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' THE RELATION OF CORE-LEVEL BINDING ENERGY SHIFTS TO PROTON

AFFINITY AND 'LEWIS BASICITY
R. L. Martin and D. A. Shirley
Department of Chemistry and
Lawrence Berkeley Laboratory
University of California
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December 1973

Abstract

"Gag-phaSe oxygen ls binding energy'shifts*AEB(O 1s) in simple aliphatic
aiéohOls'were found to decfeasevin the order: |
.watEr > méthyl > ethyl_5 isopropyl > t-butyl. Comparison with potential—.
mbdel‘éalculétions'showed that the shifts are attributable to reiaxation in the
molecular-ioﬁ fiﬂal state (polaiization effects) rather than to the initial-state
charge disfribution‘(inductive‘effectS).b.The ability of methyl groups to stabilize‘x
charge in the ien iévconsistent with the observation by Brauman and Blair that
the'gas-phase'acidity'ordef is t-butyl > ... > Héo.. The range:of gas~phase
’écidities, which are not yet available, is expected to be comparable to that of
AEB(O.is).' It was predicted that AEE(O 1s) v - A(pxoton.affinity) for these
compounds.' Iﬁ fact the agreement between these two parameters is excellent:
thus_AEB(O ls)‘appears to measure relative Bronsted basicities: the AEB(O 1s)
vs -A(PA) relation:may be applicable to substituted alcohols (the CF3CH20H point
.agreeg very well with the above alcohols) and possibly to_other functional gfoups.
The N(ls) binding energy, which decreases in the order |
NE3 > CH3NH > (CH3)2NH > (CH3)3N, shows egcellent agreement with -A(PA) in these

vcompbunds. The calculated relaxation-energy (or polarization) contribution to
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AEébfof_both aicohOISland’a@inés agfees:very yeli:With the yariation inkthé.léﬁe-
péir ioniééfidn pqﬁential;.fhus‘giviné‘qﬁanﬁitativé support to avSﬁggestion méde
. bY W.:C. Price in 1947. The'AEB'vaiues for corg eiécttons.pan bé?regarded as
measuring Lewis basicity if thevlatﬁer is extended to'inélude nonbondiné gggg”

orbitals. Thus.I(3d5 2) shifts in,alkyl iodides are in excellent agreement with

/
the 0(1s) shifts iﬁ alcohols, with ﬁjbutyl iodide béing a strongervLewis'base,v
than methyl iodide;, Core levél shifts may be useful in predicting relative .
relativitieé at different sites in a molécule, because they depehd on the proéer
combination of inductive and pélarization shifts. Fina}lf; the inverted acidity

order of the aliphatic alcohols in solution may be understood in terms of extra-

molecular polarization in the final state. .
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I. Introduction

The relatibﬁship bgtween'mélecular structure and reactivify is one
of the centrai problems of chemistry. It méy be divided into two parts.
Qualitative questions aboutireéctivity tend to focus on whether a reaction
path exists that can take reactant R to’product‘P. Prihciples such as orbital

'5ymmefryl'can be aoplied to answer these questions. If a

~ path exists for a given type of reaction, we may then be interested in its

qpantitative aspects; e.g., the extent to which the reaction procéeds. An

important component of this second part is the relationship between the
structures of the reactant and the product and the equilibrium constant for -

the rapid reversible reaction
R=7p . . , o : . (1)

In this'paper we shall investigate the way in which a relatively new experi-
mental parameter--the shift in core-level binding energy--can be related to certain
reactions of the above type, particularly those invélving gain or loss of

hydrogen ions. In making the analogy between the core-level ionization reaction

: . ) |
A > A (core-level hole) + e ' : (2)
and the'ionization processes

+ .
HAH +A

or

A+H S, . (3)
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we shall find it useful to generalize furthér.the Leﬁis cdnéepfz'of,;n ééid as
éh electron acceptor ana'a base as an electron dohor,'fo inci@de core orbitalé.
By applying principles that‘have emerged from the'theogy of core-level shifts, Qe
shall attempt to show how insight can 5e Qained into the .relative importance
for acid—base'feactions of inductive (iﬁitial-state) effects and polarization
(final-state) effects.

Oxygen 1s binding energies of several simple aicohols weré'méasured
in the gas pﬁase.to test the ideas develéped in this'papér; These results are
presented ih Séction II. They are compared with prdton affiniﬁies in Section III.
The Lewié basicity conéept is eéfended to inciude cofe—level bindiﬁg—énergy

shifts in Section IV. Acidities in solution are discussed briefly in Section V.
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II. The O(ls) Shifts in Alcohols

RelatiVe éore-ievel binding energies-ofvthe ongen'is'orbital wefe
measuréd er isopropyl and t—butyl alcohols in the gasvphase, using the
Bérkeley.Iron-Free Spectrometer. These were combiﬁed with previoﬁsly reported .
values for méthanol3 and ethan0154, The experimental techniques have been
described earlier.5 This Qeries was chosenfto dete;mine the effect that

sucééssive'methylvsubstitution on the adjoining carbon would have on the O(ls)

binding energy. An internal standard of water was used to enhance the

accuracy of the measured shifts. The alcohol O(ls) shifts are given in Table I.



-4 R  LBL-2341

Table I. ©O(ls) binding energy shiftsv(év).

Predicted shift?

Alcohol = Exptl. Shift . GPM : RPM
HO 0.0 (0.0 (0.0
aon . -0.8% o +0.38 -1.08 -
CH,CH,OH . o -1.16(6)° ... 40.20- - - -1.69
(CHj),croR -l.2em®  -0.06 -2.26
(CHj,coH -~ . -Len® -0.16 . -2.59
CF,CH,OH : fpfq4(4)'

“a
‘Reference 3.

bReference 4,

cThis,work.
dStandard bond lengths and bond angles with the nuclei in staggéred rotational

conformations we#e used for the CNDO/2 calculations. See J. A. Pople and D. L.

Beveridge, Approximate Molecular Orbital Theory (McGraw-Hill Book Co., New'York). L

i
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III. Comparison with Proton Affinities
In this section we discuss the relation between core-level binding
energy shifts and acidity. The tworsubjects are firétgtreated separately,
with emphasis on fhe distinction between inductive and polarization effects.

In photoemission from the oxygen 1ls orbital of an alcohol,
(RR'R")COH »* [(RR'R")CO H] + e ’
8H = E_(1s) ‘ (4)

the 0(1s) binding enerqgy EB(O 1s) is given by the difference between initial-

and final-state energies,
E,(0 1s) = E_(RO'H) - E, (ROW) . | o (5)

'An approximate value of EB(O 1s) is given by (minus) the O(ls) orbital energy,
-£(0 1s), which may be obtained directly from a Hartree-Fock calculation on
the g:oUnd state of ROH. 1In approximéte discussions of core-level binding-

,energy shifts, it is common to approximate AEB by -A€.6 Now € and EB are

related by
i i i o
EB = -€" - B v (6a)
BN TR SR | | ' , |
Agy = -Ae” - AE. -, | o (6b)
where E; is the "relaxation energy" accompanying loss of an elecfron from core

level i"and A implies the comparison of a given core level (such as O(ls)) between"

two molecules. The use of Ae for AEB is equivalent to considering only the
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' différences'between‘groundfstate'propertiés, i;e.;-indﬁctiVe effécts.' This = .
approaéh is quité ﬁéeful when"indﬁétiQe effecfs éré dominaﬁt. thué'the:ﬁigheri
carbdn.ls binding énefgy.in CF4 théﬁ'in'CH4 ié:éuife pfopefiy attiibutedvﬁqv
the withdrawal of electronic qhafge fme carbon by‘the fouf flgdrihés;_f
léaviﬁg_é_ﬁbre_positive environment at.theicarbon‘atom. Since the C(lsf
orbital acfébasAé prdBe of the electtostatic potential neér the carboﬁ hucléué;'v
the'resultaﬂt‘binding—energy SAift’can'bevquite accurately célﬁulated without
resorting to gg'initio SCF'methods. Iﬁfermediate—level'molecularéorbital
méaels such as the CﬁDO method have been successfully'apélied to calculate
these inductiﬁé'shifts. Fof example,_é versioﬁ developed in ourlLaboratory——
the Ground-State”?oféhtiél Modei (or GPM) approaéh-—givesjgood predictions
‘ofbéoré—leVel shifts for certain classes of molecules. However, the series
of alcohols studied in this research does not.compr;se such a ciass,‘and the
. GPM predicéions of O(ls) shifts, listed in Table I, fail badly to ieproducé
fhé exberimentalvtrend. . |

| : Ih”éonsidéring only{gfoundfstéte;'ér indﬁctiVe,'effects above we’ﬁévé
neglected a cruqial.paraméfer éf:great chemicalvimportance: the internal
_ polarizability of tﬁe molecule. As an eléétron is removeé from the O(ls)
orbital in an élcohoi, other electrons in the molecule are polérized foward

the tesultantvpositive hole. Since this»polarization occurs adiabatically '

as part of the photoemission process, it is manifest as a reduction of the binding -

. _ L, : i, : . . o,
energy by an amount ER’ the "relaxation" énergy. Thus AEB in equation 6b will -

follow Asl only to the extént that AE; can be neglected. Now it happens that Eg hasﬁ

a tendency to increase with molecular size. This can perhaps be best understood if

the molecule:in its final state is regarded as the neutral molecule plus an electron
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hole of charge +e.8 The éleétronid charge distribution of the molecule

will relax to ﬁsC:een“ the holé chérgé. In efféétlthe hole charge is almost

ﬁotaily Scfeened locally by polarization of Chargé»%“-e to the oxygen atom.

The molecule's excess positive charge thus moves to the outside of the

molecule to minimize the Coulombic repulsidn. Larger molecules can therefore
minimize this repulsion most effectively. Since this process is adiabatic, .
the polarization occurs without transitions and the final state still has a

vacancy‘in the O(1ls). orbital. The dependence of E_ on molecular size>implies

R
that the alcohols studied here should show a substantial AER effect. From the

abové'argument ER(O 1s) shbuld inCrease from H_O to t-butyl alcohpl, thereby reducing

2

0 to t-butyl alcohol, in contrast to the GPM
estimates in Table I. -Relaxation effects can be taken into account by using

another method baséd»on CNDO orbitals, the Relaxation'Pofential Model (RPM)

approach.9 RPM values of AEB(O 1s), also given in Table I, show much better

vagreement with experiment than do the GPM estimates. In particular the trend

is correctly predicted.

To express the above discussion in chemical terms, the O(ls) photoemission
process ip gqpatién 4 can be spliti;nto two hypothetical reactions. .In the first
an_O(ls) eléctron is removed but the orbitals dé not relax and the alcohol
éqes to an imaéinafy unrelaxed intermediate state in which the oxygen atom has
an‘additionai-charge of +1:

(RR'R") COR > (RR'RM O + eT

o AH = -€(0 1) . R | (7)
Shifts in the énergy of this ﬁreactipn" are inductive.shifts. In the second step
the remaining electfohic chargé_distribution relaxes to screen the positive hole}

carrying the molecule into its actual final state,

(RR'R")CO**H + [(RR'R")CO’HI" BH = -E_(0 15) . - (8)
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Shifts in the energylof'ﬁhis "reaétién"Iare_polarizétibﬁ shifﬁs. The twp ‘ 'v '

fypes of shift;_afe-not separately observable becéuSe thé:unrélaXed intermédiéte

state does not really exist. ‘The "reactions" in é§uations 7 énd 8 sum to the . -
real proqggsh ip equati§§>4;rfdr which:the‘ehergy change Eé ;”éer—_ER is obsefved.
Finally,xif the 0O(1s) binding_energies betweeﬁ two‘alcbhqls ROH énd'R'oﬁ‘cQuld

be compared at equilibrium,
RoH + [R'O*H]T =R'OH + [RO*H]Y . : (9)

the heat of this reaction would be AH = AEB(O ls). . Neglecting ‘entropy effects
the equilibrium constant would be given-by
‘ AEB‘/kT' v v _
K=e . ; : (10)
Turning now to the relative acidities of these alcohols, let us
make an analysis analégous to that given above. Note that
»gas-ghase acidities are of interest here. This distinction is important

because the order of the relative acidities of these alcchols is reversed

‘between aqueous solution and the gas phase, with H2

O being most acidic in
the_former and least in thevlattér.lo'll In reléting gés—phaéé acidities fo
binainé;epergy sbifts in the following discussién we shall employ ideés that
may be;ﬁseful for:understanding the solvent-reversai efféct, to which we éhallﬂ.
‘return'invSecﬁion_V;

In the gas phase'the acid dissociation equilibrium for an alcohol

" (RR*R")COH = [(R'Rfli“)CQ]" +H ' - Qan

A,
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is influenced by'both inductive and polarization effects. In the case of.
alcohols, variations in the inductive effect throughout a series of molecules
would be expressed as a variation in the O - H bond streﬁgth. As Brauman and
Blaif héveipoihted out, however,11 the O - H bond streﬁgth is essentially constant
at 104 kcal/molé for all the simpie alcohols: thus variations in their

acidities arise mainly from variations in the electron affinities (EA) of the
alkoxyi radicals. This electron-affinity variation would in turn arise largely
through differences in the alkoxyl radicals' abilities to sfabilize an additional
negative charge. Since this "étabilization" process is very similar to equaﬁion 8,
but for a negative charge, it seems reasonable to expect the variations.

in energy‘of.these two "relaxation" processes to be closely related. We

therefore predict‘the acid constants of two of these simple alcohols to.be

approximately given by

K.
" RTIn i AEA = -AE_(0 1s) = AE_(O 1s) ’ (12)
K2 : R B ‘
ot ' . . ' )
where AEA = EA*z) - ea1) ang similarly for AER and AEB. The EB(O 1s) in Table I

would therefore predict a range'of”approximately 1.6 eV in the electron affinities
of the_respective alkoxyl radicals. Unfortunately there are not enough electron-
éffinity data aQailable to test this prediction at present.

éas—phase proton-attachment reactions provide an even better quantity to com-

pare'with AER(O 1s) in simple alcohols--the proton affinity, PA. Thus the reaction.

(RR'R")COH + H' - [(RR'R")COH,]"
AH = -PA E (13)

is very similar to equation 4. In both cases the alcohol must accommodate to the

appearance'of a highly-~localized positive charge on or near the oxygen: an
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electron hole in the 1s orbital in equation 4 or a p?oton_in equation 13. The prbton
attachment reactions can also be broken up into two hypothetical steps,> In the‘fifst,
the analogue of equatioﬁ 7, the proton would attach to the oxygen without flow of

charge in the molecular framework:

(RR'R")COH + HT » (RR'R")COH;
M = -E(H) . o o (14)

Here the prbduct is written to indicate that the excess positive charge is 1écaliZed
on the proton, ana'E(H+) would be a "rigid-molecule" proton dissoci?tiOn |
energy. - In the second hYpotheéical step the electronic charge in the alcohol
relaxes to shield the added positive charge, and the excess Chafgesis

"effectively distributed over the whole molecule. This step, the analogue

of equation 8, can be written
et +
(RR'R")COH, ~ [(RR'R")COH,1" - | ,
Ai = -E_(PR) , S C.oasy

where ER(PA) ié é relaxation energy anaiogous go ER(O ls) for the photoemiésion'v
process,. For a series of simple alcohols in which the charge on oxygeé stays
essentially.constant from one member of the series to thé next, the inducfive
térm, E(H+) in equaﬁion 14, remains essenﬁially'constantf_ Variations

in the proton affinity will then be given by

A(en) =AE (PA) . | ’ a 7 - Qe)
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For these same alcohols the variations in the 0O(1s) orbital energy should
be small, for the same reasons. ‘Thus from equation Gb,

AE_(0 1s) &= -AE_(0 1s) . o ‘ S (17)
Now equations S_and 15 are very similar to one another in their overall effect;
namely, the relaxation of electronic charge to shield an excess positive
charge on the*dxygen. The incremental relaxation energies AER should therefore

be nearly the same, and from equations 16 and 17 one would expect
A(pa) = -AE_(O 1s) . : o (18)

That is;'the variation in proton affinity of an alcohol should be nearly

_ equal to the~variation in the 0O(1s) binding energy. The negative sign in

equation 18 is a cdonsequence of the $ign conventions for binding energy and
proton affinity.

That.equation 18 is rather accurately obeyed by the simple alcohols is
illustratea'ih £igure'l,”in which the binﬁiﬁg energy shifts for the simple
alcohdls fromrTéble I are plotted against the'préton affinities of these'v

alcohols, 2™ 1istea in Table II. ‘Also plotted is the CF3CH20H point, to be

discussed below. The good agreement between these two quantities provides a

striking illustration of the close connection between core-lével binding energy

shifts and chemical properties. We note'that'this is not just an empirical

.correlation ofvunknown:origin, but a straightforward consequence of a molecule's

eléctronic.charge:diétribution relaxihg to'shiéld én excess positiVe charge in
tﬁﬁ simildr'pr0cesses. |

Béfore.seeking tb genera;ize the above resuit wevmust‘issue a caveat. t
The confirmation.of equation 18 in figure 1 does not guarantee that the above

argument is completely correct. In particular it does'nqtvimply that the



—12_

Table IT. Proton affinities in simple alcohols'kkcai),

Compound ' - : - A
.
.CF CH OH" » i L 3 '~: o 'l68(3)b;
“32 : - |
methanol - . - - ' 181(2)a
ethanol . o 186(2)
isbpropyl alcohol ' : o 193(3)a
t-butyl alcohol ' - 198,206

qhese proton affinities are adopted Values; from
references 12—14, with eétimated error in last digit
given‘parenthetically. ‘Two values have been giVen for
t—bﬁtyl_alcoholz both are listed.

b_- . . . .
J. L. Beauchamp, private communication.

' Lgp—23éi_
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qpantities plbtted-are‘alﬁost entirely variations‘in.yelaxation energies,vag
équafions 16 and 17 would imply. . in'fact both' the thédrefical results in
Table I and furth?r evidence to bg presenfed below imply that APA and AEB(O 1s)
do ip’large meas;re arise from their’AER terms.  For this comparison of APA
yith AEB(O lS), howevef, inductive_(initial—state) effects would-also make
these two parameters tend to vary together. This is readily illustrated by

re-writing equation 6b for this case and its‘proton—affinity analogue derived from

equations 13 and 14:

AE_ (0 1s) = -A€(0 1s) - AE(0 1s) ~(6b")

—A(PA)

- @h) - A (PR) . - ,. (19)

If in goihg from one aléohol to another the oxygen becomes‘more negative, for
example, then €(1s), which is always ﬁegative'fdr vound states, will increasé,
thereby décreasing EB(O ls): ‘The "rigid molécule" (inductive) contribution to
the pféton affinity, E(H+);uWill of couféé inéreasé,'as will PA, and —A(PA)
will also be negative. Thus igduqti&e effects as well as rélaxation effects

would shift -APA and'AEﬁ similarly, and equation 18 would still tend to hold.

From the above reasoning we can make, as a first step toward generalizing,.

vthevrathér tenﬁative suggestion that protoﬁ affinities and core-level binding-

. energy shifts may be coﬁparable among a wider range of compounds than just the

essentially non—poiar simple alcohols. The comparison can be extended in two

steps. First[ a wider'variety of functional groups could be considered. Thus

methoxy, pheny1, or CF3 groups could be attached to the O carbon, for example,

and the resulting O ls binding-energy shifts could be compared with known
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proton afflnltles, to test the. predlctlon that AE (0 ls) ﬁi-A(PA) ' pata on
only one compound appear to be avallable for testlng thls predlctlon._ the A

proton afflnlty and O 1s blndlng—energy Shlft in CF3CH OH. When plotted on

3772

simple"aliphatic'alCOhbls. We note'that.substitution of CFj for CH3 in ethanol.

_ figure 1, the CF,CH OH point shows ekcellent agreement-With’the trend:for.the
‘shifts both its PA and'EB(Q 15) by about 1'eV. More data will be required |
.beforeha.definitiveZCOmparison‘oan be made. |

A second, larger extension would include'otherhoxygen—containing
functional'groups'in the’comparison. 'fhus'the proton affinities and.O 1ls
binding-energy;shifts‘in aicohols and acids could be compared; for example, to
test the predicted AEB(O 1s) = QA(PA)’relation.’ Unfortunateiy there‘are not
enough o'1§ hinding energies and proton affinities available for the same:
molecules to test the validity of'either of these extensions, It seems probable ;t
that the first prediction should hold;'but the second isvless likely to, because
moieoular geometriespof different‘fnnctional groups can change'on proton
attaEhment, while there is no'geometry change'on §—ray'photoemission.

A sonewhat dlfferent case is readlly tested.; This'is'the relation
between the nltrogen 1s binding energy shlfts, AE (N ls),. and the variation

16,17

in proton afflnltles of the serles NH (CH ) NH, (CH3)3N, Very

3! 3 2’
) good agreement between these two quantities is found, as indicated in figqure 2.
This agreement is particularly’impressive because in this case methyl groups‘ |
 are substituted for hydrogens dlrectly on the photoemlttlng n1trogen atom.'

- The reason that the range of AE (N ls) and A(PA) is only about one ev for thesei
amines appears to be that the inductive and polarlzatlon effects oppose one
'another, with the trend determlned by the dominant polarlzatlon effect. Thus

E (N 1s) is. larger in NH, than in (CH ) N even though the methyl groups tend

3
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moré,té_withdraw électrénic charge from ﬁ fhan’do the.hydrogéns.4 We infer
~ from this reéuit and the agreement betweén AEL (N 1s) and 4A(PA) that the éiﬂﬂ.
‘Qf:the variétion in the gas-phase préton affinity fér theée aﬁihes is attributable
to'final-étaﬁé polérizafion effectg.

Anothervbutgrowth of the above analySis is a possible explanation of
‘the variation of the first ioniéation potential within these series_of.alcohols
and amines. The first ionization potential decreases with methyl substitution
in each case, by 2.64 eV from hzo to t—butyl'alcohol18 and by 2.33 ev from NHj
to‘(CH3)3N,16 'Many attempts have been made over the years to explain theée
Qari;tions in te?ﬁsvof chemical properties, particulafly inductive effects due
to méthyi substitution. HoWever, W. C. Price suggested as early as 1947 that
"charge—tfansfer effects” in the molecular ion could-aécount for a relatively
'large.stabilization in the ion.ané a consequent léwering of the first ioniiation
: pbtential accompanying alkyl éubstitution.lf9 Inasmuch as the first ionization
potential can be 35§ociated With iohization of an electron from the nitrogep
. or oxygen.lonefpa;r orbital ‘in these.compounds, we may_identify the above
“charée trahsfer.effects“ as flow éf electronic Chérge-toward thé N or O atom
durihg photoemiésish. The relative stabilization eﬁergy would therefore be
given approxiﬁétely by the relative relaxation energy, wﬁich has been calculated
1for'the alcohol (Tablé 1, using AER.=_AEB(GPM) - AEB(RPM)'and the émines'
'v(Tablé iIIvof reference 4, using AER = AVR). Thg variation in ionization

potential would then be given by
Atze) = -AE, . N 1)

This relationship actually holds surprisingly well, as shown in figure 3,

'especially for the carbon-containing molecules in each group. This good agreement
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appears to establish the polarization (or extra-atomic relaxation) effect as
the main contributor to the variation in the first ionization‘potential;in these

alcohols and amines. .
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IV. An Extension of Lewis Basicity

' G.IN. Leﬁis generaliéed the‘cbncept of bésicity.by defininé a base as

" a substance having a iéné baif.of electrons that cbuld bé.used.to'coﬁpléte

thé \}éience‘shell'of.an_ot.:her.'afo.m'.2 This freed discu;sions of bésicity from

thé:neéeésity.ofkincluding:any particular ion, suéﬁ és.H+.: from the pfeceding.

discussion of‘pfopoh affinities éhd elect;on bihding'energies, it is evident

that, while the former measure the Brdnsted basicity,'fhe latter are closely

related to the ﬁewis;baSicity. In fact we need Only extend Lewis's definitidn;

of basicify'tb inciude cére-level‘"lone pairsé as Welivas those in the.ﬁalence

|  shell iﬁ_prder»;o ﬁ;ilize core-level binding energy shifts és one opera£ional‘
'measﬁre of the Lewis basicity. We note thét these shifts—-and the basicity-;afe
'cémprised of twovparts; the initial-state inductive effects and the final-state
'.péla#ization éffegts;: In studying'chemical reactivity we are interested in both
effects, in the p&rticular’éombination §i§en by thé binding#énergy shifts,
fathérvthan just the initial-state charge distribﬁtions. This combination of

véffécts wQuld be expected to carry over from the Bronsted bases discussed in

Section III to;comﬁdundé exhibiting Lewis basidiﬁy as definéd-abbve. Two examples
of cases'for'whichzthié résult appears to be established aré discﬁssed beléw.’ |

core—levelléhifts and 5p lone pair shifts in HI and various

/2 -

Iodiﬁe'3d5

iodides were reported and compared earlier.20 The shifts were interpreted at
that time as arising from inductive effects. It seems probable, however,

in light_of the'foregoihg discussion, that final-state polarization is in fact

‘the dominant factor in these.I(3d5/2) shifts. If this is the case, one would
5) binding energies to decréase in the order

/

expect the I(3d5
HI > methyl > ethyl > isopropyl > t-butyl, and to vary as do the O(ls) shifts}k

in the corfespondihg alcohols. Figure 4 shows that these expectations are

quite.accurétely borne out. -
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Another case in which final-state polarizétioﬁfappearsi%o be impértanﬁ K

is that of substituted nitroxides. The average N(ls) binding energy is 410.4 eV

in'NO,’but it dfops.té 406.8 ev iﬁ'di—t—butYi'hiErOXidé.z; Sihcé the'tQ6:  
t-butyl éroupsido not appéar»td contribﬁte much electron dgnSity’to the
nitr0xide'groupiinf£hé initial State/ it\appears that this‘3.6‘eV shift arises-
ﬁainly through.poiariZation in the final state. fIndeed,lelectron'populatidp
éalculatioﬁsvbased on the.RPM.ﬁodei bear this oﬁt.zz.‘ |

" In bofh of these ¢ése$ céré;leyel Einding—énergy:shifts have been
aésociated witthewis bésicity;_ Thus,bfor example, t—butylHiédide appeafs té'
be a much strd@gér,base than méthyi iodide. This difference appears to
‘arise not ﬁhrdugh'anyvSignificantrdifference in the ionicify of the C -1
bonds in the two molecules,vbut rather because fhe f—butyl group can more‘
'.readily accommodate to the ioss.éf anbelectroh, b&_fiﬁaifstate poiariéatioﬁf
While a giVen t4bu£yl comﬁdun& is_a'étrongér Lewis base'théh'is its méthyl
analogue'(é.g} §§butyl élcéhol:>'methanol by 0.82 eV, t¥butyl_iodide > ﬁethyl
.ibdide by 0.63(éV)'beéause Of a{grééter ;bility fo sfabilize exéess poéitivév;
charge, t-bu#Yl Eoﬁpounds.aré"alééfbettér“BrShstéd acids because of their
greater abiiity to étabilize‘e*éess.negafive~charge, as inai§a;ed by Braumanv“
- and Blair.}i'Final;State polariéationvalso appears to account forvthe greater

spéed of substitution of t-butyl alcohol by nucleophilic groups.21 In this

case the charged "final state" is in fact the transition state of the reaction.

“The chargedycarbonium ion is stabilizedsby polarization in the t-butyl casé,
ﬁhefebyvlowéring thé actiVation energy. We npte finally tﬁét‘ihtéfnal éore{v
lleﬁelvbinding-eneféy shifts among atoms of a given elemeﬁt ét different

" sites in é given molecule would aliow_the detgrmination of'#he reiative Lewisi
basiéifieé of these sites, tﬁéreby leadiﬁg to the possibility of predicting

which are the reactive sites in the molecule.
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V. On Relative Acidities in Solﬁtion

Fréﬁ.the'above'éomparison 6f_gas—phase proton affinities and core’
'leQelzand iohevéair.binding—éhergy shifts it seems Qér§ probable that the

relafivé gés-phase aciditigs of'the'siﬁple alcohols should vary in the order
t-butyll> isppropyi > ethyl > méthyl > water, over a range of approximateiy
1.5 ev. in fact this order was establishéd experimentally by Brauman.and'
Biair,lo'll aiﬁhbugh'quantitative comparisoﬁs are not yet_available! These
wofkerS"squeStéd’that thiéigas—phase acidity order arises through internal
polarization of the aikyl groﬁps’ih the‘ioh7by the localiZed Charge on the
oxygen. In essence this is exactly what we ére suggestigg to explain the observed
leués of’AEB(O 1s) and A(PA) in these algohols{

Returning to aqueous solutions, Brauman and Blair éttributed the
reversal‘of'acid§ty ordef'to.steric hindrance of solvation in the larger
alkoxides. They further referred briefly to.intramoiecular polarizébility
as a‘kind‘of internal solvation,ll which they noted would be smallervthan the
free gnergy bfvSOIVétion in a protic solvént, thus accouhting for the
reversal of acidity order in water. -

We fully concur with this é#planation‘of.the'acidity reversal. However,
since we have approached the:problem from a different directioh-—that of under-
standing éas-phase éore level binding—energy'shifts—-wé find it useful to
deséribe thiﬁ phenomenén someﬁhat.differently. The O(ls) core-level binding.
venefgy in‘the-gas phase dgcreases with increasing molecular size from Hzo.to.

.f—bﬁtyl alcohol largely bedause of extra-atomic relaxation:(final—staté |
polarization). 'Extra?moiecular relaxation, or polarization of the surrounding
pééium, is alsovéossible-if the same mo;ecules are_studied inlsolution. This

effect‘would‘be'greatest for the ionization of H20 and least for t-butyl
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alcohol, becauée thé bulky t-butyl group wiil Eeep splveht‘molécules away—fréﬁ

at least one siae of the -OH group. In going frém fhe gas phasé to. any.

solution the O(1ls) binding enérgy of t%butyl élcohol should therefore be increased
relative to that of water, ana the ;elati&e écidity of't-butyi'alcohol §hquld.be
féduced, 'Thus; whereas Brauman and Blair-réferred £o the final;state |

. polarizatioﬁ as én internal'solvation, it is also perhaps useful to consider.v
solvation as augmenting the finél-étate_polarization thrbugh pqlarizatioﬁ of

the medium;
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Figure Captions

Fig. 1. Oxygen ls binding energies versus proton affinities for simplevalcohols
{open circles)vahd CF3CH20H (filled circle), all in the gas phasé.

RelatiVe'EB(ls)hand PA values are referred to H20. The values and

references are given in Tables T and II. Compounds in order are: .HZO'

CF ,CH,,0H, methanol, ethanol, isopropyl alcbhol, and t-butyl alcohol (for

which two values of PA are plotted). The straight line has unit slope
and goes through the H20 point.
Fig. 2. Nitrogen ls binding energies versus proton affinities for (from left)

NH3, methylamine,.dimethylaminé, and trimethylamine. The PA values plotted

are the average of those given in references 16 and 17. The error on the

NH3 point is absolute, while the others are relative. The straight line
through the N, point has unit slope. . .

‘_Fig.'3; ‘Differences in lone-pair ionization potentials versus differences

. in‘calculated re1axation energies for amines (filled circles. From left:
xNﬁ3j methylaﬁine, dimethylamine; t:imethylamine) ahd alcohols (open circles.
Frpﬁ left: HzO, methyl, éthyl, i#oprOpyl, t~butyl alcohol). The straight

" line hés unit slope. |
‘Fig. 4. Oxygen 1§ binding ene;gigs in simple alcghols.ROH vérsus iodine 3d5/2
bindihg energies in corresponding alkyl iodides RI (from left R = H, methyl,
ethyl,_isopropyl, t-butyl). .The (HI, H20) pbint is taken_as a reference

and only re1ative errors on other points are shown. The straight line

through the reference poiht:has a slope of unity.
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