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ABSTRACT

Binding-energy shifts of carbon and fluorine 1ls levels in small (2 to
4 carbon) fluorinated hydrocarbons are reported. Carbon, nitrogen, and
oxygen ls shifts.for a number of other molecules are also reported. All
samples were studied as gases: a total of 72 new shifts wefe measured. The
results are andlyzed using three electrostatic potential models. First the
RPM theory, which includes final-state relaxation, was used. It correctly
predicts the N(1s) shifts in methylamines, for which relaxation shifts are
dominant, showing the impoftance of considering relaxatibn when comparing
unlike molecules. The GPM theory involves oﬁly ground~-state properties. It
gives excellent results for carbon, oxygen, and fluorine shifts if only groups
of similar molecules are compared. Finally, atomic charges are derived using
the ACHARGE model. These charges agree very well with CNDO/2 charges. The
"charge alterﬁatibn" effect deduced in CNDO/2 calculationévwas observed--substi-
tution of F for H 6n a carbon atom decreases the charge on the next carbon by
about 0.02_ e in ethane, O.Oh5 e in benzene,.and10.06‘e in ethylene, according

5
to the ACHARGE analysis. Inductive charge transfer was found to be additive.
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I, INTRODUCTION

Chemicél shifts in binding energies of core-level electrong havé
recently received considerable experimental and thebretical study. These
shifts are of chemical interest because they cén provide information about
the relative distributions of valence electrons within-mélecules. Chemical
shifts have been»interpreted in various ways, ranging.from'correlations with
atomic charges to.ﬁhe prediction of shifts from ab initio calculations of
core-level binding eﬁergies. Some of the most successful interpretations
involve the prediction of core-level chemical shifts by caiculation of (closely
related) shifts'in the‘electrostatic potential at the nuéleus;1 This approach
has two advantageé which make it appealing to chemists: (i) the electrostatic
potentialiat the nucleus is readily calculated using sémi—empirical wavefunctions;
(2) within the‘framework of this method, empirical atomié charges may be
obtained from experimental chemical shifts.2

In this work wé report a total of 79 core-level binding energy shifts
in small molecules in the gaseous state. Special emphésis.has_been laid on
fluorinated hydrocarbons, to asseés_the‘effeét of fluorine.substitution on
C(1s) bindiﬁg energies, although a number of other molecules have been
studied as well, In most cases no previous core-level shifts have been
reported, A few éases are reported that either have th-been studied as
gases or fbr which the error limits have now been reduced.

Several relatéa botential models are used to interpret the observed
core-level shifts. The first model includes relaxation; or the effect of
changes in the valence levels upon core-~level ionizatioﬁ. This model is

called the "relaxation potential model” or RPM. The second model is called
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the'ground—statelpotential model (GPM) because it uses only the ground-state

electrOnic'distributions. Both models will be_uéed with' CNDO/2 wavefunctions

to interpret chémical shifts. The thifd approach is also;é potential model,
but instead of ﬁsiﬁg molecular~orbital thebry to predi;tféharge distributions,
this modei deducés{atomic charges from experimental shifté, It is called the
ACHARGE model. | |
Experiméhtal results are reported ih Sec. II. .ThejRPM and GPM are
briefly discussed'in Sec, III and applied to the measure§ §hemical shiftsvin

Sec. IV. The ACHARGE model is used to derive atomic chérgés in Sec. V.
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II. EXPERIMENTAL
Binding energies are determined in xfray photoemission on gases by

the energy conservation equation

B

determined kinetic energy, and hv is the energy of the exciting radiation.

where E_ represents the binding energy, K represents the experimentally

The radiation used in these experiments was the Mg Kal’é x-ray (1253.6 V),
and the kinetic -energy was measured in the Berkeley iron-free spectrometer.

In all cases repdrted here the samples studied as gases, at pressures of

(2 = 5) x 10-2_Torr. Experimentel details have been given elsewhere.za
Core—level'chemiéal shifts were obtained relative to selected reference gases;
Usually the refefence gas and the sampleigas were studied simultaneously. A
typical C(1ls) spectrum, of l,l-difluoroethane.with a CF;'reference, is shown
in Fig. 1. In a few cases, notably the F(1ls) shifts, the reference gés was
studied before and after the samplevgas.

Except for some of the F(ls) shifts, the errors quoted are statistical
and represent the sténdard deviation of severai measurements of the chemical
shift. For some of the F(ls) shifts, the quoted errors also‘include con-
tribﬁtions due to drifts fhat were observed in the appérent_binding energies.

The peak positiéné were obtained by fitting the spectra with Lorentzian
' peak shapes. No aécéunt was takeﬁ of the doublet character of the eiéiting
radiation, but this does not affect fhe values of the chemical shifts. The
experimental shifts are pfesented in Table I. In each case the shift (and

error) is given relative to the reference gas that was actually used.
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_III.. THE RPM AND GPM POTENTIAL MODELS

"In the RPM approachh shifts are predlcted by the-equation 1
'AEB=¢.-4vé—_AvR R N ¢

Here V, is the initial-state electrostatic potential ehergy'at the host nucleus,
i.e., the nucleus_et which the ionized core electron wastlecalized. It is

given by the eXPression

jw (1) (e/R )w(l at ZZ/R‘.I.',V‘

J#a ‘
'where_w. is the molecular'orbital'for electronv i; In the calculatlons presented
here, the contrlbutlon of the core electrons at the host etom to V is neglected
therefore 'iliis summed over velence electrons»only. Here "a" refers to the-
host hucleus. lZ3~quals the_charge on_nucleus' j,.Zj;fmiﬁts the number of core
electrens-centered_at ﬁucleus. J. - VR represents theifinal—state ¢ontribution to

binding energies;vend.is given by the.equation

VR =;§W(Ya,f Va)" , A _ . 'f. , . (3)
* Wwhere Va is the potential energy at the nucleus in the final-state molecular
ion with a core vacancy at nucleus a. The valence orbitals w. were approximated

vby s1mply 1ncrea51ng Z to Z + 1 and recomputlng the wavefunctlons.,ha

CNDO/2
wavefunctions were used to get the w 's. Because of neglect of differential
overlap in CNDO/2, it was necessary to neglect essentielly all of the off-

. diagonal matrix elements of Riafl between atomic orbitals; The remaining

matrix elements.were calculated assuming Slater etomic orbitals and using the
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formulas developed by Roothéan.5 This type of calculation of Va (or V;) is
known as the pp' version.h The relaxation model folloﬁs closely the formalism
of Hedin and thansson,6 which predicts absolute binding»energies for stoms
quite accurately., It seems to give a physically correct representation of
the ionizatioﬁ process. in contrasf to the»GPM which impliéitly assumes, that
the valence levels do not change upon core-level ionization. The RPM approach
is discussed.in more detail elsewhere, |

In the GPM approach chemical shifts are calculated by the equhtion
AE. = AV . ' aE (4)
. a v

Obvioﬁsly with GPM we must assume that‘AVR is considerebly smaller thgn AVa.
However, the tolal relaxation energy, VR,'is usually larger than the total
range of AVa. The range ofvvalidity of the GPM approach therefore requires
some examination. ' Again the GPM-approach is discussed in.more detail else-
where.h' In this paper we shall concentrate on thé'aécura¢y with whiéh.it

predicts shifts, particularly in comparison with the RPM method.
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"IV, CCMPARISQN OF EXPERIMENTAL SHIFTS wiTH RPﬁ AﬁhthM'PREDICTIONS
Predicted'values of shlfts”are set.out.ln Table Il. The shifts are
referenced to the hydrldes of C, N, O, and to CFh ‘ Both RPM and GPM shlfts are
given for C, N, and 0, whlle for F- only GPM values are glven because neon is not‘ - -
'Alncluded in. the CNDO/2 program. Experlmental shlfts'relatlve to the hydrldes,. -
deduced from Tablell,.are also listed. | | o | |
InVCOmparlhg experimental ahd theoretical Shifts;mue recall first that
RPM predlctlons have already been found superlor to GPM'predlctlons of core-
levelvshlfts for a- 31ngle element in dlverse molecular env1ronments. & This
is a result of~the ability of RPM theory to acCount forjcertain_trends:in VR,hb
notably: (l)~dnﬂincrease in VR with.the number of atomlc:centers in a

R when ligands are added'toAthe host atom; (3) a

decrease in V w1th the substltutlon of fluorine for hydrogen in a chemlcal

molecule? (2)'an‘increase'in '

bond to the host atom, (4) the relatlvely high values of V for cyclic systems.

. The flrst two trends arelthe most important; for example, AV between dlatomlcs p
‘and polyatomlcs is pred;ctedh-to be several eV 1n‘mostfcases. The trends can |
be rationalizedjon'the basisvof electronic repulsionvlh#the final state: usually
about O.S'to 1 unit of:electrohic'charge relares onto the;atom which.has the

core vacancy,,creating a net.positive-charge on-the.other;atoms. :If the
molecular ion cohslsts.of ﬁany atoms, this.posltive.charée can be highly
dispersed, thereby_stabiliziné the ion, This reasoning has beeu applied to
core-level photoealssion in solids, as well as free molecules.

One notable example of the effect of V_ upon core-level chemical shifts

R
is the trend in the N(1ls) shifts in the methylamines. _Both the GPM theory
and Pauling atomic charges predict a small but steady increase in the N(1s)

binding energy proceeding along the series of amines from NH3 to (CH3)3N.
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However, the observed binding energies actually decrease slightly along the
series.8 The RPM results indicate that VR increases along the series faster
than VN decreases. As one proceeds along the series, the number of gtomic
centers incredées; and the final state becomes more stable because of a greater
dispersal of positive charge through relaxation of electrons toward the N(1s)
vacancy. Table III lists’the RPM and GPM binding-energy shift and VR prédiétions,
initial and final state atomic charges for nitrogen,'and the observed‘shifts8
for the methyl aﬁines. Figure 2 shows relative N(1ls) bihding energies in these
molecules, indicating the dramatic superibrity of RPM -over GPM ?redictions,

From thevabove discussion it would appear that RPM alone :should be
- used to pfedict shifts and the GPM theory should be discarded. 1In faét it is
desirable to retain the GPM approach for interpreting shifts in ground-state
cﬁurge distributions among similar molecules, as discussed, for'example, in
Sec. V. The ébovevexgmple mekes it guite clear, however, that the molecules
‘to be compared must be chosenbwith care, From the’general observations about
Qariations in V,, we would expect that the GPM should prédigt shifts most
accurately betweén atoms which are bonded similarly (i.e. similar valences),
and which are in molecules of similar size., For example, the GPM predictions
should be more appiicable to C(1s) shifts among the‘fluoromethdnes than between
methane and carbon monoxide, To test this idea further;*thg GPM values were
compared separétely among certain classes of molecules of similar structure and
valency. The agfeement with experiment was quite satisfaptory. Resuits for
several classes of molecules are discuséed separately beldﬁ.‘

Figure 3 shows shifts for fluorinated ethanes, compared with reéults

of GPM and RPM calculations. The agreement is excellent in the GPM case.

(0.14 eV standard deviation) and very good for RPM (0.31 €V standard deviation).
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There is considerable evidence that the CNDO/2 parameters tend to exaggerate

the variation in V thus giving a slope that is too large in Fig. 3. This

R®
trend was obsei‘ved'earlierha for.C(ls), N(ls), and F(ls)’shifts, although
partially obscured in that earlier work by scatter due to the inclusion of
diverse compoundé. The scatter is much smaller, and thé exaggerated RPM
slope therefore more apparent, in Fig. 3.

Fluorinated ethylenes provide an even more dramatic illustration of
both effects notea‘above, as shown in Fig. 4. The slope AE(theo)/AE(expt)
exceeds unity, in.this case for both the RPM and the GPM cases, Fitting lines
with unit slope yields standard deviations of 0.38 eV (GEM) and 0.53 eV (RPM).
For fitted slopes Ofv1-17 (GPM) and 1.25 (RPM), the standard deviations drop
to 0.12 eV and Q,Q7 eV, respectively, Thus it appears'possible to obtain
excellent fits within these resﬁricted classes of moleéﬁleé with GPM or RPM
theory, especiaily if the slopes are allowed to vary.

The RPM predictions of N(ls) shifts were found earliér to give far -
better agreement fhan GPM values. This conclusion was confirmed above for
methylamiﬁes° /At ‘this time there aren't enough data available on N(1s) shifts
to test G?M predictions for shifts within a class of-similér molecules.

Encouraged by the adequacy of the GPM predictiéns for C 1ls shifts in
two carefully selected classes of molecules, we have cdmpared the GPM 0(1s) shifts
wiﬁh‘experiment'for oxygen bonded to one other.atom and for oxygens bonded to
two other atoms (Figs. 5 and 6). In both cases the agreement is

good, with standard deviations of 0.88 eV and 0.40 eV,Vrespectiveiy,
relative to a line with unit slope.

Proceeding to F(ls) shifts, we have plotted in Fig. 7 the GPM theory

values versus experiment for fluorines in substituted methanes, ethanes, and
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ethylenes.‘ Again the agreement is good, with most of the points falling
within 0.2 eV of the predicted values and no evidencg in this case of éystématic
deviations.

In summary, we haﬁe shown in this section that the RPM theory gives
better results than the GPM thedry if shifts are predicted among unlike
molecules. When the molecules to be compafed are carefully selected to be
similar, howevef, the GPM theory gives excellent predictions. We shall make

use of this latter observation in the next section.'
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V. THE ACHARGE ANALYSIS

Recently it has been shown2 that empirical atoﬁié charges may be
obtained frbm ébre—level chemicai shifts using the grouhd'étate potential
model, If off-diagonal matrix elements of Ria-l between atomic orbitals (as
in the CNDO/2 modél preéented here) are neglected, and if'the remaihing matrix
elements ére treated as if they contained only s orbitals, the ground state
potential modél takes on ‘a simple form, The potential_ehergy that a core
electron at-nuCieﬁs ba would experience due to the valence electrons on atom

a and the charges on other atoms is given by

2 | 2 Vo2,

= o {1/ > o+ Z + (1 ) .

v, , [qae l/Ra e qj/Raj Z, e 1/R, ). (5)
J#a

Here <1/Ra ) is the expection value of 1/r for the valence electrons in atom

a. It is a good approximation to the potential energy between core and valence

electrons belonging to nucleus a. The net atomic charge on atom j 1is given

by q. = 23 - Pj, where Z. is the atomic number minus the number of core electrons

J J

and Pj is the valence-sheli population. R is the distance between nuclei a

aJ

and j. The expression for chemical shifts using Eq. (5) becomes

AE; =VE§(éémpl¢) - Eg(réference) =q, e2<l/Ra )+ ;Ej egqj/Raj
s J#a

-z eg(l/R ) + V (reference) . _ ' . (6)
a a a o

Equation (6) is a linear equation in the qj's; if enough chemical shifts are

measured and if enough reference potentials are known, then the linear equations
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may be solved for the qj's. For the simple case in which the reference state
is one in which the charges q are all zero, we have Vé(reference) = Z; e2<l/Ra )
and

a _ 2 2 o ». ‘
AEB =q, € (l/Ra ) o+ Z; e qj/Raj . (7)
J#a

Of course, one élso has the electroneutrality condifion for the qj's:
=0 .
qu
J

This model, called ACHARGE,2a has been applied.here to determiﬁe charge
distributions in fluoromethanes, fluoroethanes, fluoroethylenes, énd soﬁe
related fluorocarbons. We used values of k, = e2(l/Ra')C = 22,0 eV/|e| for
carbon ls shifts and kF = e'2(l/Ra )F = 32,5 eV/lel for fluorine 1ls shifts,

as discussed earlier.2a Hydrogen charges On.a given molecule were assumed to
.be equal when necessar&,»and the.charge neutrality‘condition was invoked in
all cases. The ACHARGE model was thén used with molééular.geometries and
experiméntal binding—energy shifts to determine étomic charges.-

The derived charges are given in Table IV, along with CNDO/2 atomic
charges. The two sets of charges agree reasonably welihon the whole. One
result of special interest is that both sets give a negaﬁive charge for the
carbon é_to a fluorine atom., This is contrary fo the intuitive notion that
eleétronegative substituents tend to withdraw electrons from all other atoms
in the molecule, and it has received considerable commeﬁt in discussions of
CNDO theorycg The effect is particularly noticeable in the fluoroethylenes,

in which addition of two fluorines to the a carbon‘causes the B carbon to have
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a chargé of —Oflh'units. This is probably due to the.polarizability of the
T electrons; similar effects were noted in the fluorobenzenes.2a

Another trend which is common to both sets of éharges is the additive
nature of inducti?e effects; for example, two fluorines have about twice the
effect as one:on both o and B carbons in the fluoroethanes.and fluoroethylenes.
Furthermore, the'effect of a substituent on an atom is felatively independent
of the other substituents bonded to that atom. For example, the lowering of
chérge on a B céfbon atom via addition of a fluorine to the o carbon atom is
‘independent of what is bonded directly to the B carbon atom. This phenomenon,
which can be termed the principle of additive inductive:effeéts, is the charge

1le,9

analogue of the previously-observed group shift. -

Invoking this principle

and considering the above data on fluorinated ethanes ané ethylenes as well

as the earlier fluorobenzene results,2a we find that, on the average, substitution
of a fluorine for’a hydrogen will raise the charge on a éarbon atom by +0.24

in ethane, +0.23 in benzene, and +0.25 in ethylene. Thé carbon that is B to

the fluorine has its cliarge lowered, by -0.02 -

in ethane, -0.04_ in benzene,

5 5
and -0.06 in ethylene. The fluorine charges are respectively -0.23, -0.19,
and -O.éS.

Anothér effect that is reiated to the additive inductive effect is the
symmetry in charge transfer between fluorine substitution in hydrocarbons and
hydrogen substitution in fluorocarbons. Thus substitution of F for H in
ethylene changés the charge on the host carbon by +0.25 e and on the other
carbon by -0.05 e, The corresponding process for Cth-—h&drogen.substitution--
vchanges the host carbon's charge by -0.,25 e and the other carbon's charge by

+0.06 e. Figure 8 shows the charge shifts Aq(CF) induced by hydrogen substitution

in C2Fh plotted against Aq(CH), those induced by fluorine substitution in C2Hh’
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for several fluorine-substituted ethylenes. The straighﬁ.line'through these
points (which were deduced from Table IV) emphasizes fhe remarkable symmetry
of these two processes. |

It is hoteworthy that such close agreement exisﬁs between CNDO/2
atomic charges.and those obtained from ACHARGE, especially for the 1érger

2a,b,c It gives

molecules in Tabl¢ IV, This has been noted previously.
credence to the CNDO/2 charge distributions. The twovmeﬁhods of obtaining
atomic charges are very similar in that both neglect "differential overlap"
betwéen atomic orbitals, thereby forcibly assigning all:theicharge to

individual atoms. Thus part of the agreement is probably due to this common

approximation.
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‘Table I. Experimental Chemical Shifts

Core

Coﬁpound .. Reference Level® EB(compouﬁd) - EB(Ref) (ev)
CeHy CF), . Ccs  -1&.5h(2)

CHF | CF), C 1s | ‘_-' ~2.72(3)
CHF, cF, C 1s  5.52(k)
CHF, , | CF), F 1s - -1.83(10)
CliCH N CF), cCls a -11.20(%)
CH_CH,F CF), C'1s -8.57(5), -10.77(5)
CHCHF = CF, ~  Fls - =3,20(6)
CH,CHF o, BT -5.91(k), -10,3k(k)
CE,CHF B F 1s | "'» -2.22(6)
CH30F3 | CF), C 1s -3.32(6), -9.89(6)
CH_CF : CF, F 1s - =1.40(20)

CF ,CF ' CF), C 1s 0 =2.11(6)

CF ,CF . CRy F 1s o - -0.19(10)
CF_CF ,CF | CF), C 1s ' }2.22(3), -4.22(3)
CF ,CF ,CF CF), F 1s -0.25(20), -0.91(20)
CF ,CH,NH,, CF), C 1s | -3.54(6), -9.19(6)
CF ,CH,NH,, CF), . Fls ) -1.45(20)

CF ,CH NI, N, . N 1s - -h;OY(h)
CHCHNH, . N, N 1s k93
CH,CH,OH ' 0, . 01ls | -4.63(6)
CF3CHéOH | 0, 0 1s =3.51(4)
CF3CH;OH | ' CF), C 1s ;3.25{6), -9.19(6)
CF ,CH_OH - CFy , F 1s | -1.09(20)

(continued)
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Table I. (continued)

Compound. Reference g:::l EB(compbund) - EE(Ref)A(eV) :
_.(CF3)3COH th C 1s -6,93(20), -2.50(20)
(CF3)3COH 0, 0 1s T -2.63(6)
_ S b
H,C = CH, CF _H C 1s .7 =84 (2) |
H,C = CHF CF), C1s -8.48(10), -10.86(10)
,C = CHF CF), F 1s | -2.26(10)
H,C = CF, CF), C 1s -5.86(3), -10.63(3)
H,C = CF, CF), F 1s N -1.08(10) -
CHF = CF, CF), C 1s -5.71(4), -8.09(k4)
CHF = CF, CF), F 1s -0.72(20), -1.42(20)
CF, = CF, CF), C 1s | ‘-5.&2(&)
CF, = CF, CF), F 1s -0.50(20)
CF _ o _
EN
¢ = CF), C 1s -2.27(5), -7.04(5)
F : -
CF ,
3 - _ _
.>c = CF), F 1s -0.56(20), -0.98(20)
. _
CF, .
>c:= CF,, CF), C 1s -2.36(10), -4.98(10), -7.28(10)
F
CF
3.
//c = CF), F ls -0.31(30), -0.72(30), -1.28(30)
F | ' |
CF,CH = CH CF), C 1s -3.24(10), -9.93(10), -10.40(10)

(continued)



-17- LBL-1909
Table I. (continued)
Compound Reference Core E (coﬁpound) - E_(Ref) (eV)
Level B B
CF (CH = CH, CF), F 1s ~ -1.k0(20)
F F
CF), C 1s -k.T1(5)
—t F '
F F
F,_F
F _
CF), F 1s -0.44(20)
F :
F F
CF2—/’CF '
| " CF), C 1s -b.77(7), -7.08(7)
CFy L CF -
o, _CF | ,
| | CF), F 1s -0,69(20), -1.49(20)
CF, ~_ o |
CH_NO,, CF), C 1s -8.92(5)
CH_lNO,, N, | N 1s | ‘2.23(%)
CHNO,, 0, 0 1s - =3.98(k)
(CH3)2CHN02 CF), C 1s —9335(10), -10,53(10)
(CH3)ECHN02 | N, N 1s | 1.58(3)
) I
(CH,) ,CHNO,, 0, 0 1s  =h.36(3)
CgligNO, N, N 1s 1.80(L)
CgHSNO, 0, 0 1s b, 71(3)
0
H:;ﬂ 0, 0 1s -3.46(4)
(CH,CH,) ,0 0, 0 1s - -5.30(10)

(continued)
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Table I. (continued)

. Core :
Compound . ‘Reference Level EB(compound) - EB(Ref) (ev)
. c
~ CH), , .CF), C1s -11.0(2)

®The 0(1s) shifts are taken relafive to the lower-binding-energy 02(0 1ls) pesak.
bT. D. Thomas, J. Chem. Phys. 52, 1373 (1970). These.shifts are included for
‘reference.

°T. D. Thomes, J. Am. Chem. Sec. 92, 418k (1970).
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" Predicted core-level shifts (in eV), using the pp'

Table II.
' version of both GPM and RPM theor;es.
@V Carbon Nuclei | ‘
Molecule AE, GPM theory AEg, RPM theory AEg(expt)
CH), 0 0 (0)
CE JF 2.99 2.96 2.8%
CH,F,, 5.82 5.96 5.48(20)
CHF 8.54 \ 9.05 8.28(20)
CF, 11.13 12.11 11.0(2)%
02H6 0.3k ~0.27 ~0.20(20)
CH3* - CH,F 0.78 0.1k4 0.23(20)
CHy - c i F 3.06 2.65 2.43(20)
CH3* - CHF, 1.18 0.36 0.66(20)
oy - ', 5,66 5,44 5.09(20)
CH*3 - CF, 1.70 0.85 1.11(20)
Cli, - c"r,y 8.0k 8.01 7.68(20)
CF - CFB‘ 9.70 9.40 8.89(20)
CF, - c*F2 - CF: 7.95 v6.5u_  6.78(20)
CF4 - CF, - c'F 9.77 9.24 8.78(20)
cyclo C,Fy 7.72 5.96 6.29(20)
CH, = CH, -0.01 0.45 -0.1(2)°
cH”, = CHF 0.22 ~0.78 . 0.1k4(22)
ciy = C'HF 2.95 o2 2.52(22)
CH , = CF 0.50 -0.53 0.37(20)
cu, = C*F2 5.86 5.50 5.14(20)
CHF = CF, 3.60 2,53 2.91(20)

{continued)
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Table II. (continued)
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Carbon Nuclei

Molecule AEB,‘GPM theory AE,, RPM_théo?y AEB(eth)
CHF = C'F, 6.31 5.62 5.29(20)
CF, = CF, 6.73 5.92 5.58(20)

CH = CH -0.39 -0.08 o.hb
. benzene 0.57 -1.23 -0.4(22)

hexafluorobenzene 5.20 3.14 - 3.17(29)

HCN 0.31 1.80 2.6°

CH3N02 3.01 1.91 2.08(20)

co 0.67 L.65 5.4(29)

Co,, 6.57 9.60 6.84(29)

HCOOH 4,51 5.09 4.99(29)

CH3OH 1.87 1.63 1.9(29)

‘cyclo C2Hh0 1.93 1.29 2.01(29)

3* -
(c H3)2CHN02 1.38 0.34 0.47(22)
*

(CH3)20_HN02 3.09 1.b1 1.65(22)

CF,, - c*r
| I 4,85 2.77 3.92(20)

CF. - CF

2

c*F, - CF |
1 l 8.03 6.29 6.23(20)
CF, - CF

2

oF (¥)C = c*(F)CF3 5.36 3.39 3.96(20)

C*F3(F)c = c(F)cr, 9.05 8.67 8.73(20)
*

CFgy - CH,NH,, 7.99 7.88 T.46(20)

(continued)
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Nitrogen Nuclei

Molecule GPM theory AEg, RPM theory AEB(expt)
NH 0 0 (0)
CH_NO,, 11.32 ;10.33- 6.53(5)
C@NO,, 10.51 8.91 - 6.1(1)
(CH3)20HN02 10.87 9.41 5.88(5)
Oxygen Nuclei
‘H20 0 0 (0)
(CH,CH,) 0 2.30 -1.2k -1.83(11)
C)H)0 3.12 -0.53 ©0.01(6)
(CH, ) ,CHNO,, 0.6l ~2.2T -0.89(5)
CH3CH2OH 2,10 0.07 -1.16(6)
CF ;CH,0H | 3.4 1.k2 -0.0L(6)
Fluorine Nuclei

CF), 0 (0)
CF.CF, 0.11 -0.19(10)
CF -0.77 -0.90%
CF ,CH -1.57 -1.4(10)
CHJF,, -1.55 - -1.83(10)
CH,CHF '-1.99 -2.22(6)
CHF - -2.3h -2.6%
CH3CH2$ -2.65 _-3.20(6)
CF30F26F3* 0.17 ~0.25(20)

- {continued)
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Fluorine Nuclei

Molecule -'_! AEg, GPM theory - AE;, REM fhéqry AEB(expt)
CF3CF2 CF3 - . 0.33 -0.91(20)
cyclo C,Fg B 0.15 -0.44(20)
CF, =CF, : -0.15_ -0.5(2)
CHF = cFe* o -0.80 -0.72(20)
CH, = CF, . -l -1.08(10)
CWF' = cF, =102 -1.h2(k)
CH, = CHF _ _ -2.08 -2.26(10)
CFp - CF
| I : -0.11 -0.69(20)
CF, - CF ' '
*
CF, - CF
I [ o -0.6k4 -1.49(20)
CF, - CF
CF3*(F)C = c(F)CF3 -0.23 -0.56(20)
CFé(F*)C = c(F)cFy 10.39 -0.98(20)

%P, D. Thomas, J. Am. Chem. Soc. 92, 418k4 (1970).
bp, p. Thomas, J. Chem. Phys. 52, 1373 (1970).

°p, Finn, J. M. Hollander, and W. L. Jolly (unpubllshed)

dp. D. Thomss, J. Chem. Phys. 53, 17hh (1970).




Table III.

5(1ls) ionization in the methyl amines.
o . y c,d AEB(groundb . AEB(relgxitéon‘- AEE(expt)a’c’d
Iy %y R state model)  *®? model ) *¢?
NE, -0.23 . -1,10 19.01 2,32 -b.66 -4.35
CE i ~0.20  -1.06 19.65 ~1.98 497 4.8
(ct,) NH -0.17 ~1.02 20.36 -1.62 -5.31 5.0 °
(cH,) N ~ -0.1bk -0.99 20.91 -1.32 - -5.56 T -5.2

SFrom Ref., 8.

b, . : . '
A1]1 shifts are relative to N
cFrom'CNDO/2 wavefunctions.,

dIn units 6f electron volts.

_Ea_

6061141
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)
Table.IV. Derived atomic charges.
. P &
Compound g Atom (ACHARGE) - (CNDO/2)
CH,, o o 0. (assumed) -0.05
0. (assumed) 0.012
CHF | ' c . ' 0.25 0.18
-0.009 0.00k
-0.22 -0.19
CH,F, - C : 0.k49 0.ko
H : -0,014 -0,005
F -0.23 -0.19
CHF 5 - C 0.75 0.61
‘ -0.03 -0,02
~0.2k4 -0.20
CF), ﬁ C 1.00 0.81
-0.25 -0.20
CH3 - CH3 1 C 0. (assumed) .
H . (assumed) .
¢, -0.02 -0.0k
H F C 0.23 0.21
H—C - C, —H
1 H F -0.23 -0.21
H 0.002 0.01
C -0.05 -0.08
H F '
N e I 0.49 0.k42
H ¢, - Cy—F
H NH F -0.23 -0.21
‘ H 0.006 0.0b

(continued)
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. b b
a q q
Compound Atom (ACHARGE) (CNDO/2)
o Ci -0.09 -0.11
H F 6
y __\Cl ¥ C, 0.72 0.60
i N\r F -0.23 -0.22
H 0.03 0.05
F F_ C 0.6k 0.56
F—c - cZ-F _
7 \F F -0.21 -0.19
. P LA 0.6l 0.58
. _>Cl G o ¥ C, ~0.28 | 0.28
F{ N F,OFp -0.20 -0.19
Fy F, -0.19 -0.16
CH2 = CH2 C 0. (assumed) -0.06
H 0. (assumed) 0.03
c, -0.05 -0.11
11 F )
N e C 0.25 0.22
c, = Cj5 “2
n”’ NH i 0.00k 0.03
F -0.21 -0.19
c; -0.1k4 -0.18
. _.F c 0.50 0.Lk
3¢y = ¢, 2
5 NF H 0.03 0.06
F -0.21 -0.19
¢, 0.11 0.07
H\ /F2 C, 0.42 0.39
C o) H 0.01 0.05
1 2 Fy -0.19 -0.16
F, ~0.17 -0.18

(cdntinued)

t
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Table IV. (conﬁinued)

. o a S a ' 4 ’
Compound o Atom _ (ACHARGE) - (CNDO/2)
NGZ c 0.3 0.32
¢ =c( o _ o
¥ N F , -0.18 -0.16
F F. L . .
FT pF , C . 0.3~  0.33
- P F ' -0.18 R -0.16
; .
o 0.36 0.37
C, 0.1k _ : 0.13
F, ‘ -0.17 o -0.17
F -0.17 -0.15
] Ei}c 2 ql 0.07 R - 0.12
Fg/ 2\\0 i T C, 0.73 o 0.60
Fl/ 1 \C/_FF Fl -0.11 ‘ -0.1k
\F F‘2 _ -0.23 v v _ -0.20
¢y 0.01 ~ 0.03
| | c 0.46 - 0.41
F Fy 2 -
l\C - C/ 2 c 0.71 . ' 0.61
1 AN 3 '
F. / F L
\ e F -0.16 : -0.13
F _;03 1 L '
F4 RS - =0.19 | ~ =0.16
Fy -0.21 ~ -0.20

®H denotes an'average ofvall hydrogen charges.

bChafges are given in units of |e|.

The charges in the fluoromethanes were calculated assuming,qc‘(CHu) equalled 0;
those in the flgéfoethylenes were calculéted assuming q (Cth)Hequalled 0; the

remaining charges were calculated assuming q, (CH3CH3) equalled O.
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FIGURE CAPTIONS

Fig. 1. Spectfﬁmaof the C 1s levels in CFh and l,l-difluoroethane.

Figf 2. The N(is) binding-energy shifts in methylaminéé, relative to NH3,
versus the'number of methyl groups. Points are experimental results,
from Ref. 8,»While lines connect theoretical points calculated from
ground-state potential model (GPM) and from relaxatiOn potential model
(RPM). Cleariy relaxation dominates the binding energy shifts for the

"methylamines. |

Fig. 3. ?1o£ of.theoretical (GPMband RPM) C(1s) shifts in fluoroethanes versus
expérimental values, with ethane as a reference. Opeﬁ_circles are RPM,
filled circles GPM predictions. Both lines have ﬁnit slope. Standard
deviations of theoretical values ére’O.lh ev (GPM), 0.31 eV (RPM). These
"results show that AVR is exaggerated in RPM calculations. Compounds in .

. . * * * *
order of increasing AE; are: (C2H6), c H30H2F, C H3¢HF2,‘C H3CF3, C H,FCH,,

C*HF ,CH, C*FCH, CoFg. |
Fig. 4. Plot of RPM (open circles) and GPM (filled cifcles) theoretical C 1s
shifts for fluorihafed ethylenes, relative to‘Cth;_against experimental
values. ©Solid lines are best fits for unit'slope (standard deviations are
.~ 0.38 (GPM) and 0.53 (RPM)), while dashed lines were fitted.with slopes
variable (standard deviations 0.12 (GPM) and 0.07 (RPM)). Host atoms are
noted by aéterisks.’ o
Fig. 5. Predicted 0(1ls) shifts from GPM theory versus experiment for oxygens
bonded to oﬁe other atom, The experimental shifts are referenced to the
0, (1s) binding energy weighted by the respective sbin multiplicities of
the hole state (i.e. 543.5 eV). The binding energies used for the paramagnetic

molecules NO and NO, are obtained similarly. The numbers used in this plot

are takén from Ref., lYa Table 3 after changing the reference from NQO



-28- ' o - LBL~1909

(pp' potential = 292.22 eV) to 0, (pp' potential = 185.30 eV). The GPM

vélue for‘NQO in Ref. ha_ﬁaS'incorrect;-it should.be 1.2 eV. The étraight
iine has unit slope.

Fig. 6. Predicted 0(1s) shifts from GPM theory versus experiment for oxygens
bonded to two other atoms. The réference is the O(ié) line of water -
(539.7 eV);_rThe numbers used can be found in Table 3 of Ref. Ua except
for furaﬁ (AEb(exp) = 0.01(6) ev, AEb(GPM) = 3.12 eV) and diethyl ether
(AEb(exp)‘é -1.83(11) év, AEb(GPM) = 2,30 eV). The straight.line has
unit slope. o

Fig. 7. Predicted (GPM) versus experimental shifts fbr‘F(ls) in fluorine-
substituted methanes and ethanes (filled circles) énd ethylenes (squares)
relative fQ CFh‘ The numbers are taken from Table II. The line has
unit slope.

Fig. 8. Plot of the charge transferred to carbon in CéFh_(i.e., a C, carbon)

F
on hydrogen substitution, using ACHARGE results from Table IV. Here "1"
. means substitution onto carbon under study, "11" means di-substitution,

"2" means mono- and "22" means di-substitution onto the other carbon.
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LEGAL NOTICE

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