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- X-RAY PHOTOELECTRON SPECTBOSCOPY OF FLUCRINATED BENZENES
D. W. Davis, David A. Shirley, and T. Darrah Thomas
Department of Chemistry and -
Lawrence Berkeley Laboratory
University of California .
Berkeley, California 94720
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Abstract’

 Carbon ls and (where applicable) fluorine ls binding energy shiffs wére
vméasure& in gaseous benzené; fluordbenzene,“o-, m-;'andnp;diflubrobenzene,
'1,3,5;trifiuorobenzené,-the three tetrafluorobenzenes, pentafiuorobenzené, and
hexafluorobenzene. The fluorine spectra showed only a single peak for each
flﬁériﬂe-containing méiecule. vThé cérbon spectra of 06H6 and C6F6 each showed
on]y'ﬁﬁé peak. Two carbon peaks were found in~fhé spectra of all the other
: malecules., In each case the highgr binding énergy peak #As éssigned-to‘carbons
bonded to fluorines, the lower to carbohs-bonded to hydrogens. Least-squares
fitting procedures yielded binding—energy shifts with accﬁiécies between:
.£0.03 eV and *0.17 eV (standard deviation). ”

The shifts were interpreted in three ways. -First; trends were observed.
The formal symmetry between fluorihe—substituted benzene énd hydrogen4suﬁs£ituted
perfluorobenzene was found to be reflected in detail in the carbon ls sﬁifts.
‘Saturation of the inductive action of fluoriné'on the ring was manifest as a
deviation fromisymmetry in'fhese shifts. A second, more,qgantitative inﬁer_
pretation was_based on the use of CNDO wave functions to calculate AV, the
shift in the électrostatic potential at each nucleus; The'binding energy shift

AEy is related by AR, = -AV: ‘thus shifts couldybe,éstimated'directly., These
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theoretical shifts were in good agreement with experiment. Finally, an atopic
chérée analysié,‘ACHARCE, was made. This énalySis is based on a.pointjcharge
.approach thatfuéed molecular geometries, atomic properties, and measured shifts
to deduce eméirically'charges that»cbuld be assighed to each atom. The charges
so'obtained were in very close agreement with CNDO charges and with chemical
experience. A clear o?thb;hetaApara effect was found. Fluorine atoms
sﬁﬁsfituted on'Senzené were found to héve-charges in‘the range -0.15 Iel to
-0.20 lel,.depgnding on the number'of fluorines on the ring. The carbon to
#hich a fluroine was bdund’has a charge of +0.23 Iel in fluorobenZeng and
+0.14 |e| in CeFee Chargés of -0.05 le], +0.02 |e|, and 0.00 |e| were found
on carbons in the ortho, ﬁeta, and pgra positions, réspeétively. Additional
tautomeric fofms enhance these effeéts in.polyfluoriﬂatéd'benzenes; as expected.
'The'simplicity, strong empirical basis,; and excellent‘agreement with ﬁoth
‘CNbO,chafgéé.anq classical ché@ical resonance models strongly supporf the
validity ofvthe ACHARGE aﬁélysis, and ihdidéte that it may have vaiue in

L

predicting chemical properties from core level binding-energy shifts.



I. Introduction’

’Amoﬁg the most baéic.characteristics of a molecule in its gfouhd state
éfe its chemical formula, the relative positions of its dtomic’nuclei, énd the
\aistribution of the valence electrohs. ‘The firét two of these can in principle
always be determined by well-established éﬁberimental techniques. The third--
the electron distribution--is véi-'y elusive. Tt affects almost every spectral
property, but, with some e;ceptions (e.g. dipole moments in diatomic molecules),
the deduction of electron distribution from measured_dﬁﬁntitiés is indirect |
and often émbiguous. As a result our knowledge of electronic distributions in
even rather well-studied molecules is far from perfect. Rough magnitudes of
ﬁatomic chafges" are known (or at least agreed_upon),Aand, for some extensively-
studied series, concepts such as "lone pairs" and "béck donation” are used with
confidencg,vbut existing exéerimental techniques are not usually capable of
yielding Very:quantitative results concerning electron diétributions. The

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

o N

evoke & range of numerical answérsf
In this paper we'fepértf%he~fesults of an éxperimental study qf'the
chemically-induced shifts in the binding energies of carbon and’fluorine.ls electrons
~in fluorine-substituted benzenes. The ls binding energy of each atom is rather
directly sehsitive to the local electrostatic potential. An electrostatic potential
model is used, fogether with CNDO wave functions, to predict shifts. Wé.dgscribe”alsc

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

binding energy in terms of an_experimental“pbpulation analysis for each‘molecule.
This model is used to estimate,atomic‘chafges for the fluorine—sgbstituted
benzenes. Trends are discussed and comparéd with expectations based on chemical

properties.
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Experimental procedures areydescribéd'in Section II, and results are

given in Section III. Trendé'ih the shifts are noted in Section IV. Section V

treats tpe-eleétrostatic potential modei.» The étomic—charge gnalysis'is §escrib¢d
and applied-in"section VI, and in Section VII ﬁhe dérived atomic cbgigesiéré v
3di§cﬁ$sed. |
?/_
Y
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II. Expefimental:
Binding gnergiés’were measured by x-ray photpe@ission, using MgKal’2
radiation (1253;6 eV), and elgctions vere analyzed in the Berkeley Iron-Free
Séectrometer.1 The samples were all studied as gases 'at pressures in the 1072 Torr
range. Pressures were monitored by a MacLeod gauge. The pressure-sensitivity
of peak posifionsAwasvaund to be gégligible, in contrast to the results reported
fy Siegbahn gz_gl.z Our éxpefimental pressures were much lower
than theirs (which ranged up to 1 Torr),.while our counting r;tes were typically
somewhatlhigher. The peak-to background'rafios in the spectfa 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.

'Cohsiderable 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 fhe refereﬁce'gas was admitted to the

experimental chamber élong with the éas under study.. This is, in principle, the
more reliablevpfocedure, but it suffers from two serious faults. First, the
signal—to—background ratio is lowered‘substantially by the presence of thé
reference gaé. Second, for some cases (e.g.;'the fluorine 1ls peaks), the?range
of chemic;l shifts:ié too small tovprovjdgzd:rgference compound with a pégk that -
can be resolved frém £hat of the compoundiﬁndef study;

The second procedﬁre éénsisted of admitfihgvthe éamplé and ?eferéncé gases

élternately into the experiﬁental chamber. The altérnéfion.pefiod (v 1 hour) was
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"faS£ co@paréd'tovthe long-term driftlin the spécﬁrometé?’éalibrétiph
(0.2 - 0;3*eV/da&),aénd the latter was thus,effectiV§ly‘élimiﬁated., Thev
vreliabiiify of this procedufe was'established.by COmﬁarison of the shift results
with those obtainéd using the more direct method. Either of the
twdvébbve-ﬁfSéédurés would still bé feasible even if the apparent peak positions.
were pressure-dependent, but both would feguire mqré meagurements.’ TheVOrigin
6f thevpreéguré’dépéndénce 6fvpeak position in theidgtAZOf Siegbahn gﬁ_é;; is
nétfunderétbod;g bﬁt'for.those'géses.in ﬁhiéhvébmpafisons are.possiﬁle fhéir
’cﬁemicai shifts agree reaséngbly,ﬁell with>th§Se méasured with the Berkeléy
Spectroﬁgtéf.3’h-’ . n

' _Thé épect;5méter magnet current was computer—confrolled.' Tt was sfepped
" in units of 0.2 ma (v 0.3 eV) over a range wide enough to esfablish a baseline.
Thé_spéctra Vere‘display¢d and visuéll&'inSpected during egcﬁ fun, which. con-
 §iétéa;df.§é§e?ai scéhs pf_thé energy fééidh‘under stﬁdy. Each scah was rééorded
'Wifﬁ”a té1e£ypéintér;:énd for each run of h scans both fhe_sgm of the first
._n/é-scéns'and the.sum of all d-scéhs wéfe_Segafately,ahaly?ed to check'fofvcon-
‘siSténéy.'fThe data were transferred to punched cards and were ieast—sqﬁares
fitted in'a:CbC-6600'computér. GausSiap'peak”Sh;pés.wére'used. They gave goéd
Hfits, although the pegks'are not necessarii& expected_to bé Gauésian. Peak
pgsitions,-iinéwidﬁﬁs; and inféﬁsiﬁies, aé'well as baékgfound'paréﬁéferé;;wgre
; obtained frb@.the“least-sqﬁares'fits. .Standafd deviationé'in"each paraméter
1 were'glspwobtaihéd;'these arevquotéd directly as érfqrs in_the peak positibn;

" which is the only parsmeter that we shali interpret in detail. Several runs

were made on most of the peaks studied,:And the results agreed to an exteht thatv'

,

.indicates these error estimates are realistic, and.the'errors therefore ﬁrimarily
statis%iéal: gTHusvwhen two~sh}ftS'were ¢ombined, the error in the resultant was

v obtainéd'by th¢1sténdard»rules Ofxgtatiétiééiferxofiagéiysis;i

[
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'III. Results

: Bénzehe and ten of the twelve fluorine-substituted benzenes were studied.
Only the two unsymmetrical trifluorobenzenes were omitted.v Paramete;s vere
obtained for thirty peasks. Although we shall treat only the peak positions’in ‘
detail, the other farameters deserve'paséiﬁg comment. The backgréund was ﬁearly
flat. For thosé cases in which the background was high enough to allow énalysis,
it héd a slight negative slope when plotted against kinetic energy. The line-
widths (FWHM) were in the range 1.2 - 1.3 eV for carﬁon ls peaks and in the
range 1.4 - 1.5 eV for the fluorine ls peaks. The beak intensity ratios were of

interest only for the carbon ls peaks in the compounds CGFnH6 For these cases

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 furthe£ interpretation will bemade of these three parameters-—backgroﬁnd levei,
linewidth, énd.intensity;-and they will not be repofted ip detail.

1 The binding energies could be given in several ways. We have chosen
to report binding enefgy'shifts AE, referring the carbon ls binding energies to
benzene and the fluorine 1ls binding energies to hexafluorobenzene. ,These reference
binding energies have the values EB(Cls;C6H6) = 290.k4 ev ?ng'EB(Fls;c6F6) = 693.7 eV.
Both are known only to an accuracy of a_few.ténths’ev, but their exéctvvélues'have
litfle bearing.on interpretgtion of.the_shiftS, which are known mﬁch moréfaccuraﬁe;y.
Table I giveé thé bféding energy shifts, referred_to these two compounds;i

As an gkample of the reprédﬁcibiiify with whiéh the pdsition of a yeak

peak could;be'deterﬁined, the splitting of the two éarbon ls peaks in fluoro-

benzene is reported for seven runs in Téble II.
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Table I. C{(1s) and F(1s) Binding Energy Shifts

| BE(Cls) = Ey(Cls, X) -Eg(Cls,Cgllg) 'AE4(Fls) =
. 5 ' N ~ ~ By (F1s, x)
‘Compound, X ‘  Lower—EBvPeék Highe;;EBvPeak -EB(Fls,C6F6)
N (ev) | o (ev) (V)
Celig “ o ~ (0.00) | ‘ - -
CellF 0.39(3)*® : 2.43(L) - ~-1.38(5)
g l,h—C6HhF2 q.76(h) : L 2.74(6) - -1.08(5)
 1’35¢63h?2 o.7o(5) - 2f92(6) ' -1.98(5)
- 1,2-CgH\Fy | 0.72(k) ' 2.87(6) | -;;01(5)
 1,3,5-Cgli Fy 0.56(13) B 3‘.02_(9) -0.87(8)
,‘_1,-2,3,1;;(:6}{21?h 0.96(10) | 3.20(10) . =0.68(10)
1,2,3,5;C6HQFh 0.86(12) -~ 3.05(12) o 0.45(6)
B l,é,h,S—CéHth' 1.12(10) ~3.20(10) - _0.k8(10)
CgHFy o : 1.32(17) - '3.38(1h) ' -0.31(5)
CeFg - SR 3.51(9) | (9.00)

v CError in last place given parenthetiéally.
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Table II. Splitting of the C(1ls) peaks in fluorobenzene

: - Run Nmnﬁerl . _ Splitting '(i‘n ev)
10 B . 2.036 (76)
Y . . .
15 B : -~ 2.013 (57)
17D ' 2.122 (79)
19D _ 1.994% (71)
21 D ‘ ‘ o 1.966 .'('107)
23D 0 2.112 (68)
25 D - 2.017 (69)
Weighted 2.040 (30)

Average
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IV. Trends Among the Shifts
‘Chemical shifts in binding energies of core electrons can be interpreted

A

at séveralvleveIs of sophistication, renging from correlations with an empirical. -
. . _ : , _ ,
2

paréﬁetef such_as.eleétronegativity:tc comparison with the predictions of ab
initib‘HarffeeQFock calculations. The Optimum interpfetatiOn for a éivén}set
dfxdafé’depends in part upon the informetion desired from the data.

In this study we had three.¢bjectives. First, we wished to trace binding-
- énergyfshifts through a series of related planar molecules, in order to observe

N

variations in binding energy shifts with substitution of fluorine for hydrogen.
Sedbnd, we wante@ to test the'feasibility bflbredictiné‘shifts by the use of.an
‘intefmediaterlevel,moiecular orbital theory. Finally, we wished to assess-thé
possibility of analyzing the chémical}shifts for each molecule in terns of a self-
cdﬁsisﬁent set of apomic charges'by making a suitable analysis of the fluorihé-
 substituted benzenes. ‘Binding-energy f}eﬁds are discuésed_in this section,_ana
‘fhé othéf objectives are discussed in Sections V and VII.

The ééSential feafures of the sééctré are illustrated in Fig. 1. The
fluorine'ls'péak'shifts monotonically to higher binding'énergies as.more fluorines
are.addéd'to-the ring, suggesting an oxidizing effécf of fluorines on other’ -
fluorinés. Figure 2 shows the fiuorinerls binding energy shifts plctted against
lbn, the number of fluo?ines substitutéd'on?fhe ring. 'Oﬁly'onevfluo}ihe 1s peek
:was observed'in.eaéh case;‘evénvfor‘molécules'with»ineqﬁivalent fiucrinéé. This
‘719 ndt_sﬁrﬁfising.bécaﬁse-the tbtélvrange 6f fluorine 15 Shifts (1.38‘eV)His.about‘ .
the same Sizé as the‘fluorine 1s linewidtﬁ (1.4 - 1.5 eV),vand splittings bf a =

.few'tenths erin the E(ls) spectrum of & given molécﬁlevéquld-havebéone ﬁnnoficed.
‘Figure 2 aiéglshdws that the §ariationvofvEB(Fls) is'linearkin n and’ﬁhét there
: is no significgnt variation in EB(Fls) among iéomeré.  For purposes of éhg@ical

~



.

analysis the fluorine 1ls shifts can be répresented by’ﬁhe relation
EB(Fls, C6H6-nFn) = EB(Fls, C6F6) - 1.37/(6-n) eV. With the stat;stlcal accuracy
obtained in our best spectra, one could determine n uniquely, butbcould not
distinguish among isomers.

The carbon ls shifts contain more informatioh, First, for every molecule

containing both carbons bonded directly to fluorine and carbons bonded directly

to hydrogen_(hereafter referred to as CF and C_, respectively) there are two

H
carbon 1s peaks. The ratio of the intensity\of'the peak at the higher tinding

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

. We therefore assign the tvwo carbons ls peaks to the

predicted for CH and CF

aggregate of all the C . carbons (the peak with the lower EB) and to the aggregate

H

of all the CF;carbons (the peak with higher EB). Several molecules had two or

more inequivalent CH or C carbdns, but the spectra showed no decisive evidence

F

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

Agéin, as in ﬁhe fluorine 1s case, the existence of components spread over several
fenths eV in energy would have been undetectable with the‘instrumental resolution
and ccunting statistics available in this work.5 Our interpretations beipw are -

based on the observation that all the CF or CH carbons -in egch molecule mﬁst have

essentially the same binding energy. The experimental cérbon 1ls linewidths of

1.2 ~ 1.3 eV éet’an upper limit of about 0;5 eV on the range of shifts possible

within a givenvpeak;
Figure 3 shows the carbon ls binding energies, relative 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 gs’evidence that all the
carbons in the other ten molecules are oxidized relative to & carbon in benzene.
Such ‘e conclusion would be quite erroneous, however, as we shall discover in

Sections VI and VII. ‘Core—level binding_energies are:dgtermined by the local

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

. N . .
molecules, there exists no one-to-one relation between carbon ls binding energy

and the extent of oxidation.

The binding energies shown in Fig. 3 fall into two groups, corresponding

H F and CH

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

to the'CF_and C,, carbons. For-each cogpound‘in which both C carbons are

\

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

H
-directly bonded to fluorines. The shift

Ep(Cpls;CeHoF) - By(Cyls;Cylig) = + 2,&3(h)vev s
is only slightly less than the comparable shift for methane, i.e.,
EB(Cls;CH3F) - EB(c1§;cHh) = +2.8 ev .

Both t_he,CH and the CF shifts show essentiaily‘monotonic.upward trgnds as the
numbér of fluorines is increased./ Tt would be.tempting to infer‘f;om this fact
tbe CH carbons ip the ring as well as the CF carbon lose electronic chgrgg to -
. the flquines. In fact we shall discover in Seétioﬁs VI and VII that‘thé,conversé
'often is true: some CH carbons gain nggapive charge (but shdw anjincreése‘in
1s bindipg energy) when fluorine ié subsfitufed fcr hydrogen-eisewhere.bn'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 queétions will be deferred
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. not allow this: all three C
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to the atomic charge ahalysis in Section VI. For the remainder éf this section
we shall make bbservations only abouf theISymmetriesfobserved among the chemical
shiffs.

It wouid bé very interesting ﬁo measure diréctly ghifts induced in the ‘

carbons when a fluorine ‘atom

N

binding energies of the ortho, meta, and para CH

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

H carbons contribute to a single peak. Another

"approach is available,rhowever.v The CF carbon has its photoélectron line split

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

carbon may theﬁ be situated in the o, m, or p position relative to a second C

.

F
carbon, in a:difluorobenzene molecule. Each of these-molecules contains only

~

one Y

three shifts

species. Thus the\CF line in CAHF may be taken as a standard, and the

EB(CFls;o,m, or p - c6§uF2),- EB(CFls;CsHSF) .

may then be regarded as measuring the effect of fluorine substitution on the
o, m, or p position, at least as de?ected by a_CF barbon.' 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, havihgva relationship to C6F6'analogous to

that of C6H5F to_C6H6. The tetrafluorobenzenes may then be regarded as o=, m-, and

'p—dihydro-perfluorobenzene, ete. In fact the whole series may be compared by \

" going first up; then‘down, theiliét-in the.order given in Table I. Of course

the CF shifts going in cne direction must -be compared.to the C,, shifts going the

H
other way. The shifts
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o~

EB(CH;s;q—,mf,p -'C6H2Fh){- EB(CHls;C6HF5) 8

analogous to the o, m, and p-CF shifts/in the difluorobenzeqes, are included

fof compafisdn_in Table IIT. Uncertaintie§ in the magnitudes of the shifts &
preclude'extensiVe discuséipn, but several'observafions can be made, Making

the approériaﬁe pairwisé comparisons, the CF shifts have_fhe opposite sign from
th'e>CH shifts (as expected) and about the Samevnmgnitudes.' With less religbility

we can note that thevtrepds invthe magnitudes of thevshifts are simiiar,

meta > Qrtho‘5 para, and that the CH shifts slightly exceed the CF
Figure i shows the nine pairs of shifts plottéd in & way that tests their
1:1 correspondence. The two sets of ghifts'are strongly corrélated,:and a straight -
1iné with unit slope evéh‘gives a fair repres<entation of the relationship between

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

H
and the:CF:shifts in ccmpound Y} where X is obtained from X by replacing hydrogens
by fluorines and vice versa. The two sets of shifts éfe not exaétly'eqUal in
vmaghitudé, 5utvthere is no reason~t6 expéct them to be.

A conspicuous feature of the carbon 1s shifts in Table I ié that the
‘addition of fluorines raises the ls binding energies of all six cérbons‘in’the

ring, and not just thcse of the C_ carbons. This may be intérpreted as Showing

F
that fluorines remove charge "from the ring" in the sense of creating an electro-
statically hére attractive environment for all‘the carbon ls elecfrons,lbut it

vmqst not be taken, without further analysis, as ihaicating anything direétly about
the charges on the Ck carbons. It is useful, however, to compafe the shifts in an

empirical fashion. Some indicatibn'éf the total amount of charge withdrawn from

the ring by fluorines is givép by-thé'ﬁotal of the‘binding-energy shifts of all

shifts in magnitudef
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i

Teble III. The 0, m, and p Shifts

E(Cpls)-E(Cpls E(C,1s)-E(Cyls

Molecule in CH.F), in eV M°le°“;é in CgfiFg), in eV
o-CgH, F, o.M (6) o—C6H.2Fha ~0.36 (10)° °
m-CgH) F, | 0.9 (6) | m-C6H2Fh   -0.46 (12)
P-Cel,F, R | 0.31 (6) p-CAH Py -0.20 (10)

SHere o, m, p refer to the hydrogen positions.
bThe error in the C6H5F energy is'not included, since.ﬁe wish to compare these

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

formuia CH, F , the total shift I(X) is given by
E(X) = nBy(CdasX) + (6-n)E(C lesX) - 68(C leiCely)

If'hydrogéns_are replaced by fluorines in X, and vice-versa, to form X, with
empirical formula C6HnF6;n’ then the analogous total shift, relative to"CGFG’

is given by .
£'(X) = nEp(Cyls3X) + (6-n)EB(ch1$;§)' - .6EB_(C'F_ls;C6F6) .

.In Fig. 5, L{X) is blotted against I'(X) for the nine compounds studied that had
' i*< n<S5S. Tpe‘good correiationlsupports‘the concept. of symmetry eamorng the |
vshifﬁs, and the deviation of the points from total qQantitative dgreement
mey be interpreted éeparatély. The points in Fig. 5 ﬁoétly lie above a straight»
lihe ﬁith 8 élbpe of -1.. Thisvmay be gnderstbod qualitatively if we recognize
that'inlcéﬁs the atoms are nearly neutral,‘and thus the eleétronic»éharge:is
'mofé mObiié; fhan in C6F6’ in which the C-F bonds are hiéhly pclarized. Wé
may describe this phenomenon as the saturatipn of ah;iﬁductive_effect. As
more fluorines arelgdded, each cean withdraw less chérge; Thisiresult was
qualitatively evident in the P(1ls) shifts 1n Fig. 2; it is treated
quanfitétively in Section VI, in which atoﬁic charges for the fluorines are
derived. |

In Fig. 6 the saturation effect on the shifts is displayed more effectivglyﬁ
: Thésﬁotal céfﬁon 1ls shifts per suﬁstituted ligand, Z(X)/n, and Z'Q?)/n; are pléé;ed
‘egainst the number of substituted ligands, n. On the whole fhevpcints in Fig. 6

\

show:a‘négative slope, aithough most of this slope is associated with the L(X)/n -
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shifts (relative to benzene). A qualitative interpretation of this resuit can
be given. As fluorines are added t9_96H6, induction,and its éaturation proceed
ﬁormally. In going back'from C6F6 the substitution éf hydrogens_gannot refurn
electronic charge to the ring SO effegtivelj becauge the remaining‘flu§rines,
(which are‘nét So negatively charged as in fluoroﬁepzeﬁe;_fof e#ample, and are
thus still quite electronegative) tend-té'withdraw the additional charge-.

The abo&e comments indicate thé pos$ibilities and limitations for

obtaining information from binding-energy shifts by studying trends and using

chemical intuition. A more quantitative discussion is presented below.
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V. A CNDO Potential Model
Anlelectrostatic potential model based on SCF wave functions'and‘Koopmans'

/

theorem has been found ‘to predict quantltatlvely the chemlcal shifts in some small.
7 mol.ecul'es.‘é_"7
one could avoid the expense of calculating ab 1n1t10 wave functlons, and the
CNDO/2”approximation was explored to this end./\While.requiring little computerb ‘j
: time;VCNﬁO/2_ﬁaénbeen successful invﬁrediCting the bfoperties of mbleculee
composed of'first—rou elements. “
-Asjin,tue &b initio approach, the elecﬁrostetic potential enefgycof an

electron at.a nucleus

. .~

e2<f 1 2 T

2 i “

e L.N

" ig caleculated. The symbols s and Rj refer, respcctively, tc the distance betucen

the parent nucleus and the i b electron and to the distance between the nucleus

o3

electrons in the molecule, the second over all the nucle1 except the parent

iand the jt other nucleus with charge Z ‘The firet suh is taken over~all the
‘The change in the potential energy at the nucleus of an element between_two
molecules is taken to be the neéative of»the shift'lhuthe binding energles of
the 1s electrons associated with that nucleus. ) .

The calculation of (§ ﬁ%-) was done as follows: the baeis functious
1(Slaﬁeruorblﬁe13) were treated as if they uere orthonormal, as in thevCNDO
reduction of‘ﬂhe'Roothean e@uations. The portion Oflthe'sum arising from.the
basis functious centered on the parent nucleus was calculated'exectly,viu”contrast

to the emp1r1cel approach used by Slegbahn, et al. 9; The portion arisinglfrom.

b351s functlons centered on other nucle1 wac evaluatea in two alternatlve wavg,

It would be des1rable to apply thls model to larger molecules 1f 5




<

-17-

i

each based on CNDO populations: (1) a "point éharge"-calculation, i.e., treatment
of all basis functions &s if they were spherically symmetrical and retention of
only the diagonal matrix elements between basis functions; (2) exact evaiuation

N . L B .

<

of r—l integrals, with retention of diagonal matrix elements plus off-diagonal.

‘matrix elements between p orbitals on the same center,

Both approaches aie similar to the use of "compieﬁe'ﬁeglébt of differential
overlap" in the‘evaluation of Coulomb‘integrals; .The first approach treats all
electrons not ldcalized on the parent atom as if they wére point charges at
the,nuclei'to'which their orbitals'belopg; In this casé the above formula can

be rewritten as ' )

"\
S’

1 2 ¢ 49 ' - B
ea z:(a;~/ - e 2:-41 s : {
k X J U ' o S .
where the first sum is taken only over ihe electrons centered on the parent
atom and the second sum is taken, as befofe; over.all of the other atoms} The
quantity qJ refers to the atomic charge of the’jth atom. The second appfoach

includes the effecté of differences in the'épatial orientation of s, po, and

. pT orbitals, and so reflects chemical bonding more_accurately. This approach is

Justified within the CNDO approximation, which neglects differences between s,

.p0, and pT orbitals in its evaluation of only some of the integrals in the

. Roothaan e@uations.' Addition of the nonédiagonal elements was necessary to

preserve the invariance of the matrix to unitary transformations which mix p
o | _ _ v :

_orbitals on the samé center. ,Symmetfically.located nuclei Are thereby>guaranteed

i

the same potentials.
Theory and experiment are compared in Table IV. The numerical results

of both of ﬁhé_above approaches are guite clbse, ahd,agreemeht'with experiment

e



- _18-

Table IV. Carbon and Fluorine ls Electron Binding Energy Shifts in ev®

Calculated

Calculated,

Comﬁound v lNuélgus (point charge)‘ gf;§qgiimgi:z< Experimentalp
2.25 2:79 ©2.43(k)
0.17 ", Ave. 0516 . Ave. -
o.gg ‘c0.06 0.52 ~0.29 0.39(3)

.0.10 0.111
2.48 2.98 2.87(6)
0'762 0.72 0-84{ 4 g8 -
0.67) 0.78), 0.72(k)
 20.03 -0.08 0.37(10)
2.66 3.30 ’2;92(6)
0.33 - . 0.29 o
0.27 ‘o.h3 0.26 } 0.k6 0.70(5)
0.84 ‘ 1.04 & '
0.36 0.37 0.30(10)
2.36 2.91 . 2.74(6)
0.61. 0.68 0.76(L)
0.16 0.18 | ,0;30(10) -
S . “
3.08 - 3.82 3.02(9)
0.k2 0.k0 0.56(13)
G.71 0.k C0:51(13)

=

"(CO@tinued)V*

L1




Tahle IV. (continued)
» o . Calculated, |
'Compound Nucleus (pgiizui§::ge) dia%onal plus Experimentala
- . p-p' elements
F S, 3.15 ‘ Ave. 3,77% 3,81 3.20(10)
C, 5 3.25§ =3.20 3.84) |
Cs,6 1.43 1.63 ;0.96(10)
. Fl,k 0‘63§ 0.75 °°62} 0.70 0.70(15)
" Fp. 1 0.86 0.78) - 1OLE
Cy 5 3.ko 4.09 - 3.05(12)
c, 2.96 ;3.27 3.48 } 3.92 '
Cs 3.31 , k.02
Ch,s 1.23 1.32 0.86(12)
§1’3 o.So 0.77) . v
F, 0.66.)0.71 0.61 ] 0.69 0.93(11)
F), 0.58 0.6;
A c, , 3.15 3.77 '~ 3.20(10)
C3 6 1.51 1.66 ;712(10)
F F 0.62 0.61 0.90(15)
F -
0 s 3.62 o k.3 3.38(1%)
P Cs 3.hh‘3.57 h.oéfh ol
Ce 1.71 1.90 1.32(17)
) .
!§ 1.5 1.09 | ol y. ,
o Fp 1.05 }1.11 ok }1.07 1.07(10)
_ Fq 1.281 21t
- F o ' B .
F c 3.94 ke 3.57(9)
Y F 152 '1=h8 o 1.38(5)

Carbon shlfts ‘relative to benzene, fluorlne shlfts re;atlve to fluﬂrobenaene
Error in last place given parenthetically.
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is comparable 'to that obtalned from ground state ab 1nitio calculat10ns.3 o7 10

Thls‘agreement is further 1llustra ed in Fig. 7, where ve have plotted the

eXperimental'shifts versus those'predlcted by the flrst of the two CNDO/2 methdds;

The second method exaggerates ‘chemical shlfts sllghtly, espec1ally in the heav1ly

fluorlnated benzenes.’ This is in contrast to the predlctlons of this method

S for'the'flueromethanes; which are in almost perfect-agreement with experiment.

It_ 1is noteworthy that the dipole moments obtained from the 'cNDo/e' method
for the fluorobenzenes also agree falrly well with the known . experlmenta_ values,

15,16

as shown in Table V,. and as reported previously.

‘theoretical and'experiméntal'Values'of dipole moments has been obtained with the

¢

CNDO/2 method for many other classes of mbleculee,sincluding the fluefomethaneS.

For this reason, and because both dipole moments end chemical ‘shifts seem to be

.sensitive meéSures of ground state electronic and nuclear distributions, it is

’

eAp ed that these CNDO/: 2 potential models will predict chemical shiftsvwell
forhmost‘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

N3

fluorine atoms ortho to one sanother, and 1.354A othersze. These_are”the

experimentai bond 1engths obtained for the difluorohenzenes;17 the exﬁerimental

descrlblng these CNDO potentlal models,_the correspondlng bond lengths used for
‘the fluorobenzenes were 1. 08 A, l 38 A and 1. 30 A, sllghtly dlfferent chemlcal
"shifts were'ebtalned whlle the atomlc charges dlffered by a negllglble amount.

Sincel(Z ——-) is proportlcnal to the nuclear dlamagnetlc shleldlng
Ty

"vconstant the CNDO/2 calculatlon of (z ;—-) mey be of‘use 1n the 1nte*pretatlon

i

‘

Similer agreementrbetween '

bond lengths of most of the other fluorobenzenes are’Unknown. In—a‘pricr-note l,

i
A
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Teble V. Dipole Moments

Experimental - CNDO/2
" | 12 L
-fluorobenzene © 1.5 S 1.52
f‘1,2 difluorobenzene 2.40"3 3007
o |

'1,3Qdifluorobenzene 1.58 j.' S 1.50
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‘of NMR chemical shifts. The connection between ESCA-anvaMR vas first discussed
- by Basch;6 empirical correlations between NMR frequencies and ESCA binding
henérgies havefalready appearéd'in the'literature.laflg ‘ N

The.eleCtrostatic potential egergigs'werepcomputed nﬁmerically by .a -

subprogram wri£ten to augment the CNDQ/2,FORTRAN:IV program. The field length

of the,prograﬁ»was increased by less than 2000 words;'the'additional»combptations.

_”1require gbout one-tenth of the time needed to obtain>the_CNDO/2 wave functions.

(Y
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VI. An Atomic Charge Analysis

It seems worthwhile to develop a method Qf.analyZing core-level binding-

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

without recoqrse,to molecular drbitai @odéls,7 Suéhvéé approach is suggésted
because core eléctrons are in some wﬁyéinea&ly’ideai;"test charges": they are
sensitive to, bﬁt do not partiéipate in, electron redistribution accompanying
bond formation. In this section we diséuss the defiﬁafion of an "atomic charge"
analysis and'ité application to the fluorine—subStituted benzenes. - We seék(both
to test the model and (if possible) to derive informetion about charge dis-

s

Let,ué consider a molecule Vith n inequivalent atoms. If all n 1s

N

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

binding energies to yield a set of binding-energy shifts 8E, (i = 1,2,...n).

i
These shifts carry infbrmation about the electronic charge distribution. Since we
" have only n data we can derive from them & set of 'n  numbers {qi} at most with

" which to describe this éharge 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 intuitive level, as an essentially expéfiﬁental'populatidn ahalysis.

Assigning charge qJ to atom j, and denoting by.Ri the internuclear

J

distance between atoms . i and. j, we may write

8E

[N
L} .
. /’—‘§
| @
,olm
[ [V
N’
O
a
o

i QE} | ' 5 o ‘j : ’ : : o
- (i ' e o
-71<3Q;) qu + E: <R. ) 5qJ s - ‘,"(Vl-l)
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.molecules in some d=tail.’  They gave an expression very sirilar to Eq. gh),

’
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l

" as ‘the inéreﬁental-change in the binding enengy of a ébfe electron in atom i

accompanying a redistribution of charge in the molecule described by the set of
numbers {5qi}ff-Note that-"qJ is thus the charge on atom J in units.of‘[el.
If'we'chqoseﬂtheAbindingeenergy referencévstate as qJ =.0 for all (i;e.,

hypothetical_negtral atoms within the molecule) and invoke the essential constancy

")6f'(sae -as qi is_Yaried,2O Eq.‘(3)'becqme5'

1 . R h .. : “ ‘
e : . ; .
Oy = kjay ¢+ Z R, % - - . ) (b
o | | |

Equations 'similar to this are well known in x-ray photoelectron spectroscopy.

-~Siegbéhﬁ} g§f§£3;91havé,recently discussed this electrostatic approach for free

but their-analysis was qﬁite different from that given below.

Equation (4) is a linear equation in n unkhovns {qj}. There are

‘n, such equations, one for the shift GEi'Qn.each atom .i. It is

‘convenient to write these equations in matrix form,

I

Y A}; | | . | o o | (5)

;o

. Lo ’ + . N . . ] N , . . . .
_ Here K and q  are n-dimensional vectors whose components are the ordered

Sets {dEi} and {qi} respectively. The n Xn métrix--A hés elements
o 3E,

A, =k = \ =)

ii i aq. /

i

t

i

{

i

B
L
g
i

i
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The of f-diagonal elements Ai are easily worked out from a'knowledge of the

J
molecular géométry.' Diagonal elements can be evaluated in several ways, as
discuséed'Below. The important point herevis that the“entire matrix A can

be obtained fromvCouIOmb's Law plus free-atom‘wave'funétions, with no reference
whateVervto:ﬁolecular orbital models.'.Thus we may combine tﬁe matrix A,
calculated eSsentially from first principles; with a compleﬁe set of n experi-
mentally-determined shifts % to solve for the n charges E, theréby obtaining-
an empiriéal-population foll?wing the ev&luaﬁion of‘Aii.s 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

6,7

zhown that:to e gbod‘apprdximation AEB = AV, where AEB is the tinding-energy
Shift, and AV is the shift in'potential energy of a ls electron, that afe

iﬁduced wvhen a chenge takes place in the valence shéll. In fact the 1s orbiteals
even of first—roﬁ atoms such #s carbon and fluorine are sufficiently localiéed

that AV may be taken as the éhange in potential energy of an electronic charge-

le| at tﬁe nucieus.x A single valence electron interacting with such a charge

gives rise;to a potential energy term e2 kr_l ) , where <r-l ) is the expectation
value of r-l for the valence elec.‘l:ron.z-2 If the eleétron'populatiqn of the valence
shell shouldidecreasé by the fraction of Qﬁe electron 6q, corresponding to an

increase of charge in the valence shell by the fraction §q of one charge unit

le] , then: the binding energy of a ls electron would be changed in this approxi-

I

- mation by an amount

SE = - Gv_ﬁ e2 (rfl ’Gé | . v : ' . (7)



".Comparison with the "diagonal" terms in Egs. (3) and:(h)‘yields

' , . ’ ) E ) S0 ‘ ) . .
ki="c2_(r;l)‘ . | o (8) '
~In this anaIYsis.we'shallfuse a single §alue of k, fordéach'elementl dThe'{s’ and é
p valence orbiﬁalsiou'the same atoa/haue'slightly different values of (r T ).
Howévef,”we prefer.to avoid any'afuitrarihess that migh£~result frdh.the;intfo; ! |
duction of addltlonal parameters (e.g., to describe hybfidization) This is
certainly Jusulfled because the’ derlved charges are actually not‘very sensit1ve ) %
- to the exact value of k used. |
Mann.s23 free—atom Hartree-Fock calculations of (l/r ) yield
kC = 21 1 eV/le[ and i, = 3& 5 ev/]|e] for the 2p orbitals of free carbon and
‘sfluorlne, rcspcctlvely. Slegbahn et. ai.? found slopes-of kCl § ‘F = 27;5 %
} .by least-squares fits of binding-energy shifts. They gave values k = 22,0 and i
F 35 1 calculated from Slater orbltals for the elemenus. The agreement,among ' E
'these sets of values is encouraglng. We have . made atomlc charge aﬁaljses baSed | i
on ranges of values for kC and kF of about 5 eV/[e|, centered ‘on the adopted %
values glven below.' The senslt1v1ty of the derived charge to varlatlonvln kc ”' - '?
a.nd kp is Vez/'y‘slight, typically o
o ﬁ‘- m.v O.QOS x . o \ - o L m :
'ir_x_.t.he rjapg'eS' studied. Our final adopted values are s
kg e'ééfoleV/|el SR -r~. - o '~‘: CleE | ijvg
k = 32.5 ev/le| .

N
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Reference energies_must be seleéted for carbon and fluorine before.thev
datsa canrﬁe,treéted; In this ‘analysis the chargé on.cérbon invbenzené is taken
as zero.?h‘ Thus the carbon shifts for.the btﬁér moleéuLes are referred ‘to benzene
as in Table i.', 'The'fluqripe feferénce énergy may then be dgduced’by cbmparing
C6H6>and C6F6. Fo? C6F6 (using the bohd distances‘gi§en in Section V, and takiﬁg

ko = 22.0), Eq. (3) becomes

GC = 59.86 qq f 34,57 Q@ -

vTaklnglGC = 3.57 eV, and setting 9 = - Qg for 06F6’ we‘have

-9y = Q¢ = 0.1k1

(Three digits have been retained here and beiow in intermediate stages of

cdmputation;'to avoid'rounding-off errbrs. The third digit has no physical

‘significance, and is not given:.in final results.) For fluorine in C6F6 Eq.

becomes

o]
!

= 51.87 ap * 34.65 qq

-2.k3 ev

i.e., the fluorine zero-charge reference state falis at a 1s binding energy

2.43 eV higher than that of foniihe in,CeFé;‘_The fluorine 1s shifts in this scale

_are given'in'Table»VI.

In hydrogen~containing compounds it is impossible to measure a complete v

‘set. of core-level shifts, because hydrogen has novcore'levelS. We have therefore

constrained all hydrogens in each molecule to have the same charge (in some cases
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TablévVIi Fluorine shifts relaiive to-a hypofhétiéal neutral standard stafe
FCompo'u‘nd‘ SE(Fls), eV Compound. 8E(Fls), eV
céns?a -3.81 .1,2,3,1}—06H2F!‘4 -3.‘11-
p-CH,F, -3.51 1,2 »3,5-CHF), -2.88
: 1’335"'C6H3F3..' -3.30 : C6H6 —2‘.)-:33
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" the matrix equation for p-dirluorcovenzene is
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this is alreasdy required by symmetry) and have used»the condition of electrical

_neutrality for each molecule, I q; = 0, as the final equation necéssary to

determine m charges from m-1 shifts. .Finally, within each molecule -all Cy
shifts have been taken as that of the CH peak,vand similarly for CF' This |,

would appear to be a rathefvdrasticAapproximation,rbut'it is not. The components

- within each C, or CF peak cannot have relative shifts of more than a few tenths

H

eV, because there is littie evidence of line broadehihg.

. Withvthe,above_constraints the actual calculation of atomic charges

A}

. reduces, for each molecule, to solving m linear equations for m unknowns,

with m ='h, 5, 6, or 8 for the ceses studied.- Here m-l.is the numbér of.

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

to take edvantage of the molecular symmetry, the clements of the resulting (smaller)

‘matrix are linear combinations of the Aii and Aij given by Eq. (6). For ekample,

\

27.180 32.682 1k.606 21.93k
16.351 L3.521 10.188 28.03L

- o (9)
14.606  20.376 ' 35.177 17.5Th

2 L2

Hére'qcl is the charge on each Cp carbon. The lineaf-equationsvwere solved for

] .
i

‘the nine molecuieé studied cohfaining'C, F,‘and H, usihg a program named”ACHARGE.
This program also inverts the coefficient matrix,. tof@est the sensitivity of
derived charges to errors in the shifts. Results are given 'in Tablé_VfI, together

with atomic'éhargeS‘obtained from the CNDO/2 calculations described in Section V.



"Table>VII. "DeriQéd Atoﬁic Charges' i

- .

_Compound o Atom (ACHARGE) = " (cNpo/2) | Pompo?pé*g. - Atom

o a .- .9 L
- (ACHARGE) -~ - (cwNDO/2)

s 19 .
-7 -8
-15 -fla -
2 , S 5

o o
o -4 | -5
L Cy - 1 3
L
. F C -19 o -20
H 0 _ 0

19 | 19
b 15
-6 . =3
=17 i | -18

-6 - -16
4, - 3

e, 19 19
:?hQS = . .1‘ \ -‘. | . 51
CF -17 " -18.

H = o -~ . 1

19 23
12 o
w0 -12;
' o5 - ‘.,h . o7
-12 Co-oat
o=15 - , -17
- A16 o -19

L s 26
B L= 9 L ‘ ,fl2
b6 Ths =T
c. 2 s |
Foo.  -18 =20 |

| 0ug

R AL o 1 s
'Ci,ﬂ‘_ ”f' 23 : S 2. - ] ) AR §

-3 : : -3 - -

F oo -18 B =20 |

N H“\...v.-. '» } : l ) - ‘ 2

. '(con§inued)“

g}
B
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Table VII. (con=inued)
Compound Atom q (ACHARGE) (CNDO/2) Compound Atom ( ACHARGE) (cNDO/2)
- F o R : _ L

‘L35 T B . ,5 9 e

-~ F : -18 -19 ! F c3 1k 17

- H Lo b Cg - -9 ~10

' F -15 =17

F F 1,5
A Fz’h -15 -16
A F Fq -15 -16
H

h.s 6
C6F6 C ‘.1h 15.S
-1k -15.5

B'Her'e H denotes average of all hydrogen charges.

?Chdxges:aré given in units ofg10f2‘|el.

-IE-
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-Qatomlc orbltals, and the overlan nonulatlons can be . ass1gned *o individual

-3 R

VIiI. DiscusSion of the Atomic Charge Values'

The agreement dlsplayed in Table VII between the charges obtalned from

s

ACHARGE and those calculated by CNDO/2 is extremely good for most cases. Not : » ?

' only are the numerlcal values very close, but several trends are revealed by

(2

both sets of charges. This con51stency lends credence to the not1on that,
atomlc-charges may provide a useful, though,admittedly’rather qualitative,.basis
on whlchhtd'discuss’certainvmolecular”properties. | | o
Beforevinterpreting the charges we must issue a caveat. The concehtual
shortééminés‘bf:a point charge model are Geli-known;f-Point'charges are especially
lnadequate for describing multiple bonds, SOme lone.pairs, and delocaliZedvpi

systems;; Nevertheless, molecular orbltals are usually expanded in terms: of

atoms in a way ‘that yields a useful ‘albeit arbltrary, populatlon analy51s.

~’Tnls partlculaz ‘kind of arbltrarlness is not necessary in the two charge analyses

dlscussed above ( ACHARGE and’ CWDO/2) but only because the even cruder assumptlcn
"that‘all electronsvare ‘centered on one atom or another is already built into both

- models.

'The'good agreement between ACHARGE and CNDO/Q'charges arises largely

. from similarities Vetween the two. approaches. In fact, the first CNDO/2=methoda

'described,'in which we ignore off—diagonal matrix elements, is identicalvto

ACHARGE.g There are however, slgnlflcant d1fferences between what is done. We .
; LY

:have used the CNDO/2 method to calculate the atomic charges and blndlng energy

vshlfts without adjustable parameters | The calculated shlfts are found to compare oA

favorably w1th the experlmental values. With ACHARGE we have a 51mple method

- to derlve atomlc charges from the experlmental results wlthout reference to.

molecular.orbitals or to specific'models of bonding;ffmhat these,charges.are in: -
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agreement’with.ghemical experiénce will be seen belo§§v/It should be noted,

however, that to the extent that ﬁhe CNDO/2 method gifes shifts that-aré in

agreemént with experiment, it should also give cha;ges that aré identical,to
‘those obtained byvACHARGE. | | | N

The dipole moment of fluorobenzene is normally attributed to polarization

‘a

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

ortho and para positions is attributed to resonancé'tautomers such as

. + - + ] :
[II!!I——' - and . . | . :
PoiariZatidns‘of the C-¥ bend is clearly e?ident in the cherge values ip Table
VII. The difference Q(CF) - a(F) fanges.from about 0.3 to 0.45. There is a
clear trend in the (average) fluorine éharge, from about -0.20 in fluorcbenzene
to bout 0,15 in Cgf.
Nd such trend is evident in the garbon chafges, because of the'dominanf'
effects associated with the ortho, meta, and para positions. These effects are
.indicated iﬁ.Table»VIII.' The ortho,‘meta, and para charges for the CH cgfbons_
-in fluorobenzene give this efféct directly. It may be:found also in the CF
carboﬁ in'fluarobenzene. The effect is eviaent in both bases (and theTCNDO/E
,charges.élSO showrit). The phdtpelect£on5data with the ACHARGE analysiﬁ.appear
W/ ' o T
. to show'a_ﬁegative.charge of about -0.04 on the'ortho carbon, and, with less
# . ‘ ‘certainty, a'véry small positivé chérge onwéhe meta cgrbod.: The-pa?a cafbon '
éppearsvto be eésentially neutral. |

The o, m, P effects are presént in the multiply-substituted fluorobenzenes.

This is most readily apparent in 1,3-difluorobenzene éﬁd 1,3,55trifluoroben2ene,
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- Table VIII.. Ortho;vﬁeta, para altéfnatioq ih;atomic-charges

.

_3ho

H

C,. carbons_ in fluorobenzene

Position

" Cherge (units of |e[)

1 .(Chgrgevon‘CFvcdibon in difluorobenzeres)

minus (Charge‘bn CF-cqrbon in'fiuorpbenzene)

From

ACHARGE .

From

CNDO/2

Aq from - -Aq from

Molgcule " ACHARGE .. CNDO/2

meta -

- parsa

-0.05
40.02

0.00

-=0.05.

+0.02

-0.02

o-difluorobenzene .  -0.0k . -0.05
-m-difluorobenzene - +0.01 - +0.03 .

' p-difluorobenzene ~ 0.00 . .  =0.01

ERRYY
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for which the additidnal_tautomeric forms reinforce one another. In 1,3-difluoro-

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

should tﬁeréfore carry a large hegatiVe chafge; It ddes; for this caée

q(C) ='f0.69. This effect should be eveﬁ larger in l;3,5—trifluorobéhzéﬁe,
because carbons in the 2, L, and 6 positions are eéch’ortho to twodfluorihesband
para to another. The ACHARGE résult,'q(CH) = —O.lj,réonfirms this expectation.

Furthermore, for this molecule the C_ carbons have the largest positive charge

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

A number of other systematic trends can be”obSeived among the charges

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

 grounds. We conciude that ‘he ACHAKGE analysis yieids charges that are useful

" in understanding chemical properties. With further refinement, and especially

in combination with higher-resolution spectra, the ACHARGE analysis of photo-

electron data may vermit prediction of the reactivities of new compounds.
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- Figure céptions S

Fig.‘lﬁ*fkgfey‘photoelectfon'Spectfa of fluorobenzenes, obtained with Mg Ko

\-

_fgdiatién; ﬂ
.Fig. 2. Fluorlne ls blnding—energy ‘shifts of fluorobenzenes relatlve to C6F6’
plotted agelnst number ‘of fluorlnes. | |
‘iFig. 3. Qarbonels binding energles of'fluorobenzenestrelative to‘that'of;
Benzene;xplotted against nunber'of'flnofines;'vfne\upper points refer to
: cafbonsdto which flnorines'are~nonded§ the lower points refer to carbons
to- which hydrogens are bonded. S : l o - 'G' ti i I
5)» f‘of

Fig. h. Shift of C 1ls. blndlng energles (relatlve to that of 06H F
lvalndlng energies

- compounds C6H F6 plotted agalnst the shlft of CF

/
(relaflxe to’ (6H5 FJ loz the complementery eomnounds C/H/ Fq. : ;

_lFlg. S.' The ‘ordinate is the Shlft»ln total blndlng energy of ca;bon 1s electrons

| velntlve‘to those 1n benzene for the compound C6H F6— . The ab501ssaxis#
the-shift in total b1nd1ng energy of carbon 1ls electrons relativevto those‘

in C6F6 for the complementary compound C6 6-n F ~‘, |

| F1g.,6, Shift in the total binding energy of carbon 1s electrons per substltuted N
llgand plotted versus number of llgands. The open circles refer tO'substltutlon
of fluorlnes for hydrogens on benzene; the closed circles refer to snostitution
of hydrogens for fluorlnes on CGF6 | v R
efFlg 7 Experlmental shifts for blndlng energies of ls electrons blottedTagainst
the shlfts calculated by the flrst of the two CNDO/2 methods descrlbed in the.
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