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High-resolution carbon 1s photoelectron spectra have been measured for methyl-substituted benzenes.
By using these data together with molecular structure calculations to predict the vibrational profiles expected
in the spectra, it has been possible for the first time to assign 1s ionization energies to each of the
inequivalent carbon atoms in these molecules. There exist linear correlations between the ionization energies
and the energy changes for other chemical processes, such as enthalpies of protonation and activation
energies for hydrogen exchange and protodesilylation. There are deviations from these correlations for
sites in which hyperconjugation plays a role in the process. These can be understood by recognizing that
the core-ionization energies reflect primarily the Hammett paranoetdrereas the other energies reflect

o*. The ionization and reaction energies can be summarized compactly with a linear model in which the
total effect of the substituents is equal to the sum of the effects of the individual substituents. A slightly
better description is obtained with a quadratic model, which allows for interaction between the substituents.

Introduction For benzene, the addition of a methyl group leads to a striking

increase in reactivity. For instance, the rate of hydregeatium

or donate electrons to the rest of a molecule, can have significantSXchange is several hundred times as fast at the para position
of toluene as it is for benzerfe? Also, as is well known, the

effects on the chemical properties of a substance. Of particular . - - "
interest are the alkyl groups, which can serve as both eIectron_effeCt of the methyl substituent is different for different positions

donors and electron acceptors in the ring—for the meta position the enhancement of the rate
The chemical effects of alkyl groups can be illustrated with In to'”igg 'Il'sh onI%/f at fafct;)hr of 5tht0| 10 relative to Ih"?}[t fpr
a few examples. In the gas phase methanol is both a better protorpeﬂnzetnd"_ the te ?C_t 0 ¢ the methy gaour_Jrhon reactivi yl'ls't
donor (stronger acid) and a better proton acceptor (stronger base e ecle in the box'c'flog tne corr:]po;m t? ée exposurgl imi
than water, and ethanol is both a stronger acid and a stronge or toluene is about times that for benzergesumably
base then methandlBy contrast, although acetic acid is a reflgctlng the higher reactivity of tpluene, Wh'.Ch can provide
stronger base than formic acid and propanoic acid is a stron(‘;ere"j‘_ls_:fler p_ath\l/vays ffoqu thelkb(I)dy to dlspor?e of tp'sl compounr:j_. h
base than acetic acid, both acetic acid and propanoic acid are be simp edstdo the alky grou;f)s 'Sht e P;'Et ?{(?rOUp' w II—(I:
weaker acids than formic acid. Thus the effect on acidity caused can be regarded as a prototype for the other alkyl groups. Here

by replacing hydrogen by an alkyl group is in the opposite
: . (2) Eaborn, C.; Taylor, RJ. Chem. Socl961, 247—-254.
direction for the two classes of compounds, even though the (3) Richards, K. E.: Wilkinson, A. L.: Wright, G. Aust. J. Cheml972

Substituent groups, through their ability to either withdraw

effect on basicity is in the same direction. 25, 2369-2381.
(4) Streitwieser, A., Jr.; Heathcock, C. H.; Kosower, E.INroduction
T University of Bergen. to Organic Chemistry4th ed.; Macmillan: New York, 1992; pp 712
*Oregon State University. 714.
(1) NIST Chemistry WebBook: http://webbook.nist.gov/chemistry/. (5) Pohanish, RToxic and Hazardous Chemicals and Carcinogetis
Hunter, E. P. L.; Lias, S. Gl. Phys. Chem. Ref. Dafid98 27, 413-656. ed.; Noyes Publications: Westwood, NJ, 2002; pp 310 and 2223.
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we ask two questions: what is the effect of a methyl group and aided by molecular structure theory, it is possible to use inner-
how does it produce this effect. For the first question we shell photoelectron spectroscopy to determine the carbon 1s
consider carbon 1s ionization energies, proton affinities, and ionization energies of all of the chemically inequivalent carbon
electrophilic reactivities as well as correlations among these atoms in these molecules. Before the development of these
quantities. All of these involve the formation of a positively techniques, the ability to obtain such experimental information
charged species, either as a final state or as a transition stateon complex compounds did not exist.
For the second we consider electronegativity, polarizibility, and ~ We expect the carbon 1s ionization energies to be closely
hyperconjugation as possible factors that lead to the effectsrelated to the enthalpies of protonation, since protonation also
produced by methyl substituents. involves addition of a positive charge to a specific site in the
For alkanes we are concerned primarily with the effects of molecule. Linear correlations between enthalpies of protonation
electronegativity and polarizibility. An investigation of the and core-ionization energies are well established for nitrogen,
carbon 1s ionization energies of the linear alkarst®ws how oxygen, and a few other atoms, and these correlations have
the ionization energies are influenced by the competition provided insight into the site of protonation and geometric
between the greater electronegativity of the methyl group changes that occur upon protonatidf? However, until recently
(relative to hydrogen) and the greater polarizibility of the methyl there have not been sufficiently good data available for carbon
group. The greater electronegativity tends to increase the carborils ionization energies to make investigation of these relation-
1s ionization energy when hydrogen is replaced by methyl, but ships for carbon possible. We have, however, been able to
at the same time the greater polarizibility tends to lower the demonstrate that such correlations exist for 1,3-butadiene and
ionization energy. As a result, the carbon 1s ionization energies 1,3-pentadierfeas well as for the fluorobenzen¥sFor the
in these hydrocarbons depend critically on the size of the fluorobenzenes we have shown that these correlations provide
molecule and the position in the carbon chain. A discussion of insight into ther-donating effect of fluorine. We will see how
branched hydrocarbons will be presented later. The effects of similar correlations for the methyl benzenes extend those for
hyperconjugation become apparent in the alkenes, alkynes, andhe fluorobenzenes and provide insight into the differences
alkadienes, which we have discussed eafli@These studies  between ther-donating action of the two substituents.
illustrate how hyperconjugation and resonance allow charge For core ionization, we can measure a carbon 1s ionization
transfer from the methyl group to the terminal unsaturated energy for each carbon atom in the molecule. For protonation
carbon (C1) in such molecules as propene, propyne, and 1,3-this is not the case. In general, experimental proton affinities
pentadiene. This charge transfer has significant effects on theare known only for the most favorable site of protonation in
carbon 1s ionization energies, proton affinities, and reactivities each molecule. There exist, however, theoretical techniques that
of these molecules. allow us to predict the proton affinities for all sites in the
Here we consider benzene and several methyl-substitutedmolecule!®'” and where experimental data are available, there
benzenestolueneo-, m-, andp-xylene, mesitylene, and 1,2,4,5- is good agreement between theory and experiment. We will,
tetramethylbenzene. In these molecules, hyperconjugation playsherefore, use theoretically predicted proton affinities for
a major role. The effects are apparent in the values of the comparison with the core-ionization energies.
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Hammetto values for the methyl group;0.14 foro, and—0.06
for om.1% Both are negative reflecting the overall ability of the

Electrophilic reactions often involve the formation of a
transition state with a localized positive charge, and we have

methyl group to donate electrons to the benzene ring. The largerseen elsewhere that there are correlations between these activa-

magnitude fow, reflects the effect of hyperconjugation, which

tion energies for both Markovnikov and anti-Markovnikov

makes it possible for the methyl group to donate electrons to addition and carbon 1s ionization energies of ethene, propene,
positions that are ortho and para to the methyl group but not to 2-methylpropene, 1,3-butadiene, and 1,3-pentadi€htere we
those that are meta to the group. consider the possibility of similar correlations between the
We present the results of experimental measurements of the
carbon 1s ionization energies of the methyl-substituted benzenes. (11) Clark, D. T.; Kilcast, D.; Adams, D. B.; Musgrave, W. K. &em.

These energies reflect directly the ability of the molecule to

Commun.l1971, 516-518.
(12) Ohta, T.; Fujikawa, T.; Kuroda, HRull. Chem. Soc. Jpri975 48,

accept positive charge at a specific site, and therefore, relatezp17-2024.

closely to other chemical quantities that depend on this ability,

(13) (a) Martin, R. L.; Shirley, D. AJ. Am. Chem. So0&974 96, 5299-

such as enthalpies of protonation (the negative of the proton 2304. (b) Davis, D. W.; Rabalais, J. W.Am. Chem. S04974 96, 5305~

affinity), rates of electrophilic reactions, and the Hammett

5310. (c) Davis, D. W.; Shirley, D. Al. Am. Chem. So0d.976 98, 7898—
7903. (d) Benoit, F. M.; Harrison, A. G. Am. Chem. So&977, 99, 3980-

parameters. Previous measurements on the methylbenzenes wen®84. (e) Cavell, R. G.; Allison, D. Al. Am. Chem. S0d977, 99, 4203-

limited to toluene and were of such low resolution that it was
impossible to make any meaningful assignment of ionization

4204. (f) Smith, S. R.; Thomas, T. D. Am. Chem. S04978 100, 5459~
5466. (g) Nordfors, D.; Mdensson, N.; Agren, Hl. Electron Spectrosc.
Relat. Phenom199Q 53, 129-139. (h) Nordfors, D.; Maensson, N.;

energies to the chemically distinct carbon atoms on the basisAgren, H.J. Electron Spectrosc. Relat. Phenat®91, 56, 167-187.

of the datal1?2 Now, with the high-resolution techniques of

electron spectroscopy available at third-generation synchrotrons

(6) Karlsen, T.; Barve, K. J.; Saethre, L. J.; Wiesner, K.s8ar, M.;
Svensson, SJ. Am. Chem. So@002 124, 7866-7873.

(7) Seethre, L. J.; Sveeren, O.; Svensson, S.; Osborne, S.; Thomas, T.

D.; Jauhiainen, J.; Aksela, hys. Re. A 1997, 55, 2748-2756.

(8) Seethre, L. J.; Thomas, T. D.; SvenssonJ.SChem. So¢.Perkin
Trans.1997, 2, 749-755.

(9) Thomas, T. D.; Seethre, L. J.; Barve, K. J.; Gundersen, M.; Kukk, E.
J. Phys. Chem. R005 109 5085-5092.

(10) Exner, O. IrCorrelation Analysis in Chemistrzhapman, Norman
B., Shorter, J., Eds.; Plenum: New York 1975; pp 4346.
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(14) (a) Carroll, T. X.; Smith, S. R.; Thomas, T. D. Am. Chem. Soc
1975 97, 659-660. (b) Mills, B. E.; Martin, R. L; Shirley, D. AJ. Am.

'Chem. Socl1976 98, 2380-2385. (c) Ashe, A. J., lll; Bahl, M. K.; Bomben,

K. D.; Chan, W.-T.; Gimzewski, J. K.; Sitton, P. G.; Thomas, T.JDAm.
Chem. Soc1979 101, 1764-1767. (d) Brown, R. S.; Tse. A. Am. Chem.
So0c.198Q 102 5222-5226.

(15) Carroll, T. X.; Thomas, T. D.; Bergersen, H.; Barve, K. J.; Saethre,
L. J.J. Org. Chem2006 71, 1961-1968.

(16) Smith, B. J.; Radom, L1. Am. Chem. S0d993 115 4885-4888.
Smith, B. J.; Radom, LChem. Phys. Letfl994 231, 345-351. Smith, B.
J.; Radom, LJ. Phys. Chem1995 99, 6468-6471.

(17) (a) Eckert-MaksicM.; Klessinger, M.; MaksicZ. B. J. Phys. Org.
Chem.1995 8, 435-441. (b) Maksic Z. B.; Kova®vic, B.; Kovatek, D.
J. Phys. Chem. A997, 101, 7446-7453.
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carbon 1s ionization energies of the methyl-substituted benzeneghe torsional potentials for all species involved. Using these
and the activation energies for tritiunmydrogen exchange  potentials, we obtain the wave functions for the torsional motion.

reactiond? and for desilylation reaction's. From these wave functions we calculate the appropriate Franck
Condon integrals, and, hence, the degree of excitation of the
Methods and Results torsional modes.

We consider first toluene as an example to illustrate the effect

Samples were obtained from commercial sources and wereof torsional motion. Relative to what is predicted by a model
of greater than 98% purity. The experimental procedures for that ignores this motion, inclusion of torsional motion leads to
the measurements are similar to those we have describedyroadening of the spectra and to slight shifts in the positions of
elsewheré:1521.222Byriefly, carbon 1s photoelectron spectra  the peaks. The broadening is less than 5 meV, which is
have been measured with an overall instrumental resolution of hegligible in comparison with the combined effects on the line
70 to 80 meV, which is significantly less than the natural line width of the instrumental and lifetime broadening (more than
width of about 100 meV. The photon energy was 330 eV. For 100 meV). For ionization at the ipso and para positions, the
toluene, the xylenes, and mesitylene, the measurements werghit in peak position is less than 1 meV, which is negligible.
made on Beamline 1411 of the MAX Il synchrotréhand for The largest shift, 3 meV, is for ionization at the meta position,
1,2,4,5-tetramethylbenzene they were made at Beamline 10.0.1and is small compared with the uncertainties in the measure-
of the Advanced Light Sourc®.A set of measurements was ments.
made with the samples mixed with carbon dioxide to provide g, p-xylene, we find that the effect of including torsional
calibration of the energy scale and the instrumental resolu- oy iation can be described by an additivity model using the
tion 222 ] o ) _results for toluene. The largest shift due to torsional motion in

The spectra contain contributions from the chemically in- p-xylene is 4.4 meV for C2. Assuming that a similar approach
equivalent carbon atoms. Each kind of carbon atom produces acg, pe taken wittmxylene and mesitylene, we estimate that
unique spectral pattern reflecting the vibrational excitation that fo, these molecules all shifts due to torsional motion will be
occurs when that atom is core ionized. We predict these patterngegs than 6 meVv (for C5 omrxylene and C1 on mesitylene).
using theoretical calcu!ations t_)ased on the B3LYP_ density- In o-xylene, the two methyl groups are adjacent to one another
functhnal met.hod, a triplg-basis set, and an effective-core with the result that the additivity picture mentioned above may
potentla'l to 5|mu|atfe the eﬁec.ts of the core hekee the not be applicable. This could be especially the case for core
Supporting Information for details of the theoretical methods. ionization of the methyl carbons, since the positive core can
These theoretical profiles are convoluted with functions to interact strongly with the hydroéens of the adjacent methyl
represent the instrumental and lifetime broadening and are ﬂtgroup. For this molecule. we have included the torsional
to the experimental data with only the overall intensity for each excitation (calculated as aescribed above) explicitly in the
profile and its energy position as fitting param_eters. This fitting vibrational profiles used for fitting the spectrum. Comparisons
proceduré’? .together W'.th the data on c_arl:_)on @oxﬁé?welds of fits made with and without inclusion of this effect show that
the adiabatic and vertical carbon 1s ionization energies. only for ionization of the methyl carbon is there a significant

Two features of these spectra require special comment. Onegtect of the torsional motion. Even in this case, the effect on
is the torsional motion of the methyl groups; the other is the o energy position is only 8 meV.

treatment of the carbon 1s holes on equivalent carbon atoms. . o
o - We see that the effects of the torsional excitation are small
A brief discussion of the effects of these on the spectra follows .

and more details are given in the Supporting Information. At in these molecules. Except forxylene, where the effect has
this point it is sufficient to note that their effects, though been included explicitly, we have not included any corrections

! for this motion.
noticeable, are small. Equivalent Carbon A | | le. th
Torsional Motion of the Methyl Groups. In the methyl- quivalent Carbon Atoms. In p-xylene, as an example, there

substituted benzenes, the methyl groups are nearly free rotors2'€ three kinds of equivalent carbon atoms: the two methyl

both in the ground state and in the core-ionized state. As a result,fﬁrbons’ thte 1 agd ? ((:jarbolns, ?nd tht?tzi |3 5'|?Ed 6 carbons. At
the harmonic oscillator approximation, which we have used for € symmetry-adapted molecular oroital level there are corre-

predicting the other vibrational excitations, is not applicable. sponding o_rb|tals for t_he parbon 1s electrons. One pair W'.” be
Except foro-xylene, our approach has been to calculate the plus and minus complnatlons of the methyl carbon 1s .orbltals,
vibrational excitations allowing no excitation of the torsional another pair will be similar combinations of the 1s orbitals on

: - - the 1 and 4 carbons, and the remaining set will be four
motion. To assess the effect of the torsional motion, we calculate T o
combinations of the 1s orbitals from the 2, 3, 5, and 6 carbons

(18) Eaborn, C.. Moore, R. GL. Chem. Soc1959 3640 approximately plus and minus combinations of orbitals on 2
(19) http://www.maxlab.lu.se/. Baler, M.: Forsell. J.-O.; Bjmeholm, a_nd 3 and similar combinations of orbitals on 5 _anq 6._In this
0. Feifel, R.; Jurvansuu, M.: Aksela, S.: Sundin, S.: Sorensen, S. L.; picture the carbon 1s holes produced upon ionization are

Nyholm, R.; Ausmees, A.; Svensson, &. Electron Spectrosc. Relat. delocalized over two or four atomic centers.

Phenom.1999 101-103 953-957. i th | | bital d h ibroni
(20) http:/www-als.Ibl.gov/als/techspecs/bl10.0.1.html. Berrah, N.; Langer, the molecular orbitals are degenerate, then vibronic

B.; Wills, A. A.; Kukk, E.; Bozek, J. D.; Farhat, A.; Gorczyca, T. W. coupling can lead to breaking of the symmetry of the molettile.
Electron Spectrosc. Relat. Phenob®99 101-103 1-11. In this case the carbon 1s orbitals are better described as

BO(Z%E}() (J:a."{fdtlj 'E)(ghg:hg% JA';ZTOhOOng‘lS'OT‘iz%éaS_af_t;"e' L. J Berrah, N ocalized orbitals. For instance, for ionization of the methyl
(22) Myrseth, V. Bozek, J. D.: Kukk, E.: Seethre, L. J.: Thomas, T. D. carbon, one of these orbitals involves a core hole localized on

J. I(Elegtron Spectrrc])sc.”ReIat. Phena2002 1/2%( 5k7k—63.kk one of the methyl carbons, with corresponding modifications
23) SPANCEF, http://www.geocities.com/ekukk. Kukk, E.; Department i

of Physics, Materials Science, University of Turku, FIN-20014 Turku, of.the yalgnce ele.c.tr(.m density, bond lengths, and bo.nd angles,

Einland. primarily in the vicinity of the core hole. The other involves
(24) Domcke, W.; Cederbaum, L .8hem. Phys1977, 25, 189-196. the 1s electrons on the other methyl carbon, whose surroundings
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will be only slightly modified from the ground state. This
localized description is sufficiently accurate to describe the
vibrational structure associated with ionization of the methyl
and the 1,4 carbons @Fxylene.

Because carbon atoms 2 and 3 (as well as 5 and 6) are
adjacent, the two molecular orbitals based on these atoms are
not degenerate, but are split by an energy@f\gheref is the
electronic coupling integral between carbon 1s orbitals on
adjacent carbon atoms, and is calculated to be 22.3 meV in
benzené? At the level of first-order perturbation theory, this
splitting will be reflected in the vibrational excitation spectrum
by a splitting of 20 |vgl) where the term in brackets is the
vibrational overlap integral between two molecules, one with

benzene

toluene

— 1
—_—C26
—C35
—_—C4
sssse CH,

o-xylene
—_—C1,2

. — (53,456 g
the core hole on one of the equivalent carbon atoms and the —cs e
other with the core hole on the oth#r2” For the molecules of _Eﬁf

interest here, the vibrational overlap integral for the ground
vibrational state of the ion is about 0.5 and lower for the excited
states. As a practical matter, we have found that the effects of
this interaction can be included adequately by splitting the
predicted peak for the transition to the ground state into two
peaks of equal intensity, separated by the appropriate ardount.

For carbons 2 and 3 (or 5 and 6)prxylene, this splitting is
expected to be 21.6 meV. Including this in the fit gives a better
fit, both visually and in terms of?, but it produces negligible
changes (less than 2 meV) in the peak positions.

For o-xylene the problem is more difficult. Although carbon
atoms 3 and 6 are not equivalent to 4 and 5, the difference in
carbon 1s ionization energy is predicted in a localized-hole
model to be 12.5 meV, which is comparableftoAs a result,

p-xylene

—C14
—_—C2356
sasee CHy

Intensity, arbitrary units

mesitylene

the Hartree-Fock orbitals for these hole states are delocalized —g; ig
over these four carbon atoms, and it becomes impossible to veses CHy
assign a given measured ionization energy to a localized core o,

T r—

hole. To deal with this problem we start with a basis of localized
core holes, with the energies of the C3 and C6 holes separated
from those of the C4 and C5 holes by the theoretically calculated
value of 12.5 meV. Adjacent carbon atoms are then coupled
by the integralf@ |vg[] which is taken to be 12.3 meV for the
ground ionic states and zero for the vibrationally excited states. o oy
This approach produces four predicted transitions for the ground 289 290 291 292

states, with their spacing determined by the choice of parameters lonization energy, eV

just mentioned and their average energy to be determined from

the data. The profiles for the vibrationally excited states are FIGURE 1. Carbon 1s photoelectron spectra of benzene and methyl-
taken to be as predicted from the localized hole model, but the substituted benzenes. Open circles represent the experimental data and

. f th fil lati h f the f the solid black lines represent least-squares fits to the data. The
position of these profiles relative to the average of the four ¢omponents of the fits are shown in color, one profile for each kind of

ground-state energies is fixed by the theoretical results. The fit inequivalent carbon atom. The purple curves show the contributions
to the data obtained in this way is excellent, as can be seen infrom the methyl carbons (dotted) and ipso carbons (solid). Red, green,
Figure 1. The fitting procedure yields energies for all of the and blue curves show contributions from the other kinds of carbon.
chemically inequivalent carbons, subject to the constraint that For o-xylene the green curve shows the contribution from the transitions
the C3,6/C4,5 splitting is 12.5 meV. Further details on the to the vibrationally unexcited states resulting from ionization of C3,

’ ’ ’ o . C4, C5, and C6.
treatment ofo-xylene can be found in the Supporting Informa-

1.2.4 5-etra-
methylbenzene

—C36
— 1,245

tion. least-squares fits of the vibrational profiles to the data. The
individual profiles for each of the inequivalent carbons are
Results shown in color. Fom-xylene the profiles include one profile

for the four transitions that result in ionization of carbons 3, 4,
1. Also included f . i th ous| d 5, and 6 (denoted as C3,4,5,6) without vibrational excitation,
- Also included for comparison is the previously measured 5,4 one profile each for the transitions that result in ionization

spectrum for benzerfé. Here 'the open circles represent the of C3,6 and C4,5 with vibrational excitation, as discussed above.
experimental data and the solid black lines represent the overaIIAS can be seen in each case, these calculated profiles give an

excellent description of the experimental data. In some cases,
such agp-xylene, mesitylene, and 1,2,4,5-tetramethylbenzene,

The experimental carbon 1s spectra are illustrated in Figure

(25) Myrseth, V.; Barve, K. J.; Wiesner, K.;"Bsler, M.; Svensson, S.;
Seethre, L. JPhys. Chem. Chem. Phy&Z002 4, 5937-5943.

(26) Karlsen, T.; Seethre, L. J.; Barve, K. J.; Berrah, N.; Kukk, E.; Bozek,
J. D.; Carroll, T. X.; Thomas, T. DJ. Phys. Chem2001, 105 7700 (27) Barve, K. J.; Seethre, L. J.; Thomas, T. D.; Carroll, T. X.; Berrah,
7706. N.; Bozek, J. D.; Kukk, EPhys. Re. A 200Q 63, 012506.
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TABLE 1. Carbon 1s lonization Energies (eV) for the
Methyl-Substituted Benzenes

relative relative
adiabatié  verticaP  adiabatic  theory
benzene 290.241 290.377 0.000 0.000
toluene C1 290.296 290.412 0.055 0.051
tolueneC2,6 289.970 290.114 -0.271 —0.286
toluene C3,5 290.101 290.246 —0.140 —0.168
toluene C4 290.030 290.182 -0.211 —0.267
toluene CH 290.493 290.699 0.252 0.308
o-xylene C1,2 290.074 290.178 —0.168 —0.178
o-xylene C3,6 289.853 289.992 -0.388 —0.433
o-xylene C4,5 289.865 290.016 —0.376 -0.421
o-xylene CH; 290.407 290.605 0.166 0.208
m-xylene C1,3 290.134 290.249 -0.107 —0.108
m-xyleneC2 289.716 289.863 —0.525  —0.557
m-xylene C4,6 289.779 289.927 —0.462 —0.536
m-xylene C5 289.956 290.105 —0.285 —0.329
mxylene CH 290.407 290.614 0.165 0.212
p-xylene C1,4 290.054 290.175 -—0.188 —0.199
p-xylene C2,3,5,6 289.842 289.987 —0.399 —0.437
p-xylene CH 290.395 290.602 0.154 0.200
mesitylene C1,3,5 290.008 290.127 —0.233 —0.251
mesitylene C2,4,6 289.550 289.701 —0.691 —0.782
mesitylene CH 290.334 290.545 0.093 0.127
1,2,4,5-tetramethyl-  289.749 289.857 —0.492 —0.543
benzene C1,2,4,5
1,2,4,5-tetramethyl-  289.496 289.647 —0.745 —0.795
benzene C3,6

1,2,4,5-tetramethyl-  290.229 290.447 —0.012 0.024

benzene Chl

alonization energy to produce the ion in its vibrational ground state.
b Jonization energy to produce the ion with the geometry of the ground
state of the un-ionized molecule.

where there are only three types of inequivalent carbon atoms,

the fits are quite unambiguous. At the other extreme are toluene

and m-xylene, each with five inequivalent carbon atoms. For
both of these, the positions of the profiles for ionization of the
ipso and methyl carbons are unambiguous. Fexylene the
positions for the C2, C4,6, and C5 profiles are also well
determined. For toluene, however, three different fits give nearly
the same value gf2. The fit shown here and used to determine

the ionization energies reported here is the one that gives the

lowest value of¢?. In addition, this fit gives ionization energies
that are in agreement with theoretical predictions.
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The same theoretical calculations that predict the vibrational
profiles also predict the relative carbon 1s ionization energies;
these are given in the last column of Table 1. Comparison of
the theoretical and experimental ionization energies shows good
agreement, except that the theoretical approach predicts shifts
in the ionization energy that are about 12% larger than observed.
After allowing for this systematic trend, we find that the
experimental and theoretical ionization-energy shifts agree with
a root-mean-square deviation of 0.016 eV. Since this result
reflects errors in both the theory and the experiment (which are
uncorrelated), we can conclude that the error in the relative
experimental values is no more than this.

Discussion

Proton Affinities, Activation Energies, and Core-loniza-
tion Energies. Many chemical processes involve adding a
positive charge at a particular site in a molecule. Among these
are core ionization, protonation, and electrophilic reactions.
Although the absolute energies (ionization energies, proton
affinities, and activation energies) for these processes are quite
different, the changes in these energies brought about by
substituents that are remote to the site of charge addition may
be expected to correlate linearly with one another. Correlations
between core-ionization energies and proton affinities have been
long known for oxyge#? and nitroger#*d and have been used
to provide information on site of protonation and on geometric
rearrangements that occur upon protonatidRecently we have
shown that linear correlations exist between carbon 1s ionization
energies and enthalpies of protonatfdfiln addition, we have
demonstrated that there are linear correlations between core-
ionization energies and the activation energies for electrophilic
addition in alkene8 We now consider such correlations for the
methyl-substituted benzenes.

For the carbon 1s ionization energies, we have used the
experimental adiabatic energies from Table 1. Experimental
enthalpies of protonation are not known for all of the sites and
for these we use theoretically predicted values, using the method
proposed by Maksiet al.” which has been found to reproduce
known enthalpies of protonation quite well. This method
involves calculation of the optimum geometry and zero-point
energies for the relevant molecular species at the Hattfeek

The measured ionization energies obtained from these dataievel using the 6-31G(d) basis set. Then using the optimized

are summarized in Table 1. Two ionization energies are given
for each compound. The first is the adiabatic ionization energy,
which is the ionization energy to produce the ion in its

geometries, the energies are recalculated using the MP2 method
and the 6-31G(d,p) basis set. These energies are combined with
the zero-pont energies (scaled by the empirical factor of 0.89)

vibrational ground state; this is obtained directly from the fitting give the value ofAE°, (which is equal toAH%). The
procedure discussed above. The second is the vertical ionization. 5 culated values are given in the Supporting Information.

energy, which represents the energy needed to produce the ion

in the same geometry as that of the neutral molecule. This is
obtained from the adiabatic ionization energy by adding the
average vibrational excitation, which, in turn, is obtained from
the theoretically calculated profile. Also shown are the shifts
in the adiabatic ionization energies relative to that of benzene.
The uncertainty in the absolute ionization energies is es-
sentially that of the ionization energy of the calibrant, carbon
dioxide—about 0.03 e\?2 The uncertainties in the relative values
are smaller than this. Comparisons with theoretically calculated

In addition to proton affinities and carbon 1s ionization
energies, we consider the activation energies for two reactions
that involve addition of a proton at a particular site in a
substituted benzene ring. These are (1) the hydrogen exchange
reaction, in which a tritium atom that is attached to one of the
ring carbons of a methylbenzene molecule is replaced by a
hydrogen atond,and (2) the desilylation reaction, in which a
trimethylsilyl group attached to a methylbenzene is replaced
by hydrogen® If we ignore pre-exponential factors that affect
the rateg® then we can obtain relative activation energidS,c,

ionization energies and consideration of the systematic behaviorfom the reported rate constants for these reactions by using

of the ionization energies indicate that the relative uncertainties
may be as small as 0.01 eV. To allow for the possibility that

these are less than 0.01 eV, we have reported our results to

three decimal places.

the relationship

cSEau:ti = _RTln(ki/kH)
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FIGURE 2. Relative energies of activation and relative carbon 1s Carbon 1s ionization energy, eV

ionization energies plotted against relative enthalpies of protonation .
for methyl-substituted benzenes. Triangles are for desilylation; the solid FIGURE 3. Enthalpy of protonation of benzene (black), fluoroben-

triangles are for compounds in which there are two methyl groups ortho zenes (green), and methylbenzenes (blue) plotted against the carbon
to the trimethylsilyl group. Squares are for the hydroggitium 1s ionization energies measured for the carbon at the site of protonation.

exchange reaction. Circles are for carbon 1s ionization energies_ ThePOintS encircled in red are for prOtOnatiOn/iOniZatiOn at sites with no

open circles are for Compounds in which there are no methy| groups substituents either ortho or para to the site. The open blue circles are

para to the ionized carbon. The closed circles are for compounds in for protonation/ionization at sites with a methyl group para to the site.

which there is a methyl group para to the ionized carbon. The lines

show least-squares fits of straight lines to different sets of the data. correction is made for this, then the points forxylene and
mesitylene fall on the line with the other data. However, the

wherek; is the measured rate constant for a methyl-substituted overall correlation R2 = 0.9886) is not so good as for the

benzene with substituent patterandky is the rate constant  hydrogen-tritium exchange reaction.

for benzene. The correlations among these various processes

Zz:?ivzk:i%vrfnel:eg?eusrefozr’ tvr\:ge:\?vowfeggt\i/gnglogtnedd ttr:‘: ::::E\\;: correlation lines, one for cases where there is a methyl group
measured carbon 1s ionization energies against the relativerr)rf;algongeaﬂ;e;;(;?ﬁ;zriﬁ?naﬁsgfﬁe?igstlsn tI?Iil,i_ege (;rrgri,?hlgt
enthalpies of protonation for a number of methyl-substituted Y . ’ pparent th
benzenes. methyl substituents can have effects on the carbon 1s ionization
energies that are different from their effects on the proton

We see first that_ there is an exc_e_llent correlation between affinities or the rates of hydrogen exchange. We now consider
the activation energies for hydrogetritium exchange (squares . o :
S : ) . the possible origin of these differences.
in Figure 2) and the enthalpies of protonation. For this

correlation the value of? is 0.9989 and the rms deviation of In investigating correlations between proton affinities and
the data from the correlation line is 0.011 eV. This deviation carbon 1s ionization energies for benzene and the fluorobenzenes
corresponds to being able to predict the exchange rate from thewe found that there is a single correlation line when the fluorine
gas-phase proton affinity within a factor of 1.5 (compared to a is meta to the site of protonatidh However, if we include the
factor of more than 10for the range of rates considered). The results for ortho and para substituents, these fall on three
slope of the correlation line is 0.58, or fairly close to 1. That different lines, more or less parallel to the line for meta
there is such a good correlation between the energies for thesesubstituents, but displaced from it. The displacement is pro-
two processes is not surprising. The transition state for the portional to the number of ortho or para substituents. These
exchange reaction presumably resembles the protonated speciesgsults were interpreted to indicate that fluorine is a better
with an energy that is related to the gas-phase proton affinity electron donor to an added proton at the ortho and para positions
as modified by the dielectric effect of the solvent or by the than itis to a positive charge at the center of the ortho and para
sharing of the incoming proton and the outgoing triton between carbon atoms. This difference arises because the protonated
the benzene ring and the solvating molecules. species has hydrogen atoms above and below the plane of the
For the desilylation reaction (triangles in Figure 2) there are molecule. These can participate in the molecular orbital
two distinct correlations. The lower one (solid triangles) system, and are, therefore, effectiweslectron acceptors.

represents the data fam-xylene and mesitylene with the In Figure 3, we show this correlation, extended with the data
trimethylsilyl group ortho to two methyl groups. In this case, qp the methyl-substituted benzenes. Here we have plotted the
the activation energy is strongly influenced by steric effégts. enthalpy for protonation at a particular site in the molecule
T\r}'s prr‘pdhuces a decrgase mfthe actll\c/attl)on e;gr_gy ﬁf about I?'Os\/ersus the ionization energy for removal of a carbon 1s electron
eV, which corresponds to a factor of about 20 In the rate. It a ¢, the same site. The points circled in red are those for which
there are no substituents either ortho or para to the site of
(28) The major contribution to the pre-exponential factor is probably protonation. For these, we expect no direct effects of hyper-
from changes in the symmetry number upon protonation. In the reaction coniugation. The red line in Figure 3 represents a least-squares
for replacement of tritium by a proton ingBsT, the change in symmetry ’ Jug N - g ’ p A q
number between the starting molecule and the transition state is from 2 to fit of a straight line to these points. It fits the data quite well
1, leading to a factor of 2 effect on the rate. For the other molecules, either (R2=0.9991, rms= 0.0092 eV) and has a slope of 0.95. Thus,
there is a similar change or no change in the symmetry number. A factor if we restrict ourselves to situations where there is no direct

of 2 in the rate corresponds to 0.02 eV in energy, which is small compared e - . )
with the 0.55 eV range in activation energies observed for these reactions.contribution from hyperconjugation, there is an excellent

For the carbon 1s ionization energies, there are also two
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TABLE 2. Additivity Coefficients (eV) for the Effect of Methyl and Fluoro Substituents on the Carbon 1s lonization Energies, Enthalpies of
Protonation, and Activation Energies of Substituted Benzenés

methyl fluoro
ionization protonation hydrogen exchange desilylation ionization protonation
linear coefficients
o ipso 0.046(5) 0.036(2) 2.504(7) 0.854(6)
ortho —0.264(3) —0.279(2) —0.174(2) —0.084(3) 0.249(4) 0.014(4)
meta —0.143(3) —0.132(1) —0.068(2) —0.026(3) 0.332(4) 0.312(3)
para —0.226(5) —0.321(3) —0.193(3) —0.084(3) 0.120(7) —0.072(6)
quadratic coefficients
B ortho—ortho 0.013(2) 0.010(2) —0.027(3) 0.019(4)
meta-meta 0.000(2) 0.002(2)
y ipso-ortho 0.050(8) 0.017(4) —0.115(4)
ipso-para —0.062(7)
ortho-meta 0.017(3) 0.017(1) 0.009(1)
ortho-para 0.031(6) 0.019(2) 0.016(2)
meta-para 0.027(3) 0.017(2) —0.027(4)
goodness of fit
adjustedr? 0.9986 0.9997 0.99985 0.9968 0.9998 0.9993
rms 0.008 0.004 0.004 0.005 0.020 0.012

aUncertainties in the last digit are shown in parentheses. Where no value is shown, the coefficient is not statistically significant.

correlation between these energies. This correlation is compa-and on the enthalpies of protonation in benzene. These are
rable in quality to that seen for the hydrogemitium exchange summarized in Table 2, together with the previously determined
reactions. values for fluorine. Also included in Table 2 are coefficients
The data for the fluorobenzenes are shown in green, and wefor the two reactions discussed above.
see the displacement of the data for which there are fluorines The additivity model gives a very accurate description of the
either ortho or para to the site of protonation/ionization. The energy shifts. In each case, the valueR3f adjusted for the
three successive lines are for one, two, or three fluorines in thesedegrees of freedom, is greater than 0.99. With the coefficients
positions. The methylbenzenes, in blue, show a similar but much shown, the additivity model describes the carbon 1s ionization
less pronounced effect. Only for the para data (open circles) is energies of the methylbenzenes with an rms deviation of 8 meV
there a significant displacement from the red line, and even here,and the enthalpies of protonation with an rms deviation of 4
itis less than the corresponding displacement for the fluoroben-meV. Similar results are obtained for the fluorobenzenes. It is
zenes. to be noted that, except for the desilylation reaction, the
Before considering these correlations further, we show that quadratic coefficients are generally small in comparison with
these results can be summarized compactly in a few additivity the linear coefficients for the same process. Even if the quadratic
coefficients. With these coefficients we can obtain a relatively coefficients are omitted, the model still describes most of the
simple picture of these correlations. These are discussed belowresults well, with an rms deviation of 18 meV for the ionization
Additivity of Substituent Effects. The effects of multiple  energies and 19 meV for the enthalpies of protonation. For the
substituents have often been described in terms of an additivity desilylation reaction the ortheortho coefficient is large,
model. That is, the total effect of all the substituents is reflecting the steric effect discussed above.
considered to be the sum of independent effects of the individual  The Jinear additivity coefficients foo-, m-, and p-methyl

substituents. Previously we have shown that the ionization g pstituents are all negative, regardless of the process, reflecting
energies and proton affinities of the fluorobenzenes can be he electron donating power of the methyl group. By contrast,
summarized with an additivity relationship: all but one of the linear coefficients for fluorine are positive,
reflecting the electron withdrawing power of fluorine. For both
AE, = z no, + z (ni(ni =18, + z ninjyij,) methyl and fluoro substituents, the ortho and para coefficients
[ [ = for all processes are negative relative to the meta coefficients.
where AE, is the energy (or enthalpy) change for reaction This diffgrenqe reflects the effects of hyperconjggation (methyl)
(ionization or protonation) relative to that of some reference @nd conjugation (fluoro), which allow the substituents to act as
compound (benzene, in this case). The number of substituentsglectron donors to positions that are ortho and para to the
of type i (ipso, ortho, meta, or para) is given by. The subsutuent_, _but not to positions that_ are meta. Comparing the
coefficientsa, 3, andy are characteristic of the substituent, its ortho coefficients with the para coefficients, we see that for the
position, and the reaction. The first term in this expression Methyl group they are of comparable magnitude.
represents the linear additive effect of the substituents, and in  The linear additivity coefficients are summarized compactly
most treatments of additivity this is the only term considered. in Figure 4, where we have plotted the coefficients for the two
The second represents, to first approximation, interactions reactions and for the carbon 1s ionization energies against the
between the substituents that lead to departure from additivity. coefficients for the enthalpy of protonation. The lines shown
In practice, these quadratic terms are small and often insignifi- in the figure are straight-line fits that are constrained to go
cant. through the origin, which is the point for unsubstituted benzene.
Using the measured adiabatic ionization energies from Table For the carbon 1s ionization energies, only the points for meta
1 and the calculated enthalpies of protonation we have usedsubstituents are used for determining the line.
least-squares fitting to determine the coefficients for the effect In Figure 4 we see that the points for the hydrogen exchange
of a methyl substituent on the carbon 1s ionization energies and the desilylation reactions all fall on straight lines regardless
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FIGURE 4. Linear additivity coefficients for desilylation (triangles), A o

hydrogen-tritium exchange (squares), and carbon 1s ionization (circles) . 0% o o

plotted against the coefficients for the enthalpy of protonation. ° —_, Auoroberaenss
.5 02 fo)

of whether there are hyperconjugative effects (ortho and para % o1l

substituents) or not (meta substituents). For the core-ionization 8

energies, however, it is apparent that the points for ortho and ‘§ ool

para substituents fall above the correlation line defined by the 5

meta substituents. This is, of course, the same effect that has o -01

been seen in Figures 2 and 3, illustrated more compactly in o

terms of the additivity coefficients. As already noted, it arises 02k b

because the protonated part of the molecule (whether in the gas Q . L L L L L

phase or in solution) is a betterelectron acceptor than is a -0.2 0.0 02

core-ionized carbon atom at the same site.
The solid line in Figure 4, which passes through the origin  FIGURE 5. Enthalpy of protonation (a) and carbon 1s additivity
(benzene) and the points for methyl and fluoro substituents in coefficient (b) versus Hammett: circles, para substituents vg*;
the meta position, has a slope of 1.07, or very close to 1. Thus, triangles, para substituents g, and solid circles, meta substituents
the effect of a substituent in the meta position, where there areVs 9m:
no effects of conjugation or hyperconjugation, is nearly the same
for core ionization as it is for protonation. The slopes of the
dotted and dashed lines, for the two reactions, are significantly
less than 1, presumably reflecting the effect of the dielectric
solvent on the electrostatic energies of the transition state or
the effect of solvent molecules on the configuration of the correlation similar to that seen for the para substituents.

tran_smon state. - . . By contrast, for carbon 1s ionization the effect of conjugation
Itis to be noted in Figure 4 that the displacement of the points |,oveen the ionized carbon and the substituent is already

for ortho and para substituents from the solid line is significantly i ded ino. As a result, we expect that the carbon 1s ionization
greater for fluqune than it is for methyl. This effect is aI_so energies will correlate withs, and this has been shown to be
apparent in Figure 3, where we see that the green lines, e case by Lindberg et &.Such a correlation is shown in
representing the effects of one or more fluorines in the .ortho Or Figure 5b, where we have plotted the coefficients from Table 2
para po_smons are more dlsplaced_from the rec_I line (no versuso (meta or para, as appropriate) and agairnst It is
conj_u_gatlon) than are the open blue C|r_cles (methyl in th_e_ para apparent that the core-ionization energies correlate well with
po'_s,ltlon) or the points for a methyl in the ortho position. o, but poorly witha, as expected.

Evidently fluorine can respond to the demand created by the
added proton and the modifiedsystem more effectively than
can a methyl group.

Most of these observations can be understood in terms of The carbon 1s ionization energies of the methyl- and fluoro-
Hammett parameters. In the protonated species the two hydro-substituted benzenes are found to be closely related to the
gens above and below the plane give rise toabital that can energies for other chemical processes that involve addition of
conjugate with ther orbitals on the substituent. As a result, it @ positive charge to a specific site in the benzene ring, such as
is expected that the enthalpies of protonation will correlate with protonation, hydrogen/tritium exchange, or protodesilylation.
o™, and this is indeed the case, as has been shown by McKelveyThere are linear correlations among these energies, but also there
et al2® Such a correlation can be seen in Figure 5a, where we are deviations from these correlations where hyperconjugation
have plotted the enthalpies for protonation at the para position Or conjugation can play a role in the process or if steric effects
for a number of substituted benzeffesersus the Hammett
parametet? In this figure (similar to Figure 1 from McKelvey

et al.), the open circles indicate the values for para substituents
plotted against,*, whereas the triangles show the same data
plotted againsty. It is apparent that the data correlate reasonably
well with o, but poorly withop. The solid circles show the
data for meta substituents plotted agaiost These show a

Conclusion

(30) GsHsX, with X = H, CHs, CH30, NH,, NO, F, CI, Br, CN, OH,
and CR. The proton affinities have been calculated by the method described
in ref 17. The calculated values are given in the Supporting Information.
(31) Lindberg, B.; Svensson, S.; Malmquist, P. A.; Basilier, E.; Gelius,
U.; Siegbahn, KChem. Phys. Lettl976 40, 175-179.

(29) McKelvey, J. M.; Alexandratos, S.; Streitwieser, A., Jr.; Abboud,
J. L. M.; Hehre, W. JJ. Am. Chem. S0d.976 98, 244—246.
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are important. The deviations can be understood by recognizing Here we have focused on the role that hyperconjugation plays
that the ionization energies reflect primarily the Hammett in the substituent effect of the methyl group. In a future paper
parameteu, whereas the other reaction energies reflect primarily we will consider the molecules GHCHz)s—n (n= 0 to 4), where
o™. Additivity relationships provide a convenient and accurate the principal effects on the carbon 1s ionization energy are the
way of summarizing the energies for the different processes. electronegativity difference between hydrogen and the methyl
In particular, we see excellent linear correlations between gas-group and the higher polarizibility of the methyl group.
phase enthalpies of protonation and the activation energies for
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