fluorine-substituted benzenes. 
Trends are discussed and compared with expectations 
based on chemical properties. 

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 anal­
ysis is described and applied in section VI, and in sec­
tion VII the derived atomic charges are discussed. 

II. Experimental Section 

Binding energies were measured by X-ray photoemission, using 
Mg Kai,2 radiation (1253.6 eV) and electrons were analyzed in the 
Berkeley iron-free spectrometer.2" The samples were all studied as 
gases at pressures in the 1O-2 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 by 
Siegbahn, et al.2b 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 fluoroform 
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 Is peaks), the range of chemical shifts 
is too small to provide a reference compound with a peak that 
can be resolved from that of the compound understudy. 

The second procedure consisted of admitting the sample and 
reference gases alternately into the experimental chamber. The 
alternation period (~1 hr) was fast compared to the long-term 
drift in the spectrometer calibration (0.2-0.3 eV/day), and the lat­
ter was thus effectively eliminated. The reliability of this proce­
dure was established by comparison of the shift results with those 
obtained using the more direct method. Either of the two above 
procedures would still be feasible even if the apparent peak posi­
tions were pressure dependent, but both would require more mea­
surements. The origin of the pressure dependence of peak position 
in the data of Siegbahn, et a/., is not understood,2b but for those 
gases in which comparisons are possible their chemical shifts agree 
reasonably well with those measured with the Berkeley spectrom­
eter.3-4 

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 establish a base line. The spectra were displayed and visually 
inspected during each run, which consisted of several scans of the 
energy region under study. Each scan was recorded with a 
teletypewriter, and for each run of /; scans both the sum of the first 
nil scans and the sum of all n scans were separately analyzed to 
check for consistency. The data were transferred to punched cards 
and were least-squares fitted in a CDC-6600 computer. Gaussian 
peak shapes were used. They gave good fits, although the peaks 
are not necessarily expected to be Gaussian. Peak positions, 
line widths, 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. Several runs were made on most of the peaks 
studied, and the results agreed to an extent that indicates these error 

(2) (a) C. S. Fadley, S. B. M. Hagstrorn, M, P. Klein, and D. A. 
Shirley, /. Chem. Phys., 48, 3779 (1968); (b) K. Siegbahn, C. Nord-
ling, G. Johannsson, J. Hedman, P. F. Heden, K. Hamrin, U. Gelius, 
T. Bergmark, L. O. Werme, R. Manne, and Y. Baer, "ESCA Applied 
to Free Molecules," North-Holland Publishing Co., Amsterdam, 1969, 
pp 18-21, 

(3) D. W. Davis, J. M. Hollander, D. A. Shirley, and T. D. Thomas, 
J. Chem. Phys., 52, 3295 (1970). 

(4) Reference 2b, pp 104-136. 

estimates are realistic, and the errors therefore are primarily sta­
tistical. Thus when two shifts were combined, the error in the 
resultant was obtained by the standard rules of statistical error 
analysis. 

III. Results 

Benzene and 10 of the 12 fluorine-substituted ben­
zenes were studied. Only the two unsymmetrical tri-
fluorobenzenes were omitted. Parameters were ob­
tained for 30 peaks. Although we shall 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 CBFKH6_„. 
For these cases two distinct carbon peaks of intensity 
ratio «/(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, line width, and inten­
sity—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 AE, 
referring the carbon Is binding energies to benzene and 
the fluorine Is binding energies to hexafluorobenzene. 
These reference binding energies have the values EB-
(C Is, C6H6) = 290.4 eV and £B(F Is, C6H6) = 693.7 
eV. Both are known only to an accuracy of a few 
tenths of an electron volt, but their exact values have 
little bearing on interpretation of the shifts, which are 
known much more accurately. Table I gives the 

Table I. C(Is) and F(Is) Binding Energy Shifts 

Compound 
X 

CeHe 
C6H5F 
1.4-C6H4F2 

1,3-Cf,H4F2 
1.2-C6H4F2 

1,3,5-C6H3F3 

1.2,3,4-C6H2F, 
1.2.3,5-C6H2F, 
1,2,4,5-C6F2H4 

C6HF3 

C6F6 

. A£B(C Is)" . 
Lower 

EB peak, 
eV 

(0.00) 
0.39(3)" 
0.76(4) 
0.70(5) 
0.72(4) 
0.56(13) 
0.96(10) 
0.86(12) 
1.12(10) 
1.32(17) 

Higher 
EB peak, 

eV 

2.43(4) 
2.74(6) 
2.92(6) 
2.87(6) 
3.02(9) 
3.20(10) 
3.05(12) 
3.20(10) 
3.38(14) 
3.57(9) 

A E B ( F IS) ' . 

eV 

- 1 . 3 8 (5) 
- 1 . 0 8 ( 5 ) 
- 1 . 0 8 ( 5 ) 
- 1 .01 (5) 
- 0 . 8 7 ( 8 ) 
- 0 . 6 8 ( 1 0 ) 
- 0 . 4 5 16) 
- 0 . 4 8 ( 1 0 ) 
- 0 . 3 1 (15) 

(0.00) 

" Error in last place given parenthetically. 
(C Is, X) - EB(C IS, C6H6). <=A£„(F Is, X) 
(F Is, C6F6). 

1 A E B ( C 1 S , X ) = £ B -
^ E B ( F I S , X) - EB-

binding 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 fluorobenzene is 
reported for seven runs in Table II. 

IV. Trends among the Shifts 

Chemical shifts in binding energies of core electrons 
can be interpreted at several levels of sophistication, 
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FLUORINE Is CARBON Is 

C 6 H 6 

C6H5F 

Oftho- C6H4F2 

C 6 H 5 F, 

1,2,3,5-C6H2F4 

C 6 H F 5 

C6F6 

695 €94 693 692 691 

BINDING ENERSY ItV) 

Figure 1. X-Ray photoelectron spectra of fluorobenzenes, ob­
tained with Mg Ka radiation. 

Table II. Splitting of the C(Is) Peaks in Fluorobenzene 

Run 
no. 

1OB 
15 B 
17 D 
19 D 
21 D 
23 D 
25 D 
Weighted av 

Splitting, 
eV 

2.036(76) 
2.013 (57) 
2.122(79) 
1.994(71) 
1.966(107) 
2.112(68) 
2.017(69) 
2.040(30) 

ranging from correlations with an empirical parameter 
such as electronegativity to comparison with the pre­
dictions of ab initio Hartree-Fock calculations. The 
optimum interpretation for a given set of data depends 
in part upon the information desired from the data. 

In this study we had three objectives. First, we 
wished to trace binding-energy shifts through a series 
of related planar molecules, in order to observe varia­
tions in binding energy shifts with substitution of fluo­
rine for hydrogen. Second, we wanted to test the 
feasibility of predicting shifts by the use of an interme­
diate-level molecular orbital theory. Finally, we 
wished to assess the possibility of analyzing the chem­
ical shifts for each molecule in terms of a self-consistent 
set of atomic charges by making a suitable analysis of 
the fluorine-substituted benzenes. Binding-energy 
jrends are discussed in this section, and the other ob-
tectives are discussed in sections V and VII. 

The essential features of the spectra are illustrated in 
Figure 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 fluorine Is binding 
energy shifts plotted against n, the number of fluorines 
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Figure 2. Fluorine Is binding-energy shifts of fluorobenzenes rela­
tive to C6F6, plotted against number of fluorines. 

substituted on the ring. Only one fluorine Is peak was 
observed in each case, even for molecules with inequiva-
lent fluorines. This is not surprising because the total 
range of fluorine Is shifts (1.38 eV) is about the same 
size as the fluorine Is line width (1.4-1.5 eV), and split­
tings of a few tenths of an electron volt in the F(Is) 
spectrum of a given molecule could have gone un­
noticed. Figure 2 also shows that the variation of 
EB(F IS) is linear in n and that there is no significant 
variation in EB(F IS) among isomers. For purposes 
of chemical analysis the fluorine Is shifts can be rep­
resented by the relation £B(F Is, C6H6_„F„) = £B(F 
Is, C6F6) - 1.37/(6 - ri) eV. With the statistical ac­
curacy obtained in our best spectra, one could deter­
mine 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 di­
rectly to hydrogen (hereafter referred to as CF and CH, 
respectively) there are two carbon Is peaks. The ratio 
of the intensity of the peak at the higher binding 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 two 
carbons Is peaks to the aggregate of all the CH carbons 
(the peak with the lower EB) and to the aggregate of all 
the CF carbons (the peak with higher EB). Several 
molecules had two or more inequivalent CH or CF car­
bons, but the spectra showed no decisive evidence for 
two or more binding energies among either the CF or 
the CH carbons in any case. Again, as in the fluorine 
Is case, the existence of components spread over sev­
eral tenths of an electron volt in energy would have been 
undetectable with the instrumental resolution and 
counting statistics available in this work.6 Our inter­
pretations below are based on the observation that all 
the CF or CH carbons in each molecule must have essen­
tially the same binding energy. The experimental 
carbon Is line widths 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, rela­
tive to that of CH in benzene, plotted against the number 
of fluorine atoms in each molecule. All the shifts are 

(5) D. T. Clark, et al. [Chem. Commun., 516 (1971)], have reported 
several components of differing binding energy in the CH peak of 
monosubstituted benzenes. 

Davis, Shirley, Thomas / Spectroscopy of Fluorinated Benzenes 
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Figure 3. Carbon Is binding energies of fluorobenzenes relative to 
that of benzene, plotted against number of fluorines. The upper 
points refer to carbons to which fluorines are bonded; the lower 
points refer to carbons to which hydrogens are bonded. 

positive. This might naively be taken as evidence that 
all 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 dis­
cover in sections VI and VII. Core-level binding en­
ergies are determined 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 be­
tween carbon Is binding energy and the extent of oxida­
tion. 

The binding energies shown in Figure 3 fall into two 
groups corresponding to the CF and CH carbons. For 
each compound in which both CF and CH carbons are 
present, the CF 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 di­
rectly bonded to fluorines. The shift 

£ B ( C F IS, C6H5F) - EB(CH Is, C6H6) = +2.43 (4) eV 

is only slightly less than the comparable shift for 
methane, i.e. 

EB(C IS. CH3F) - EB(C Is, CH4) = +2.8 eV 

Both the CH and the CF shifts show essentially mono-
tonic upward trends as the number of fluorines is in­
creased. It would be tempting to infer from this fact 
the CH carbons in the ring as well as the CF carbon lose 
electronic charge to the fluorines. In fact we shall dis­
cover 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 sub­
stituted for hydrogen 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 to the atomic 
charge analysis in section VI. For the remainder of 
this section we shall make observations only about the 
symmetries observed among the chemical shifts. 

It would be very interesting to measure directly shifts 
induced in the binding energies of the ortho, meta, and 
para CH carbons when a fluorine atom is bonded to a 
benzene ring to form fluorobenzene. The present reso­
lution does not allow this; all three CH carbons contrib­
ute to a single peak. Another approach is available, 

however. The CF carbon has its photoelectron line 
split out of the CH peak by about 2 eV, where it can be 
studied separately. This CF carbon may then be sit­
uated in the ortho, meta, and para position relative to a 
second CF carbon in a difluorobenzene molecule. 
Each of these molecules contains only one CF species. 
Thus the CF line in C6H6F may be taken as a standard, 
and the three shifts 

.EB(CF Is; o-, m-, or/J-C6H4F2) - EB(CF Is, C6H5F) 

may then be regarded as measuring the effect of fluorine 
substitution on the ortho, meta, or para position, at 
least as detected by a CF carbon. These three shifts 
are set out in Table III. 

Table III. The Ortho, Meta, and Para Shifts 

Molecule 

0-C6H4F2 

W-C6H4Fj 
P-C6H4F2 

£(C F IS) -
E(CF IS, 
C6H6F), 

eV 

0.44(6) 
0.49(6) 
0.31(6) 

Molecule 

0-C6H2F4" 
m-C6H2F4 

P-C6H2F4 

£(C H Is) -
£ (C H IS, 
C6HB5), 

eV 

-0 .36(1O) 6 

- 0 . 4 6 ( 1 2 ) 
- 0 . 2 0 ( 1 0 ) 

" Here ortho, meta, and para refer to the hydrogen positions. 
b The error in the C6H6F energy is not included, since we wish to 
compare these three shifts. 

There is an interesting formal symmetry among the 11 
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 to C6H6. The tetrafluoro-
benzenes may then be regarded as o-, m-, and/>-dihydro-
perfluorobenzene, etc. In fact the whole series may be 
compared by going first up, then down, the list in the 
order given in Table I. Of course the CF shifts going 
in one direction must be compared to the CH shifts 
going the other way. The shifts 

EB(CH Is; 0-, w-, P-C6H2F4) - EB(CH Is, C6HF5) 

analogous to the ortho, meta, and para CF shifts in the 
difluorobenzenes are included for comparison in Table 
III. Uncertainties in the magnitudes of the shifts pre­
clude extensive discussion, but several observations can 
be made. Making the appropriate pairwise compar­
isons, the CF shifts have the opposite 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 fair representation of the rela­
tionship between them. This supports the concept of 
symmetry between the CH shifts in compound X and 
the CF shifts in compound X, where X is obtained by 
replacing hydrogens by fluorines and vice versa. The 
two 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 

Journal of the American Chemical Society / 94:19 / September 20, 1972 
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Figure 4. Shift of CH IS binding energies (relative to that of C6H 
F5) for compounds C6HnF6-,. plotted against the shift of CF IS bind­
ing energies (relative to C6H5F) for the complementary compounds 
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Figure 5. The ordinate is the shift in total binding energy of carbon 
Is electrons relative to those in benzene for the compound C6HnF6-,.. 
The abscissa is the shift in total binding energy of carbon Is electrons 
relative to those in C6F6 for the complementary compound 
C6H6_nFn. 

just those of the CF carbons. This may be interpreted 
as showing that fluorines remove charge "from the 
ring" in the sense of creating an electrostatically 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 
CH carbons. It.is useful, however, to compare the 
shifts in an empirical fashion. Some indication of the 
total amount of charge withdrawn from the ring by 
fluorines is given by the total of the binding-energy 
shifts of all six carbon atoms, relative to benzene. For 
the molecule X, with empirical formula C6H6-J7,,, the 
total shift S(X) is given by 

S(X) = n£B(CF Is, X) + 

(6 - n)£B(CH Is, X) - 6 £ B ( C H IS, C6H6) 

If hydrogens are replaced by fluorines in X, and vice 
versa, to form X, with empirical formula C6HnFe-M, 
then the analogous total shift, relative to C6F6, is given 
by 

S'(X) = H £ B ( C H IS, X) + 

(6 - «)£B(CF IS, X) - 6£B(CF Is, C6F6) 

I n F i gure 5, S(X) is plotted against S'(X) for the nine 
compounds studied that had 1 < n < 5. The good cor­
relation supports the concept of symmetry among the 
shifts, and the deviation of the points from total quan­
titative agreement may be interpreted separately. The 
points in Figure 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 
C6F6, in which the C-F bonds are highly polarized. 
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 qualita­
tively evident in the F(Is) shifts in Figure 2; it is treated 
quantitatively in section VI, in which atomic charges 
for the fluorines are derived. 

In Figure 6 the saturation effect on the shifts is dis­
played more effectively. The total carbon Is shifts per 
substituted ligand, S(X)/« and S'(X)/«, are plotted 
against the number of substituted ligands, n. On the 
whole the points in Figure 6 show a negative slope, al­
though most of this slope is associated with the S(X)/« 

" 0 2 4 6 

NUMBER OF SUBSTITUENTS, n 

Figure 6. Shift in the total binding energy of carbon Is electrons 
per substituted ligand, plotted vs. number of ligands. The open 
circles refer to substitution of fluorines for hydrogens on benzene; 
the closed circles refer to substitution of hydrogens for fluorines on 
C6F6. 

shifts (relative to benzene). A qualitative interpreta­
tion of this result can be given. As fluorines are added 
to 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 information from binding-
energy shifts by studying trends and using chemical 
intuition. A more quantitative discussion is presented 
below. 

V. A CNDO Potential Model 

An electrostatic potential model based on SCF wave 
functions and Koopmans' theorem has been found to 
predict quantitatively the chemical shifts in some small 
molecules.6'7 It would be desirable to apply this mode] 
to larger molecules if one could avoid the expense of 
calculating ab initio wave functions, and the CNDO/2 
approximation was explored to this end. While re­
quiring little computer time, CNDO/2 has been suc-

(6) H. Basch, Chem. Phys. Lett., 5, 337 (1970). 
(7) M. E. Schwartz, ibid., 6, 631 (1970). 
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Table IV. Carbon and Fluorine Is Electron Binding Energy Shifts in eV° 

Compound Nucleus 
Calcd 

(point charge) 

Calcd, 
diagonal plus 
p-p' elements Exptlb 

C i 

C2,6 

C3,6 

C4 
F 
C],2 

C3,6 
Ci, 5 

F 
C, ,3 

C2 
Ci,s 
C6 
F 

C l , 4 

Cj,3,5,6 

F 

Cl,3 ,5 

C2.4.6 

F 

C l ,4 

C2,3 

Cs ,6 

F l , 4 

F2,3 

C l , 3 

C2 
C5 
C4.fi 

F1,, 
F2 
F4 

Ci,2 

C3.6 

F 

C1, 5 
C2,4 

C3 
C6 
F1,5 
F 2 , i 

F3 

C 
F 

2,25 
0.171 
0.42 0.26 
0.10J 

2.48 
0-761 
0 .67 /° ' / z 

-0 .03 
2.66 
0.331 
0.27 0.43 
0.84J 
0.36 

2.36 
0.61 
0.16 

3.08 
0.42 
0.71 

3.151 
3.25J-5 

1.43 

.20 

°'6Ho 75 0 . 8 6 / 0 ^ 

3.401 
2.96 3 
3.3Ij 
1.23 
0.80] 

.27 

0.66|>0.71 
0.58J 

3.15 
1.51 
0.62 

3.621 
3.44 3 
3.71J 
1.71 
1.09] 
1.05S-1 
1.28J 

3.94 
1.52 

.57 

.11 

2.79 
0.161 
0.52}0.29 
0.1Ij 

2.98 

s>« 
-0 .08 

3.30 
0.29] 
0.26f0.46 
1.04J 
0.37 

2.91 
0.68 
0.18 

3.82 
0,40 
0.74 

3 ' 7 7 U 81 
1.63 

°'62\o 70 0.78/U ' / U 

4.09] 
3.48 3.92 
4.02J 
1.32 
0.77\ 
0.61 0.69 
0.61J 

3.77 
1.66 
0.61 

4.341 
4.06 4.24 
4.39J 
1.90 
1.04] 
1.04^1.07 
1.21J 

4.64 
1.48 

2.43(4) 

0.39(3) 

2.87(6) 

0.72(4) 
0.37(10) 
2.92(6) 

0.70(5) 

0.30(10) 

2.74(6) 
0.76(4) 
0.30(10) 

3.02(9) 
0.56(13) 
0.51(13) 

3.20(10) 

0.96 (10) 

0.70(15) 

3.05(12) 

0.86(12) 

0.93(11) 

3.20(10) 
1.12(10) 
0,90(15) 

3.38(14) 

1.32(17) 

1.07(10) 

3.57 (9) 
1.38(5) 

" Carbon shifts relative to benzene; fluorine shifts relative to fluorobenzene. b Error in last place given parenthetically. 

cessful in predicting the properties of molecules com­
posed of first-row elements.8 

As in the ab initio approach, the electrostatic poten­
tial energy of an electron at a nucleus 

Ei/r; 2YZJIRI O) 

is calculated. The symbols rt and Rj refer, respectively, 
to the distance between the parent nucleus and the /th 

(8) J. A. Poole and D. L. Beveridge, "Approximate Molecular 
Orbital Theories," McGraw-Hill, New York, N. Y., 1970, Chapter 4. 

electron and to the distance between the nucleus and 
the j'th other nucleus with charge Z1. The first sum is 
taken over all the electrons in the molecule, the second 
over all the nuclei except the parent. The change in the 
potential energy at the nucleus of an element between 
two molecules is taken to be the negative of the shift in 
the binding energies of the Is electrons associated with 
that nucleus. 

The calculation of (Sjl/r,) was done as follows. 
The basis functions (Slater orbitals) were treated as if 
they were orthonormal, as in the CNDO reduction of 
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the Roothaan equations. The portion of the sum 
arising from the basis functions centered on the parent 
nucleus was calculated exactly, in contrast to the em­
pirical approach used by Siegbahn, et al.9 The portion 
arising from basis functions centered on other nuclei 
was evaluated in two alternative ways, 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 di­
agonal matrix elements between basis functions; (2) 
exact evaluation of r~l integrals, with retention of di­
agonal matrix elements plus off-diagonal matrix ele­
ments 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 elec­
trons not localized on the parent atom as if they were 
point charges at the nuclei to which their orbitals be­
long. In this case the above formula can be rewritten as 

e2E(IlrK) ~ e^j/R, (2) 
* 3 

where the first sum is taken only over electrons centered 
on the parent atom and the second sum is taken, as be­
fore, over all of the other atoms. The quantity q} 

refers to the atomic charge of they'th atom. The second 
approach includes the effects of differences in the 
spatial orientation of s, p<7, and p-n- orbitals and so re­
flects chemical bonding more accurately. This ap­
proach is allowed within the CNDO approximation, 
which does not completely neglect differences between 
s, per, and pir orbitals in its evaluation of the integrals in 
the Roothaan equations. Addition of the nondiagonal 
elements was necessary to preserve the invariance of the 
matrix to unitary transformations which mix p orbitals 
on the same center. Symmetrically located nuclei are 
thereby guaranteed the same potentials. 

Theory and experiment are compared in Table IV. 
The numerical results of both of the above approaches 
are quite close, and agreement with experiment is com­
parable to that obtained from ground state ab initio 
calculations.5-710 This agreement is further illustrated 
in Figure 7, where we have plotted the experimental 
shifts vs. 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 fluoromethanes, which are in almost per­
fect agreement with experiment,11 and primarily reflects 
the use of uniform bond lengths for the fluorobenzenes 
in the CNDO calculations. 

It is noteworthy that the dipole moments obtained 
from the CNDO/2 method for the fluorobenzenes also 
agree fairly well with the known experimental 
values,12-14 as shown in Table V, and as reported pre­
viously.15-16 Similar agreement between theoretical 

(9) Reference 2b, p 108. 
(10) H. Basch and L. C. Snyder, Chem. Phys. Lett., 3, 333 (1969). 
(11) D. W. Davis, D. A. Shirley, and T. D. Thomas, J. Chem. Phys., 

56, 671 (1972). 
(12) E. C. Hardis and C. P. Smyth, / . Amer. Chem. Soc, 64, 2212 

(1942). 
(13) E. Bergmann, L. Engel, and H. A. Wolff, Z. Phys. Chem., 

Abt. B, 10, 106 (1930). 
(14) E. M. Moore and M. E. Hobbs, J. Amer. Chem. Soc, 71, 411 

(1949). 
(15) D. W. Davies, MoI. Phys., 13, 465 (1967). 
(16) R. T. C. Brownlee and R. W. Taft, / . Amer. Chem. Soc, 92, 

7007 (1970). 

;N 4 - o CF 

\7* I I I I 
0 1 2 3 4 

PREDICTED SHIFT (eV) 

Figure 7. Experimental shifts for binding energies of Is electrons 
plotted against the shifts calculated by the first of the two CNDO/2 
methods described in the text. 

Table V. Dipole Moments 

Exptl CNDO/2 

Fluorobenzene 1.57a 1.52 
1,2-Difluorobenzene 2.406 3.07 
1,3-Difluorobenzene 1.58° 1.50 

" R e f e r e n c e d . ' R e f e r e n c e d . c Reference 14. 

and experimental values of dipole moments has been 
obtained with the CNDO/2 method for many other 
classes of molecules, including the fluoromethanes.8 

For this reason, and because both dipole moments and 
chemical shifts seem to be primarily measures of ground 
state electronic and nuclear distributions, it is expected 
that these CNDO/2 potential models will predict chem­
ical shifts well for most molecules composed of first-row 
elements. 

The bond lengths used for the CNDO/2 calculations 
were 1.08 A for the C-H bond, 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 difluoro-
benzenes;17 the experimental bond lengths of most of 
the other fluorobenzenes are unknown. In a prior 
note11 describing these CNDO potential models, the 
corresponding bond lengths used for the fluorobenzenes 
were 1.08, 1.38, and 1.30 A; slightly different chemical 
shifts were obtained, while the atomic charges differed 
by a negligible amount. 

Since (21/r4) is proportional to the nuclear diamag-
netic shielding constant, the CNDO/2 calculation of 
(21/^) may be of use in the interpretation of nmr chem­
ical shifts. The connection between ESCA and nmr 
was first discussed by Basch;6 empirical correlations be­
tween nmr frequencies and ESCA binding energies 
have already appeared in the literature. 18>19 

The electrostatic potential energies were computed 
numerically 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 computations typically require about one-
tenth of the time needed to obtain the CNDO/2 wave 
functions. 

(17) "Tables of Interatomic Distances and Configuration in Mole­
cules and Ions," Chem. Soc, Spec. Publ., No. 11 (1958). 

(18) R. E. Block, J. Magn. Resonance, 5, 155 (1971). 
(19) G. D. Mateescu and J. L. Riemenschneider, "Electron Spec­

troscopy," D. A. Shirley, Ed., North-Holland Publishing Co., Amster­
dam, 1972. 
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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 infor­
mation about charge distributions in molecules, without 
recourse to molecular orbital models. Such an ap­
proach is suggested because core electrons are in some 
ways nearly ideal "test charges;" they are sensitive to, 
but do not participate in, electron redistribution ac­
companying 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 in­
formation about charge distributions 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 8Et (i = 1,2, . . ., 
«)• These shifts carry information about the electronic 
charge distribution. Since we have only n data we can 
derive from them a set of w numbers {qt} at most with 
which to describe this charge distribution. These 
numbers may be taken to represent charges 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 in­
tuitive level, as an essentially experimental population 
analysis. 

Assigning charge q, to atom j , and denoting by Rfj 

the internuclear distance between atoms i and j , we may 
write 

hEt = Y(SE1^q1)Sq1 = 
j 

(SE^q1)Sq1 + Y(e2/Rij)5qj (3) 

as the incremental change in the binding energy of a 
core electron in atom / accompanying a redistribution 
of charge in the molecule described by the set of num­
bers {Sqt}. Note that q} is thus the charge on atomy in 
units of \e\. If we choose the binding-energy refer­
ence state as q, = 0 for all j {i.e., hypothetical neutral 
atoms within the molecule) and invoke the essential 
constancy of (SEt/dqt) as qt is varied,20 eq 3 becomes 

5Et = kiqi + Y(e2/Ri1)Qi (4) 

Equations similar to this are well known in X-ray 
photoelectron spectroscopy.21 Siegbahn, et a/.,9 have 
recently discussed this electrostatic approach for free 
molecules in some detail. They gave an expression 
very similar to eq 4, but their analysis was quite different 
from that given below. 

Equation 4 is a linear equation in n unknowns \q,\. 
There are n such equations, one foi the shift 5Et on 
each atom /. It is convenient to write these equations 
in matrix form 

5 = Aq (5) 

Here 5 and q are «-dimensional vectors whose com­
ponents are the ordered sets [5E1] and {qt}, respec­
tively. The n X n matrix A has elements 

Att = ki = (SEt/dqt) 

(20) The constancy of d£,'/dg; over a small range of <?, is very well 
established; see, for example, ref 2a, Figure 10. 

(21) U. Gelius, B. Roos, and P. Siegbahn, Chem. Phys. Lett., 4, 
471 (1970). 

Atl = Y e2/R n for/ * j (6) 

The off-diagonal elements Atj are easily worked out 
from a knowledge of the molecular geometry. Di­
agonal 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 what­
ever to molecular orbital models. Thus we may com­
bine the matrix A, calculated essentially from first 
principles, with a complete set of n experimentally 
determined shifts 5 to solve for the n charges q, thereby 
obtaining an empirical population following the eval­
uation of Au = ki 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 shown6,7 that 
to a good approximation AES = AV, where AEB is the 
binding-energy shift, and AV is the shift in potential 
energy of a Is electron that is induced when a change 
takes place in the valence shell. In fact the Is orbitals 
even of first-row atoms such as carbon and fluorine are 
sufficiently localized that AV may be taken as the change 
in potential energy of an electronic charge \e\ at the 
nucleus. A single valence electron interacting with 
such a charge gives rise to a potential energy term 
e2(r~l), where (r~r) is the expectation value of r~x for 
the valence electron.22 If the electron population of 
the valence shell should decrease by the fraction of one 
electron Sq, corresponding to an increase of charge in 
the valence shell by the fraction Sq of one charge unit 
\e', then the binding energy of a Is electron would be 
changed in this approximation by an amount 

5E= -5V= e2</-\% (7) 

Comparison with the "diagonal" terms in eq 3 and 4 
yields 

kt = e V f ) (8) 

In this analysis we shall use a single value of kt for each 
element. The s and p 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 introduction of additional parameters (e.g., to 
describe hybridization). This is certainly justified, be­
cause the derived charges are actually not very sensitive 
to the exact value of k used. 

Mann's23 free-atom Hartree-Fock calculations of 
<l/r> yield kc = 21.1 eV/ie! and kF = 34.5e V/|e| for 
the 2p orbitals of free carbon and fluorine, respectively. 
Siegbahn, et al.,s found slopes of kc = 21.9 and kF = 
27.6 by least-squares fits of binding-energy shifts. They 
gave values k = 22.0 and kF = 35.1 calculated from 
Slater orbitals for the elements. The agreement among 
these sets of values is encouraging. We have made 
atomic-charge analyses based on ranges of values for 
kc and kp of about 5 eV/|e|, centered on the adopted 
values given below. The sensitivity of the derived 
charge to variation in kc and kF is very slight, typically 

5qtj5k ~ 0.005 

(22) T. K. Ha and C. T. O'Konski, ibid., 3, 603 (1969). 
(23) J. B. Mann, "Atomic Structure Calculations. II. Hartree-

Fock Wavefunctions and Radial Expectation Values: Hydrogen to 
Lawrencium," Los Alamos Scientific Laboratory, 1968. 
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in the ranges studied. Our final adopted values are 

A:c = 22.0 eV/|e| 

kF = 32.5 eV/|e| 

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 as zero.24 

Thus the carbon shifts for the other molecules are 
referred to benzene as in Table I. The fluorine refer­
ence 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), eq 3 becomes 

Sc = 59.86tfC + 34.57?F 

Taking 5C = 3.57 eV, and setting q? = —qc for C6F6, 
we have 

—q-e = qc = 0.141 

(Three digits have been retained here and below in 
intermediate stages of computation, to avoid rounding-
off errors. The third digit has no physical significance 
and is not given in final results.) For fluorine in 
C6F6 the equation becomes 

5P = 51.87gF + 34.65^0 = -2 .43 eV 

i.e., the fluorine zero-charge reference state falls at a Is 
binding energy 2.43 eV higher than that of fluorine in 
C6F6. The fluorine Is shifts in this scale are given in 
Table VI. 

Table VI. Fluorine Shifts Relative to a Hypothetical 
Neutral Standard State 

Compound 

C6H5F 
P-C6H4F2 
m-C6H4F2 
D-C6H4F2 
1,3,5-C6H8F3 

SE(F Is), 
eV 

-3 .81 
-3 .51 
-3 .51 
-3 .44 
-3 .30 

Compound 

1,2,3,4-C6H2F4 

1,2,3,5-C6H2F4 
1,2,4,5-C0H2F4 
C6HF5 
C6H6 

5E(F Is), 
eV 

-3.11 
-2 .88 
-2 .91 
-2.74 
-2 .43 

In hydrogen-containing compounds 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 this is already required by 
symmetry) and have used the condition of electrical 
neutrality for each molecule, Zg < = 0, as the final 
equation necessary to determine m charges from m — 1 
shifts. Finally, within each molecule all CH shifts 
have been taken as that of the CH peak, and similarly 
for Cr. This would appear to be a rather drastic 
approximation, but it is not. The components within 
each CH or CF peak cannot have relative shifts of 
more than a few tenths of an electron volt, 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 equations for m unknowns, with m = 4, 5, 6,'or 8 
for the cases studied. Here m — 1 is the number of 
inequivalent atoms other than hydrogen. When the 
number of equations is reduced to take advantage of 

(24) This choice is qualitatively supported by molecular orbital 
results. For example, CNDO/2 gives qc = - I J H = 0.009. 

the molecular symmetry, the elements of the resulting 
(smaller) matrix are linear combinations of the Ait 

and Au given by eq 6. For example, the matrix 
equation for p-difluorobenzene is 

/ 2 .72\ 

(r)' 
/27.180 32.682 14.606 2 1 . 9 3 4 W g 0 A 

[16 .341 43.521 10.188 28.031 \/ qCi \ „ 
I 14.606 20.376 35.177 17.574 H q? J K) 

\ 2 4 2 4 / W / 

Here qci is the charge on each CF carbon. The linear 
equations were solved for the nine molecules studied 
containing C, F, and H, using a program named 
ACHARGE. This program also inverts the coefficient 
matrix, to test the sensitivity of derived charges to 
errors in the shifts. This sensitivity was surprisingly 
small, typically 0.1 |e|/eV. Thus errors of ~0 .1 eV 
in shifts lead to uncertainties of only -~0.01 in q(. 
Results are given in Table VII, together with atomic 
charges obtained from the CNDO/2 calculations 
described in section V. 

VII. Discussion of the Atomic Charge Values 

The agreement displayed in Table VII between the 
charges obtained from ACHARGE and those calculated 
by CNDO/2 is extremely good for most cases. Not 
only are the numerical values very close, but several 
trends are revealed by both sets of charges. This 
consistency lends credence to the notion that atomic 
charges may provide a useful, though admittedly 
rather qualitative, basis on which to discuss certain 
molecular properties. 

Before interpreting the charges we must issue a 
caveat. The conceptual shortcomings of a point 
charge model are well known. Point charges are 
especially inadequate for describing multiple bonds, 
some lone pairs, and delocalized ir systems. Never­
theless, molecular orbitals are usually expanded in 
terms of atomic orbitals, and the "overlap populations" 
can be assigned to individual atoms in a way that yields 
a useful, albeit arbitrary, population analysis. This 
particular kind of arbitrariness is not necessary in the 
two charge analyses discussed above (ACHARGE and 
CNDO/2), but only because the even cruder assumption 
that all electrons are 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 between the two 
approaches. In fact, the first CNDO/2 method 
described, in which we ignore off-diagonal matrix 
elements, is identical with ACHARGE. There are, 
however, significant differences between what is done. 
We have used the CNDO/2 method to calculate the 
atomic charges and binding energy shifts without 
adjustable parameters. The calculated shifts are found 
to compare favorably with the experimental values. 
With ACHARGE we have a simple method to derive 
atomic charges from the experimental results without 
reference to molecular orbitals or to specific models of 
bonding. That these charges are in agreement with 
chemical experience will be seen below. It should be 

Davis, Shirley, Thomas / Spectroscopy of Fluorinated Benzenes 



6574 

Table VII. Derived Atomic Charges 

Compound 

F 

[6 : 2] 

KiJ 

F F 

AX 
V - J / 

'XX' 
F 

JL 
Y ^A 
K*J 

F 

F 

\L 

Li. 
F - ^ ^ ^ F 

" Here H denotes 

Table VIII. Ortho, 

r \ . 
^ H 

Position 

Ortho 
Meta 
Para 

Atom" 

C1 

C2,6 
C3.5 

C4 

F 
H 
Cl,2 

C 3 , 6 
C4,s 

F 
H 

C l , 3 
C2 

C 4 , 6 

C5 

F 
H 

Cl ,4 

C 2 , 3, 5,6 

F 
H 

Cl,3 ,5 

C2.4.6 
F 
H 

1 
(ACHARGE) ( 

rs> 
- 4 

i 
0 

- 1 9 
0 

19 
- 3 

1 
- 1 7 

0 
25 

- 9 
- 4 . 5 

2 
- 1 8 

0.5 

23 
- 3 

- 1 8 
1 

27 
- 1 3 
- 1 8 

4 

average of all hydrogen charges. h 

Q 
;CNDO/2) 

24 
- 5 

3 
- 1 

- 2 0 
0 

19 
- 3 

1 
- 1 8 . 5 

1 
26 

- 1 2 
- 7 

5 
- 2 0 

2 

22 
- 3 

- 2 0 
2 

28.5 
- 1 4 
- 1 9 

4 

Charges are 

Meta, and Para Alternation in Atomic Charges 

carbons in fluorobenzene 
f* L. r* — ~*» 

^ n d i g e 
From 

ACHARGE 

- 0 . 0 5 
+ 0 . 0 2 

0.00 

/ . . « . + n rtf l^il\ 
^UnUa Ol \c\) 

From 
CNDO/2 

- 0 . 0 5 
+0 .02 
- 0 . 0 2 

... ^ 
-, 
i 

Compound 

:xx; 
F 

J N ^ F 

II, J L 
y VF 
F 

F 

IX 
?SKiJ<~Y 

F 

J y F 

F ^ N - ^ F 
F 

CeFe 

given in units of 10_2|e 

(Charge on 
. m i n n c ((^nQT-CT 

' I I l l I l U ^ V U l l a I g 

Molecule 

o-Difluorobenzene 
m-Difluorobenzene 
/j-Difluorobenzene 

Atom 

Cl,2,4 ,5 

C3,6 
F 
H 
C l , 4 

C2,3 

C5,6 

F l , 4 

F 2 , 3 
H 

C 1 ,3 
C2 

C4,6 
C5 

F1,3 

F2 

F 5 

H 

C 6 
C2, i 

C3 

C 6 

F l l 5 

F 2 ,4 

F3 
H 
C 
F 

j . 

C F carbon 

<7 
(ACHARGE) 

18 
- 7 

- 1 5 
2 

19 
14 

- 6 
- 1 7 
- 1 6 
+ 4 . 5 

19 
12 

- 1 0 
25 

- 1 2 
- 1 5 
- 1 6 

1 
19 
14 
14 

- 9 
- 1 5 
- 1 5 
- 1 5 

4-5 
14 

- 1 4 

in difluorobenzenes) 
e on C F carbon in fluorobenzen 

Aq from 
ACHARGE 

- 0 . 0 4 
+ 0 . 0 1 

0.00 

1 
(CNDO/2) 

19 
- 8 

- 1 8 
5 

19 
15 

- 3 
- 1 8 
- 1 6 

- 3 
23 
11 

- 1 2 
27 

- 1 7 
- 1 7 
- 1 9 

5 
21 
13 
17 

- 1 0 
- 1 7 
- 1 6 
- 1 6 

6 

15.5 
- 1 5 . 5 

e l . CJ 
A? from 
CNDO/2 

- 0 . 0 5 
+0 .03 
- 0 . 0 1 

noted, however, that to the extent that the CNDO/2 
method gives shifts that are in agreement with experi­
ment, it should also give charges that are identical with 
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 

Polarizations of the C-F bond are clearly evident in 
the charge values in Table VII. The difference #(CF) — 
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 C6Fp. 

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 CH carbons in fluorobenzene give this 
effect directly. It may be found also in the CF carbon 

in fluorobenzene. The effect is evident in both bases 
(and the CNDO/2 charges also show it). The photo-
electron data with the ACHARGE analysis appear to show 
a negative 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 ortho, meta, and para effects are present in the 
multiply substituted fluorobenzenes. This is most 
readily apparent in 1,3-difluorobenzene and 1,3,5-
trifluorobenzene, for which the additional tautomeric 
forms reinforce one another. In 1,3-difluorobenzene, 
for example, the carbon in position 2 is ortho to both 
fluorines and should therefore carry a large negative 
charge. It does; for this case q(C) - —0.09. This 
effect should be even larger in 1,3,5-trifluorobenzene, 
because carbons in the 2, 4, and 6 positions are each 
ortho to two fluorines and para to another. The 
ACHARGE result, ^(CH) = —0.13, confirms this expecta­
tion. Furthermore, for this molecule the CF 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 grounds. 
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We conclude that the ACHARGE analysis yields charges 
that are useful in understanding chemical properties. 
With further refinement, and especially in combination 

The measurement of core electron binding energies 
by means of X-ray photoelectron spectroscopy 

(ESCA) has proven to be a powerful, albeit not com­
pletely unambiguous, tool for the elucidation of charge 
distribution in a variety of solid and gaseous com­
pounds. Recent investigations2'3 have shown that 
core electron binding energy shifts correlate roughly 
with Pauling atomic charges and somewhat better 
with those obtained from molecular orbital (CNDO/2) 
calculations, particularly if the interatomic Madelung 
potential is included.3 

The difficulties associated with the interpretation 
of binding energy measurements on solid, electrically 
insulating materials have been discussed by Fadley, 
et a/.4 The principal uncertainties are (1) the location 
of the reference level {i.e., the Fermi level) in the solid 
and (2) the importance of sample charging. Sample 
charging effects arise because photoelectron ejection 
produces positive sites near the surface and hence a 
shift in the sample potential relative to the spectro­
meter. The magnitude of this shift has been shown 
to be ca. 2 eV for BaSC>4.6 The dependence of charg­
ing on such factors as sample type, sample thickness, 
and X-ray intensity has not been established, however. 
That charging effects are of equal importance for all 
samples is therefore an unwarranted assumption. 

Both of the forementioned problems can be circum­
vented if one is interested only in binding energy differ-

(1) This work was supported by funds provided by the U. S. Atomic 
Energy Commission under Contract AT-(38-l)-645. 

(2) (a) K. Siegbahn, et al, "ESCA Atomic, Molecular and Solid 
State Structure Studied by Means of Electron Spectroscopy," Almquist 
and Wiksells, Uppsala, 1967; (b) "ESCA Applied to Free Molecules," 
North-Holland Publishing Co., Amsterdam, 1969. 

(3) P. Finn, R. K. Pearson, J. M. Hollander, and W. L. Jolly, Inorg. 
Chem., 10,378(1971). 

(4) C. S. Fadley, S. B. M. Hagstrom, M. P. Klein, and D. A. Shirley, 
J. Chem. Phys., 48, 3779 (1968). 

(5) D. J. Hnatowick, J. Hudis, M. L. Perlman, and R. C. Ragaini, 
J. Appl. Phys., in press. 

with higher resolution spectra, the ACHARGE analysis of 
photoelectron data may permit prediction of the 
reactivities of new compounds. 

ences between atoms in the same compound. In 
such cases shifts in the reference level are unimportant 
since all atomic levels are affected equally. 

In a previous investigation6 N Is binding energies 
were reported for an extensive series of ionic nitrogen 
compounds. The present paper extends these studies 
to a series of singly protonated organic bases containing 
two or more nitrogens. Our expectation has been 
that these results would provide some insight into the 
charge distribution in these ions. Also, since several 
of the bases studied serve as bidentate ligands for metal 
ions, the existence of substantial intramolecular hydro­
gen bonding in their monoprotonated acids does not 
seem unreasonable. Should the proton be chelated, 
the environments of the nitrogens would be equivalent, 
a situation evidenced by a single line in the N Is electron 
spectrum. 

Experimental Section 
Binding energy measurements were performed using a 30-cm 

double-focusing magnetic spectrometer which has been described 
previously6 or an AEI ESlOO electrostatic spectrometer. Samples 
were run as powders on double-back cellophane tape or as pellets 
pressed into copper mesh. The two methods gave identical results. 
The C Is line of graphite (284.3 eV) was used as an external reference. 

The organic bases were purchased from Aldrich Chemical Co. 
and were used without further purification. The salts were pre­
pared by dropwise addition of a stoichiometric quantity of the ap­
propriate concentrated acid to a well-stirred acetone solution of the 
base. Precipitation was accomplished by cooling in an ice bath 
and addition of diethyl ether when necessary. The salts were 
washed with acetone and ether, air-dried, and stored over anhydrous 
Mg(ClOi)2. The TV-methyl iodides were prepared by standard 
methods.7 

The deconvolution procedure of Siegbahn, et al..2b was employed 
for the estimation of peak separations if they were equal to, or 
less than, 2.1 eV. The method requires an estimate of peak width 
at half-height for a single peak; a value of 1.75 eV was used. It 

(6) J. J. Jack and D. M. Hercules, Anal. Chem., 43, 729 (1971). 
(7) J. C. E. Simpson, "The Chemistry of Heterocyclic Compounds," 

Vol. 5, Interscience, New York, N. Y., 1953. 
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Abstract: Nitrogen Is binding energies are reported for salts (primarily hydriodides) of pyridine, monoprotonated 
pyrazine, 1,2-, 1,4-, and 1,5-diazanaphthalenes, 1,2-and 1,5-diaminonaphthalenes, 1,10-phenanthroline, 2,2'-bipyri-
dine, and several other compounds. The binding energy differences between the protonated and unprotonated 
nitrogens are indicative of substantial electron withdrawal from the aromatic ring. Shift differences are calculated 
employing Is binding energy vs. charge slopes obtained from self-consistent atomic field data together with atomic 
charges from all valence electron MO calculations. Lattice self-potentials are evaluated for pyridine hydrochloride 
and pyridine hydrogen nitrate. The lattice potential at nitrogen is found to be ca. 1.0 eV more negative than 
at position 4 if intra-ionic potentials are excluded. Symmetrical protonation, i.e., a "chelated" proton, which would 
lead to a single ESCA line was not found in the chelating bases or in phthalazine. 
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