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The high-resolution carbon 1s photoelectron spectruntrafs-1,3-pentadiene has been resolved into
contributions from the five inequivalent carbon atoms, and carbon 1s ionization energies have been assigned
to each of these atoms. Spectra have also been measured for propene and 1,3-butadiene at better resolution
than has previously been available. The ionization energies for theaspons are found to correlate well

with activation energies for electrophilic addition and with proton affinities. Comparing the results for 1,3-
pentadiene with those for ethene, propene, and 1,3-butadiene as well as with results of theoretical calculations
makes it is possible to assess the effect of the terminal methyl group in 1,3-pentadiene. As in propene, the
methyl group contributes electrons to thearbon through ther system. In addition, there is a significant
(though smaller) contribution from the methyl group to the termidal @H, carbon, also through the

system. Most of the effect of the methyl group is present in the ground-state molecule. There are only relatively
small contributions from the methyl group to the ionization energies from redistribution of chargesn the
system in response to the removal of a core electron. In addition to these specific effects, there is an overall
decrease in average ionization energy as the size of the molecule increases as well as effects that are specific
to the conjugated systems in 1,3-butadiene and 1,3-pentadiene. The results provide insight into the reactivity
and regioselectivity of conjugated dienes.

Introduction be quantitatively related to the carbon 1s ionization enefdies.
Inner-shell ionization energies of atoms in molecules provide An additional and striking finpling of that investigation was that
local probes of the charge distribution in molecules and of the these properties are determined to a large extent by the charge
ability of a molecule to accept charge. As such, they can be d!strlbutmn_l_n the ground state of the mplecules and not by
related to and can provide insight into such chemical propertiesd'ﬁere”t ab|_l|_ty of the molecules to delocalize the added charge

as electronegativity, acidity, basicity, proton affinities, reactivity, " the transition state.
and regioselectivity of reactions. Recently the availability of ~ Our interest here is to extend these investigationsenos
third generation synchrotrons and high-resolution electron- 1,3-pentadiene and its relation to propene and 1,3-butadiene.
energy analyzers has opened new opportunities, especially withl,3-Butadiene and 1,3-pentadiene are representatives of the
respect to hydrocarbons and the hydrocarbon portions of family of 1,3-alkadienes, which have been extensively inves-
molecules with heteroatoms. As a result, the past few years havetigated both experimentally and theoreticafty? Interest in
seen a number of studies of such compounds, often with these substances arises in part because of their use in the polymer
emphasis on relating the carbon 1s ionization energies to other,industry and in part because of their ability to participate in
possibly more familiar, chemical properties3 Diels—Alder reactions, which are of great importance in
For molecules with double bonds there is a close relationship synthesis. Of special interest is the effect of the methyl group
between carbon 1s ionization energies and the activation atthe end of the conjugated chain. This is not readily predicted,
energies of electrophilic addition reactioMsThis is expected ~ since it may be felt at both thgando positions (C3 and CZ
since in both cases a positive charge is added to a selected sité will be seen that the effect of the methyl group on the Cls
in the molecule. In the one case, electrophilic reaction leads to ionization energies is primarily determined by the ground-state
formation of a carbocation by addition of a proton or other charge distribution. In addition, however, in 1,3-pentadiene and
positive substituent. In the other, ionization produces a positive in 1,3-butadiene resonance in the conjugated system allows
center by removing an inner-shell electron. Although the delocalization of the added charge, thus both lowering the
energies of these two processes are different, the chemical effectéonization energy and making these molecules more susceptible
that influence them are similar. This similarity has been to electrophilic attack.
demonstrated for the series ethene, propene, and 2-methylpro- In earlier studies of propefand propynéit was found that
pene, where both reactivity and regiospecificity were found to the carbon 1s ionization energies of the terminab@Hd CH
groups were shifted to low values by the presence of the methyl
* To whom correspondence should be sent. E-mail: T.Darrah.Thomas@ group. This result was interpreted in terms of contributions from
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carbon through ther system. It is of interest to see whether 7
similar resonance structures such 4$,C—CH=CH—CH= oer propene
CHs" in 1,3-pentadiene are also important. In such a case, the %
effect of the methyl group is transmitted from one end of the
molecule to the other through the conjugateslystem. Toward 2500 -
that end, we have measured the carbon 1s photoelectron
spectrum of this molecule with sufficiently high resolution that

it is possible to determine the contribution to the spectrum from
each of the five inequivalent carbon atoms, and, hence, tow
determine the carbon 1s ionization energy for each carbon. SinceS§ 7w
1,3-pentadiene shares common features with 1,3-butadiene, W@ 3 '
have remeasured the carbon 1s photoelectron spectrum for thi®  swo
molecule as well as that of propene at higher resolution than g
was previously available. From these results, together with those€ .,
of the linear alkane3,we can assess the contributions from
molecular size, relative electronegativities of carbon and
hydrogen, and resonance. From the analysis, we are able to
conclude that the methyl carbon does contribute electrons to
C1 of 1,3-pentadiene, although not so strongly as to C3 (for
which the resonance is similar to that seen in propene). In
addition, we find an excellent correlation between the core-
ionization energies in 1,3-pentadiene and the activation energies
for addition of HCI at the different sites of this molecule as
well as an excellent correlation between the ionization energies .

and proton affinities. w 201 262
lonization energy (eV)

1,3-butadiene

7500

5000 |~

2500

Procedures Figure 1. Experimental carbon 1s photoelectron spectra of propene,
Experimental. The carbon 1s photoelectron spectra of 1,3-butadiene, and 1,3-pentadiene. Open circles show the data. Solid
propene, 1,3-butadiene, arrhns-1,3-pentadiene have been lines represent least-squares fits to the data. Dashed and dotted lines
measured in the gas phase at either the Advanced Light Source&"oW the contributions from individual carbon atoms.
(Beamline 10.0.1) or the MAX Il synchrotron (Beamline 1411). ) . . .
The photon energy was 330 eV. In each case, the photoelectron?nd, the adiabatic (threshold) transition energy of.each profile
were analyzed in a Scienta SES 200 analyzer. The measurement@S fitting parameters. For propene and 1,3-pentadiene the areas
were made at different times, and the conditions were not the Of the component profiles were constrained to be equal. The
same for the different runs. For propene the overall instrumental 1€ast-squares procedure takes into account the instrumental
resolution was 55 meV, for butadiene nearly 80 meV, and for broadening by conv.o.lutlng the profl!e with a Gaussian function,
pentadiene 65 meV. In all cases the instrumental resolution was3S well as the additional broadening of the peak that results
less than the natural line width of the core hole, about 100 meV. from interaction between the Auger and photoelectrons that are
Calibration of the spectra was done by measurement of a mixture€Mitted during core ionizatiof?. The line shape given by eq 12
of the sample with either GFor CO,. The known adiabatic from van der Straten et &.with a Lorentzian line width of
ionization energies of Cand Ck were used as standartls. 100 meV was use'd to.descnbe this interaction.
The measured spectra are shown in Figure 1, where the The solid lines in Figure 1 show the overall spectra as
experimental points are represented by the open circles. Thedetermined from this least-squares procedure and the dashed
lines represent least-squares fits to the data, discussed belowand dotted lines show the individual components. It can be seen
Core-ionization is accompanied by vibrational excitation, and, that there is good agreement between the experimentally
for the most part, each chemically unique carbon atom producesmeasured data and the solid lines. For propene and 1,3-butadiene
a unique vibrational excitation spectrum. For instance, ionization there is no ambiguity about the fits. For 1,3-pentadiene, the
of a methyl carbon shows strong excitation of the carbon Profiles calculated for C2, C3, and C4 are similar, so there is a
hydrogen stretching mode because there are three carbon question about which profile should be assigned to which part
hydrogen bonds that are affected by the core ionization. This Of the spectrum. We have considered a number of possible initial
will be less pronounced for a carbon with only two hydrogen guesses for the least-squares routine, including all of the possible
atoms attached (the terminal €ldarbons for the molecules ~ permutations of C2, C3, and C4. These fits show that the only
considered here), and weak if there is only one hydrogen atom.ambiguity arises in the ordering of ionization energies for C2
There will also be contributions from carbenarbon stretching ~ and C3. The fit shown in Figure 1 is the one that gives the
modes and from a variety of bending modes. The vibrational lowest value ofy2. The ionization energies obtained in this fit
profiles are calculated from electronic structure theory using are in good agreement with theoretical predictions, as can be
procedures that are discussed in detail elsewHeBeefly, we seen in Figure 2, where we have plotted the measured core-
calculate the optimized geometry, vibrational frequencies, and ionization energies versus the values predicted by theoretical
normal modes. From these, we calculate Frar@kndon factors calculations, discussed below. In this graph the solid points show
for all significant vibrational excitations, including combination ~ the values we have obtained from our fits. The two open circles
modes. This procedure has been found to give good descriptiongshow the resullts if we switch the initial guesses for C2 and C3
of the vibrational excitation that accompanies carbon 1s inthe least-squares fit. Itis apparent that the results of this choice
ionization. For each molecule there is one calculated profile are in unacceptable disagreement with the theoretical predictions.
for each kind of carbon atom. These are fit to the measured Theoretical. The theoretical procedures used for modeling
spectra with only a flat background, the height of each profile, the vibrational profiles are described elsewhere and will not be
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TABLE 1: Experimental Adiabatic and Vertical Carbon 1s
S lonization Energies, eV
© 00 P
) ionization energy, eV
s 02k molecule atom adiabatic vertical relative
g ethané C1 290.545 290.714 0.000
8 o4l ethené C1 290.695 290.823 0.150
P propene C1 290.136 290.230 —0.266
5 c2 290.612 290.759 0.210
s 06 C3 290.671  290.863 0.269
T 1 1,3-butadiene Cl1,c4 290.060 290.245 —0.243
@d -0.84 Relative to C5 in 1,3-pentadiene Cc2,C3 290.683 290.845 0.380
) | ) 1 ) | 1 1,3-pentadiene C1 289.762 289.973 —0.474
0.8 0.4 0.0 c2 290.501 290.661 0.265
Calculated C 1s ionization energy, eV C3 290.247 290.412 0.011
Figure 2. Comparison of measured and predicted relative carbon 1s c4 290.093 290.250  —0.143
ionization energies. The numbered points refer to the five carbon atoms Cs 290.565  290.756 0.329

in 1,3-pentadiene. Solid points represent the results derived from our  a Rg|ative to average ionization energy for the linear alkane (ref 5)

fits. The two open circles represent results obtained using an initial \yith the same number of carbon atoms: ethar290.545 eV; propane
guess in the least-squares fitting routine that reverses the order of C2— 290 402 eV;n-butane= 290.301 eV;n-pentane= 290.236 eV.

and C3. b Reference 22.

repeated her® The Gaussian set of programs was u&eahd Results and Discussion

the calculations have been carried out with the B3LYP method o } . .
using a triple¢ basis set. For the core-ionized molecules the The measured carbon 1s ionization energies are listed in Table

ionized carbon atom was represented by an effective core 1 Also listed here for reference are the ionization energies for
potential. Details of the basis set and effective-core potential &thane and etheriéFor each carbon atom, two values are given.
are given in ref 5. The adiabatic value is the ionization energy for producing the

The calculations for the core-ionized states give the relative lon in its ground vibrational state ar_ld IS d_etermlned frc_)m the
carbon 1s ionization energies of the different carbon atoms; thesef |ts' ou.t lined above. The veruca! |on|;at|on energy is the
are listed in the Supporting Information. The calculated’ and lonization energy o produce t.he 'on Wl.th the same gepmetry

i N . as that of the ground state. It is determined by averaging over
experimental values are compared in Figure 2, where it can be

ceen that they aaree well. excent that theorv overestimates th the vibrational profile. Older measurements made at lower
| that they ag S Pt ry esolution have generally reported the vertical ionization energy.
relative ionization energies consistently by about 20%. The

traiaht line in Fi 5 ¢ i - £ h Our results for propene are on the average about 40 meV lower
straight fin€ In Figure < represents a finear regression ot €y, 1hgge reported previousignd our analysis assigns a lower
experimental values onto the calculated values. It has a slopeionization energy to C2 than to C3 (in contrast to the previous

of 0.82. This S & common feature of such c_alculaﬂb?nme ., result). Because of the higher resolution now available, we are
trends are predlctepl correctly but the slopes differ from 1. Aside able to get a better determination of the energies for this closely
from t.h's systematic effect, the agreement between theory ar'dspaced pair. Our values for the vertical ionization energies in
experiment is good; the regression line haﬂénalut_e 0f0.996 . 1,3-butadiene are on the average in good agreement with earlier
and the root-mean-square deviation of the experimental points .-« \rement€ made at lower resolution, but give a splitting
from the regression line is only 21 meV. This general agreement ;. aan the inequivalent carbon atoms of 0.60 eV, compared
between theory and experiment corroborates the assignmentgyii, o 64 eV for the earlier measurements. On the basis of our

of ionization energies that are based on the fits of the vibrational experience with other measurements of this &fee estimate
profiles to the measured spectra. the absolute uncertainty in these measurements to be 0.03 eV.
Additional calculations have been made at the Hartfemck The relative uncertainty is difficult to estimate, but it is probably
and MP2 levels of theory to determine the effects of the ground- not less than 0.01 eV. Because of the uncertainty in this quantity,
state charge distribution on the ionization energies. For this we retain 3 decimal places for the results given in Table 1.
purpose, we have used the extended Koopmans theorem devel- ¢ qre.jonization Energies, Reactivity, and Proton Affinity.
oped by Bgrve and Thomaé:'rhesg calculations were parrled The lowest ionization energies for 1,3-pentadiene are those for
out at the geometry determined in the B3LYP optimizations. ¢ and C4, the anda carbons. These are also the most reactive
We have also calculated transition-state energies for the sites for electrophilic attack, as can be seen, for example, from
addition of HCl across the double bonds in 1,3-pentadiene andthe rates of addition of C}¥DCI across the double bod8In
1,3-butadiene. For these calculations we have augmented thehis molecule, the chlorine atom is slightly positive and in the
basis sets for HCI and for the 3parbons in 1,3-pentadiene transition state attaches preferentially at the sites that most
with additional diffuse function& We find that this procedure  readily accept positive charge, which are also the sites where
gives calculated transition-state energies that are in nearthe carbon 1s ionization energy is the lowest. Addition of the
agreement with experimentally derived activation energies for chlorine at C1 is 65 times as probable as addition at C4,
addition of HCI to ethene, propene, and 2-methylpropgére. qualitatively in keeping with the result that the ionization energy
In addition, we have calculated protonation energies for adding of C1 is 0.33 eV less than that of C4. Addition of chlorine at
a proton to carbon atoms 1 and 4 in 1,3-pentadiene and to carborC2 or C3 is not observed, and this is in keeping with the higher
atom 1 in 1,3-butadiene. The procedure used reproduces thdonization energies of these atoms. Turning to differences in
experimental proton affinitié8 of ethene, propene, 2-methyl-  reactivity between different compounds, we note that the rate
propene, and 1,3-butadiene reasonably well. The calculatedof addition of 4-chlorobenzene sulfenyl chloride is nine times
activation energies and proton affinities are given in the faster with 1,3-pentadiene than with 1,3-butadi&heéor-
supporting material. respondingly, the C1 ionization energy of 1,3-pentadiene is 0.30
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Carbon 1s ionization energy, eV Figure 4. Protonation enthalpy plotted against carbon 1s ionization

Figure 3. Calculated activation energies for addition of HCI to 1,3- €N€roy-

pentadiene (closed circles) and 1,3-butadiene (open circles) plotted . .
against the carbon 1s core-ionization energies. Labels indicate the V€ cannot fail to note the excellence of the correlation for

carbon to which the hydrogen adds or from which a core electron is 1,3-pentadiene shown in Figure 3 and for both pentadiene and
ionized. The lines are least-squares fit to the data. butadiene in Figure 4. We also note that the correlation for 1,3-
butadiene in Figure 3 is similar to but displaced from that for
1,3-pentadiene. Although we might expect a correlation since
eV lower than that of 1,3-butadiene. Thus the core-ionization the processes all involve addmg a positive Charge at a selected
energies reflect the reactivity. carbon, the three processes are intrinsically quite different,
We can obtain a more quantitative view of the relationship involving significantly different geometric changes. Neverthe-
between reactivity and core-ionization energy by considering less, the correlations are excellent. Noteworthy are the results
the activation energy for addition of HCI across the double bond. for C1 in 1,3-butadiene and for C4 in 1,3-pentadiene, where
For such addition in ethene, propene, and 2-methylpropene thereye see nearly equal ionization energies, nearly equal proton
is a linear correlation between the carbon 1s ionization energiesaffinities, and similar values of the activation energy.
and the experimentally determined activation enertfi&@nce The slope of the line for 1,3-pentadiene in Figure 3 (after
comparable experimental data are not available for 1,3-penta-converting to a common set of units) is 0.85, similar to the value
diene, we use theoretically calculated transition-state energiesof 0.57 found for ethene, propene, and 2-methylpropéirer
for this purpose. As noted above, the theoretical procedure usedhe correlation shown in Figure 4, the slope is 1.9. Recapitulating
here gives excellent agreement between the theoretical and exthe discussion from ref 14, we note the following. First, the

perimental energies for ethene, propene, and 2-methylpropeneslopes of these correlations are of order 1, suggesting that the
The correlations between the activation energies and the ioniza-transition-state energies, protonation energies, and core-ioniza-
tion energies for 1,3-pentadiene and 1,3-butadiene are shown intion energies are influenced by the same factors and to more or
Figure 3. In this figure the labels indicate the site of core ioni- |ess the same extent. Second, the slopes for the transition-state
zation, on one hand, and the site to which the hydrogen atomenergies are somewhat less than 1, indicating that the transition-
adds, on the other. The straight lines represent least-squares fitSstate energy is less sensitive to these factors than is the core-
A comparison of the results for 1,3-pentadiene with those ionization energy. This is not surprising, since core-ionization
for 1,3-butadiene, as illustrated in Figure 3, shows the effect of involves a highly localized charge at the center of interest, while
the added methyl group. First, for C1, which is at the opposite the transition state involves bringing the positive end of a dipole
end of the molecule from the methyl group, both the activation close to this center.
energy and the ionization energy are significantly lower in 1,3- It is important to note, in addition, that the slope of 0.85 for
pentadiene than in 1,3-butadiene. By contrast, the activation 1,3-pentadiene is indeed different from that for ethene, propene,
energy for C4, which is equivalent to C1 in butadiene, is and 2-methylpropene, 0.57. If we add points for other com-
increased by the addition of the methyl group. For C3, both the pounds to Figures 3 and 4, such as those for 1,3-butadiene in
activation energy and the ionization energy are lowered by the Figure 3, we find that, although there is still an overall
addition of the methyl group, with the result that the significant correlation, there is also considerable scatter. Thus, there appear
difference between C3 and C4 in 1,3-butadiene is greatly to be additional influences that are specific to the type of
reduced in 1,3-pentadiene. molecule under consideration, and some of these are discussed
Another quantitative view of the relation between core- in the overview, below.
ionization energies and reactivities is found by considering  Systematics of the lonization EnergiesThe systematic
proton affinities. Since core-ionization and protonation both behavior of the ionization energies can be seen in Figure 5A,
involve adding a positive charge at a specific site, we can expectwhere we have plotted the carbon 1s ionization energies for
there to be a correlation between proton affinities and core- ethene, propene, 1,3-butadiene, and 1,3-pentadiene against the
ionization energies. Such correlations are well established for number of carbon atoms in the molecule. Also included in this
protonation/ionization at oxygen, nitrogen, and other heter- figure is a solid line showing the average carbon 1s ionization
atoms3! but, to our knowledge, have not been reported for energy of the linear alkanes as a function of the number of
protonation of carbon. Such a correlation is shown in Figure 4, carbon atoms.lIt is apparent that there is a decrease in the
where we have plotted theoretically calculated protonation average energy as the size of the molecule increases. This
enthalpies for 1,3-pentadiene at the 1 and 4 positions and forreflects the increasing polarizibility of the molecule with
1,3-butadiene at the 1 position versus the correspondingincreasing size. To remove this size effect and focus on the
experimental carbon 1s ionization energies. As in Figure 3, the specific effects of adding a methyl group and on the effects of
straight line represents a least-squares fit. conjugation, we show in Figure 5B the ionization energies
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e 23 23 *C*H,=CH—CH; <> C*H,—~C"H—CH, <> C*H,—CH=CH,"
2906 [ *2 2a 2b 2c

29041 where the asterisk indicates the core-ionized carbon atom. The

right-hand forms, by allowing the positive charge to delocalize,

Absolute
N
©
o
N
I

o1 o1 lower the energy of the ionized state and, hence, lower the
% 2000 *1.4 ionization energy. We will see below that the effect illustrated
> in 1 (initial-state effect) appears to be more important than that
g 289.8 |- =— alkane average 1 shown in2.
E A | | | | | In the right half of Figure 5B, we see the effect of adding a
S ethene 1.3-butadiene methyl group to 1,3-butadiene to make 1,3-pentadiene. For C4
N propene  1.3-pentadiene (a to the methyl group) and C3(to the methyl group) the
s 23 effects are nearly identical to those for propene, as can be seen
o 04r 3 NN of by comparing the two dotted lines labeledvith one another
§ 02l -a"': “/3 2 or the lines labele@ with one another. Of particular interest is
© &2 5, the line labeled, which shows the effect on C1 of 1,3-butadiene
o 2 ool “'/3 ‘83 of adding a methyl group to the opposite end of the molecule.
§ 5 Y The shift in ionization energy;-0.23 eV, is more than half the
02 Y ,\“ value of —0.37 eV for the shift at thgg carbon. Thus, the
1 ) substituent effect of the methyl group is transmitted with
04 \1 reasonably good efficiency through the conjugated system of
06LB | A | : | the molecule.
2 3 4 5 6 Also noteworthy in Figure 5B is the large decrease in
Number of carbon atoms ionization energy for the terminal carbon, C1, as we go from

Figure 5. A. Carbon 1s ionization energies plotted against number of ethene to 1,3-butadiene. This can be associated with the
carbons in the molecule. Solid line shows the average ionization energy conjugated system of bonds in butadiene. We will see below
for linear alkanes. B. Carbon 1s ionization energies relative to the that this large shift arises primarily because of charge delocal-
average for linear alkanes. Lines show the effect of adding a methyl ization in the ionized molecule that is made possible by
roup to the end of the molecule. - .
grotp . resonance in the conjugated double bonds.
relative to the average alkane energies. These relative energie]sj2 Charge _D|st_r|but|on_ in- the Inma! S_tate a!"d Cha_lrge
: . edistribution in the Final State. As indicated in the discus-

are listed in Table 1. . S

sion above of the resonance forms for propene and its ion, the

In the left half of Figure 53’ we see th_e effect of replacing jner_ghell ionization energies may depend on both the charge
one of the hydrogen atoms in ethene with a methyl group 10 gisgripution in the initial molecule, as id, and the charge

make propene. For the carbonto the methyl group, C2, the  rearrangement that accompanies ionization, & i@uantita-
ionization energy increases slightly, by 0.06 eV. This difference tjyely we can writé

is very close to the corresponding difference, 0.085 eV, between

the ionization energy of C2 in propane and the average Al = AV — AR (1)
ionization energy in propane. In the alkanes this shift arises

because a hydrogen atom in ethane has been replaced by §hereAl is the ionization energy relative to some standard,
substituent with higher electronegativity, namely a carbon atom Av s the shift in the initial-state effect relative to the same
or the methyl group, and it is likely that the same effect accounts standard, andR represents the effect of charge redistribution.
for the shift observed for propene. For the carbon thdt is AR s given a negative sign to reflect that the relaxation of the
the methyl group, C1, the ionization energy decreases signifi- charge distribution in response to the creation of a core hole
cantly. This effect has been attributed to the effect of resonancelowers the ionization energy.

that transfers negative charge from the methyl group to the |t is to be noted that an expression similar to eq 1 can also

terminal CH group, as illustrated inc.34 describe the interaction of molecules with one another, as, for
instance, in the transition state for addition of HCI to an olefin.

CH,=CH—CH;<"CH,~C"H—CH, <> "CH,—~CH=CH," In this case, the first term describes the electrostatic interaction
la 1b 1c of two frozen molecular charge distributions while the second

describes the effect of exchange interaction, mutual polarization,
and covalency between the molecutés.

AV. Values of AV can be estimated from either changes in
Koopmans theorem energiesAe€, or changes in the potential,
AU, at the carbon atom of interest. Since both of these methods
have drawbacks, we use instead the extended Koopmans

There may also be contributions frohb, but insofar as the
charge on C2 is stabilized by polarization of the methyl group,
it is difficult to distinguish betweeib and1c. Comparison of
Mulliken populations for propane and propene suggestslihat

is more importgnt tharib. We note also that the. i.onization' theorem developed by Barve and Thor#ags a practical
energy for C3 in propene is 0.33 eV more positive than in ayer the different methods give very similar results provided
propane, suggesting that electrons have been withdrawn fromg,; \we compare carbon atoms with the same hybridization.
C3 in propene, as iic. The net effect oflb and 1c is that Because of this dependence on hybridization, which is not fully
additional negative charge at the €Hjroup lowers the  ynderstood, we give values Al (and, hence, alsaR) relative
ionization energy of the 1s electron. to ethene for spcarbon atoms and relative to ethane fo? sp
We can also anticipate that there are contributions from carbon atoms. The calculated valuesAdf are listed in Table
similar resonances in the core-ionized molecule: 2; the estimated uncertainty in these is about 15 feV.
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TABLE 2: Values of AV, AR, and Al. Relative to Ethene, As a result of this transfer, C1 and C3 are expected to have
Except for C3 in Propene and C5 in 1,3-Pentadiene, Which lower ionization energies than in 1,3-butadiene. This effect can
Are Relative to Ethane (eV) be seen in Table 2 in the column headexlV, where the values
H/C® AV OAV® AR Al of AV for 1,3-pentadiene are given relative to those in 1,3-
ethene 2 0 0 0 butadiene. We see that C+(.16 eV) and C3+£0.25 eV) are
propene 2 0.05 (avg) 0.22 (avg) indeed negative relative to those for 1,3-butadiene. C4 has be-
g% _%'2173 %'223 :8'32 come positive compared to C4 in 1,2-butadiene because of the
c3 0.29 0.16 013 replacement of a hydrogen atom by a methyl group, just as in pro-
1,3-butadiene 15 0.18 (avg) 0.50 (avg) pene. That C2 in 1,3-pentadiene is somewhat negative relative
C1,c4 2 0.04 0.68 —0.64 to C2 in 1,3-butadiene is not readily explained, since there is no
c2c3 1 0.31 0.32 —0.01 obvious way for the methyl group to contribute electrons at this
1,3-pentadiene 1.6 0.18 (avg) 0.58 (avg) o
c1 ~0.11 ~0.16 0.82 ~0.93 position.
c2 0.20 —0.11 0.40 —-0.19 AR. Values of AR, have been determined from the experi-
(C:i 8-23 70(52156 065810 *8-28 mental shifts in the adiabatic ionization energy, and the
Cs 0.37 0.35 0.0Z calculated values cAV using eq 1. They, along with the values

of Al, are listed in Table 2. We note that there is a significant
#Ratio of hydrogen to carbofiRelative to equivalent carbonin 13- increase in the average relaxation energy as the size of the
butadine  Relative to ethane. molecule increases, reflecting the relationship between polar-
The average value oAV for each molecule reflects the izibility and molecular size. We now consider the individual
hydrogen/carbon ratio of the molecule. Carbon is slightly more Valués ofAR for each molecule.
electronegative than hydrogen and, hence, withdraws negative The average value oAR for propene (0.22 eV relative to
charge from the hydrogen atoms. The higher the hydrogen/ €thene) differs only slightly from the average for propane (0.18
carbon ratio the larger this effect, as can be seen from comparingeV relative to ethar®. This near equality suggests that most

the hydrogen/carbon ratio with the average valuadfshown of the relaxation effects in propene arise from the extra
in Table 2. Within each molecule, the individual valuesA\df polarizibility that comes with increased size. Of interest is the
reflect the charge distribution within the molecule, and we value of 0.29 eV for C1, which, by using these values, can be
consider these now. separated into a contribution of 0.18 to 0.22 eV due to overall

The values ofAV for C3 and C1 in propenet-0.29 eV for polarizibility, ARy, and one of 0.07 to 0.11 eV from the charge
C3 and—0.27 eV for C1, reflect the contribution frofit, which rearrangements shown #) AR.s The value of—0.27 eV for
transfers electrons from the methyl group to the terminal AV at this position reflects contributions to the ionization energy
methylene group via the molecular orbital. This phenomenon  from the initial-state structurels The three quantitie&V, ARy,
has been discussed earlier in the context of both prépama andAR.escombine according to eq 1 to give the overall shift in
propyne? The positive value of 0.13 eV fokV at C2 reflects  jonization energy of-0.56 eV. From this analysis it appears
the replacement of a hydrogen atom in ethene by the moretnhat the effect of resonance on the initial-state charge distribution
electronegative methyl group in propene. This shifttdf.13 (AV) is much more important than its effect on charge

eV is comparable to the shifts iAV between methane and  earrangementA(e). Similar conclusions were reached in an
ethane £0.12 eV?) or between ethane and C2 in propane (0.18 o4yjier discussion of propené.

eV®), which involve the same substitution. Thus, the methyl Both tves of carbon in 1.3-butadiene show larae values of
group is serving as both an electron acceptor (throughsthe yp ’ 9

bond with theo carbon) and as an electron donor (through the the relaxation energy. Part of th|s_ IS due_ to the size of the
7 bond to thes carbon). molecule, and it is, therefore, more instructive to subtract from

In 1,3-butadiene, the hydrogen atoms do not contribute to these the average values of the relaxation energy of butane
the 7 orbitals, and, therefore, structures of the tylmeare not relative to ethan@When this is done, we find that the relaxation
significant. Thus,AV reflects primarily of the number of for C2 and C3, the central carbons, is only 0.03 eV. However,

hydrogen atoms attached to each carbon. For C1 and C4 this idor the terminal CH groups,AR on this scale is 0.40 eV, or
two, as in ethene, and we see that the shift ielative to ethene  duite significant. This large relaxation can be attributed to a
for these carbons is small. C2 and C3 are similar to C2 in resonance contribution from
propene, which shows the effect of replacing a hydrogen atom
with a more electronegative carbon atom. The valuagfof +C*H2=CH—CH=CH2 -~ C*HZ—CH=CH—CH2Jr
0.31 eV for C2 and C3 in butadiene is, however, noticeably 4a 4b
larger than the value of 0.13 eV for C2 in propene.

In 1,3-pentadiene we see the combination of the effects thatyhich delocalizes part of the positive charge of the core hole
have been noted for propene and 1,3-butadiene. The methykom one end of the molecule to the other.
group (C5) shows a positive value A, which, as is the case
for propene, can be attributed to resonance transfer of electrons[0
from the methyl group to C1 and C3, as illustratedin

For 1,3-pentadiene\R is large for all carbons. It is useful
think of it as resulting from three sources. First are those
that arise because of the similarity between 1,3-pentadiene and
CH,=CH—CH=CH—CH, 1,3-butadiene,AR(butadiene). Second are those that arise
3a because pentadiene is larger than butadiene; we may equate this
. _ gt difference to the difference between the average valuiefof
CH,=CH—-CH —CH=CH, pentane and that for butane, 0.09 ®Winally, there is the
3b B N specific contribution from the extra methyl group (in addition
CH,~CH=CH—CH=CH, to the effect that arises from its addition to the size of the
3c molecule),AR(methyl). Thus
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ARy(pentadieney
ARj(butadiene)t 0.09 eV+ AR(methyl)

where the index i refers to one of the carbon atoms and range

from 1 to 4. Using the values dfR(pentadiene) andR(buta-
diene) from Table 2, we can calculate values AgX(methyl).
These are 0.05 eV for C+0.01 eV for C2, 0.11 eV for C3,

and 0.04 eV for C4. For C3, which occupies the same
relationship to the methyl groups as C1 in propene, the relaxation
energy (on this basis) is the same as for C1 in propene, that is

0.11 eV. This reflects the contribution to relaxation from the
resonance structures

CH,=CH—C*"H=CH—CH, <
5a
CH,=CH—C*H—CH=CH,"
5b

At C1, C2, and C4, the specific effect of the methyl group
on the relaxation is small. At C1, this contribution, which can
be attributed to the resonance

C*"H,~CH—CH=CH—CH, <
6a
C*H,~CH=CH-CH=CH,"
6b

is only 0.05 eV.

S
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A similar effect of the methyl group is seen in the compari-
sons of activation energies (Figure 3) and proton affinities
(Figure 4) of 1,3-butadiene and 1,3-pentadiene. The effect of
the methyl group added at C4 is to increase the reactivity and
proton affinity at C1.

The picture of the influence of the methyl group when it is
attached to ethene to form propene or to 1,3-butadiene to form
1,3-pentadiene is that there is resonance transfer of electrons
from the methyl group to thg carbon (via resonancds and
3b). In the conjugated system, there is then additional transfer
to the 6 carbon B8c). This charge redistribution leads to a
lowering of the carbon 1s ionization energy of these carbons.
When a carbon 1s electron is ionized from one of these
positions, there is charge redistribution via resona2bes5b,
and 6b, but this effect is smaller than that of the initial-state
charge distribution.

We see that there are excellent correlations between core-
ionization energies, proton affinities, and activation energies for
electrophilic addition. That such correlations exist among
electrical effects is not new. For instance, Benson and 8ose
found linear correlations between the activation energies and
such electrical parameters as the molar refraction and the first
ionization potential of the molecule. These relationships are
similar to linear-free energy relationships, and, to first ap-
proximation can be described in the same way. Thus, for each
type of electrical effect, core-ionization energy, proton affinity,
activation energy, we can assign a parametethat describes
how the energy for the process responds to an electrical
influence. Then for each site in a molecule we can assign a

As is the case for propene, the overall contributions to the parameterg, that describes the intensity of electrical effect at
ionization energy shifts from resonance relaxation in the ionized this site. The resultant effect on the energy is then equapto
state (0.11 eV for C3 and 0.05 eV for C1) are less significant Within this framework, the energies associated with one kind
than the contribution from the ground-state charge distribution of electrical effect will be proportional to the energies associated

(AV=-0.25eV for C3 and-0.16 eV for C1). Thus, the added

with any other electrical effect.

methyl group in both propene and 1,3-pentadiene shows its As one well knows, this picture is much too simple. Electrical
effect primarily through its influence on the ground-state charge effects cannot be described by a single variable, and typical

distribution in the molecule.

Overview

discussions of this problem involve thféer four®® variables.
Here there are effects due to at least three different variables:
electronegativity, polarizibility, and resonance. We can see the

We see that the carbon 1s ionization energies are influencedinfluence, for instance, of polarizibility in Figures 3 and 4. In

by a number of factors: the overall size of the molecule, the Figure 3 (activation energy versus ionization energy), the
relative electronegativities of carbon and hydrogen, and con- correlation for 1,3-butadiene is displaced from the correlation
tributions from resonance. That these are important is not for 1,3-pentadiene, whereas in Figure 4 all points fall on a single
surprising, since they are effects that have long been recognized!ine. The difference may be in how the probe interacts with the
In addition, we see that there are, in some cases, striking polarizibility of the molecule. In Figure 4 the probes, a localized
correlations between the carbon 1s ionization energies and€lectron removed or a localized proton added, are both point
measures of chemical reactivity such as activation energies andcharges; in this case, the interaction energy between the probe
proton affinities. These correlations suggest a close connectionand the polarizible surroundings goes as',Iwherer is the
between the factors that influence the inner-shell ionization distance between the point charge and a point in the surround-
energies and those that influence reactivity. ings. In Figure 3, the probe, HCI, might better be described as

Of particular interest is the transmission of the effect of the @ dipole, and for a dipole the interaction energy scales s 1/
methyl group in 1,3-pentadiene to the terminal &jrbup. After rather than ¥#, with the consequence that the point charge is
correcting for the influence of molecular size and effects that affected by a larger volume than is the dipole. Thus, polarization
are Speciﬁc to the Conjugated System in 1,3-butadiene’ theWI” reduce the ionization energy more than it reduces the
relative ionization energies given in Table 1 indicate that the activation energy. Qualitatively, this is the effect seen in Figure
effect of the methyl group on the ionization energy of this carbon 3-

is to shift it by —0.23 eV. Although smaller in magnitude than
the corresponding shift in propene relative to ethen®.42
eV) or the shift for the C3 carbon in 1,3-pentadiered(37

Despite this reservation, the correlations suggest that core-
ionization energies, proton affinities, and activation energies are
governed by similar influences. For the methyl group in propene

eV), it is significant. This shift for C1 can be seen to arise and 1,3-pentadiene, we see that its effect on core-ionization

primarily from the effect on the initial-state charge distribution
of the resonance illustrated Bc. To a lesser extent, there is

energies is mostly due to its effect on the initial-state charge
distribution. The portion of its effect that can be attributed to

also a possible contribution from charge redistribution of the charge redistribution via resonance in the ionized state is

type illustrated in6b.

relatively small. It is not unreasonable to extend this view to
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