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Abstract-A modificaiion of rhe simpk molecular orhllal ttvxxy has bcxn succc%futty applied IO the 

trcalmcnt of iomzalion polcntials of unsalunlcd mokcuks. Of lhc several models exambned for rhe 

hypcrconjugatlvc ctTcc~ of a methyl group, bcsr results were ohiamcd for a model in which rhc methyl 

group is rrcatcd as a single “hcrcroaiom” which donarcs IWO da-irons IO the n system. 

As part of a program to investigate the quantitative and semi-quantitative application 
of the simple molecular orbital theory with neglect of overlap to organic chemistry, 
we have examined the treatment of ionization potentials. The resulting correlation 
has been used in an examination of several models for a methyl group. 

lonkation potentials in rhe simple rheory 
In the simple molecular orbital (Hiickel) theory all of the Coulomb integrals, I,, 

arc taken to bc the same; all of the exchange integrals, B,#, for bonded atoms are 
taken as equal. j3 for non-neighboring atoms are taken as zero and all overlap integrals 
of the type, S,,(r f s), are taken as zero. The energy, c,, of each molecular orbital, 
I/J,, is obtained in the form of equation (I): 

c, .-z i,rn ,B (1) 

The ionization potential. I, should bc given by the energy of the highest occupied 
molecular orbital.’ Stevenson* has obtained the ionization potentials of a number of 
polycyclic aromatic hydrocarbons by electron impact and has demonstrated for this 
related family of compounds an excellent correlation between the experimental 
ionization potentials and the corresponding energies of the highest occupied molecular 
orbitals. His results are summarized in Table I and arc plotted in Fig. I. An attempt 
to extend this simple treatment to other compounds fails. Although styrene fits quite 
well, the points for elhylene and butadiene fall far from Stevenson’s correlation line. 
To some extent the discrepancy is due to the use of a common value for /I. 

The bond distances in ethylene and butadiene dilIer substantially from those in the 
aromatic hydrocarbons. Making the usual assumption that j3 is proportional to the 
overlap integral, /I,, for a double bond becomes I.07 /I. in which /3 is now the exchange 
integral for the C.-C bond in benzxnc. Similarly, /3r. for the single bond in butadicnc 
becomes 0.91 j?. The cliect of the use of these values for 8,. in ethylene, butadicnc 
and styrene are shown by the crosses in Fig. I. In the first two cases the change is 
too small to produce any substantial improvcmcnt in the correlation. 

l This work was supported by rhc United States Air l;orcc through the Air Force ORice of 
Scicnlific Rrxarch of OK Air Rcscarch and Development Command, under contract No. AF4%638t- 
105. Reproduction in whole or m part is permilted for any purpmc of the United States Govcrnmcni. 

’ S. A. Marsen. 1. Chrm. Whys. zL(, 602 (I 956). 
* 11. P. Srcvcmon. prsonal communicarion. 
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I 

FIG. I. toniration potentials in rhe simpk molecular orbital theory. Numbers correspond 
IO compounds in Table I. 
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A further important discrepancy is found in an attempted extension of the simple 
treatment to radicals of the alternant hydrocarbon type.S In these radicals, as exeG 

’ C. A. Coulson and H. C. l.ongucl-Higgins, froc. H+. SIX-. A 192. I6 (1947). 
’ F. P. Lossing, K. U. ingold and I. H. S. Henderson. J. Chmt. Php. 22, 621 (t9sJ). 
’ D. I’. Stevenson. personal communication. 
’ J. H. Farmer. I. I(. S. lfcndcrson, C. A. McDowll and F. P. I,ossing. 1. (‘hem. Phyc. 22. IY4X 

(1954). 
’ K. E. Horug. J. Chcm. Whys. 16. IO5 (1948). 
‘J. Coltin and F. P. Lossing, 1. Amer. C’hem. Sot. 79. S84X (1957). 
‘J. D. Morrison and A. J. C. Nicholson, 1. Chrm. Phys. 20. 1021 (1952). 

I0 1.. H. Field and J. 1.. Franklin, 1. Chrm. Phys. 22. 1895 (1954). 
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plificd by methyl, allyl, benzyl and pentadienyl radicals, the highest occupied molecu- 

lar orbital is a singly occupied non-bonding orbital. Hence, these radicals should all 
have the same ionization potential according to the simple theory. Experimentally. 
the ionization potentials of these radicals vary over a range of more than 2 eV. The 
discrepancy is demonstrated in Table I and in Fig. 1. These results demonstrate that 
without modification the simple molecular orbital treatment is of limited usefulness in 
the correlation of ionization potentials. 

kj,Sect of a ar a function of charge 

The defect in the treatment of ionization potentials demonstrated above un- 
doubtedly arises from the neglect of electron-repulsion terms in the simple theory. 
This problem can be handled by the use of more elaborate molecular orbital techniques; 
several calculations of ionization potentials by using such tcchniqucs have been re- 
ported.” the most extensive of which arc the recent semi-empirical self-consistent 
molecular orbital calculations of Hush and Poplc. I* In the simple theory for families 
of related neutral systems the effects of electron-repulsion terms are apparently rela- 
tively constant and are absorbed in the empirical values used for the paramctcrs, x 
and j?. The change of a neutral system to a cation is accompanied by a decrease m 
electron repulsion which is not effectively constant for different systems. The net 
effect of a decrease in electron repulsion can be approximated by a corresponding 
increase in Coulomb attraction; i.e., by an increase in the effective clectroncgativity 
of appropriate atoms in the system. In the simple theory this would involve an increase 
in the absolute values of appropriate 3’s. Wheland and MannIs introduced the assump- 
tion that the increase in z of a carbon atom in an unsaturated cation is proportional 
to the positive charge on the atom. We have followed this assumption with the use 
of equation (2). but have treated the proportionality constant. W, as a disposable 
parameter: 

For each compound, the usual simple molecular orbital energy equations were set 
up and solved with neglect of overlap. An electron was removed from the highest 
occupied molecular orbital, and the resulting charge distribution was determined. 
Equation (2) then gave the change in the I of each carbon for each of several assumed 
values of w. These a values were used to set up a new energy matrix, from which the 
energy of the cation was determined in the usual way. The ionization potential is 
then given by equation (3): 

I = E(cation) - &hydrocarbon) ‘EC 1 ,yB (3) 

The use of the same values of /3 for the neutral hydrocarbon or radical and the 
cation implies that there is no change in molecular geometry during the ionization 
process. Hence, the calculated energy changes relate to the vertical ionization poten- 
tials such as arc given by electron-impact methods. For each of several values of w. 
the x values were plotted against the corresponding experimental ionization potentials. 

” I’.xampla arc: 0. Chalvcr and R. Daudel. C.R. .4cud. Sci.. Pod 235. 960 (1952): I. Tanaka and 
C. Kon~lsu. 1. Chem. Phys. 23. Y76 (IY55): Ii. <‘. Lefkowts. J. Fain and I-‘. A. Ma&en. /hid. 1690. 

‘I N. S. Hush and J. A. Pople 7ions. ~w_da.v .Sor. 51. 600 (1955). 
I1 G. W. Whcland and D. 1:. Mann, 1. (‘hum fh,vr. 17. 264 (IY49). 
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Best agreement was obtained for w 1.4. The data for this case arc plotted in Fig. 2. 
An excellent linear correlation is obtained; the least-squares correlation line is given 
in equation (4). in which the uncertainties are given as the standard deviations: 

I (CV) -z (-2.110 i O-OSO)x f 9.878 : 0.073 (4) 

By using equation (4). the x values were converted to calculated ionization poten- 
tials. These values arc compared with the experimental values in Table I. The maxi- 
mum deviation is only 0-I eV. The average deviation, 0.05 eV. is about the same mag- 
nitude as the usual cxpcrimental error. Considering the wide variety of structural 

1;~;. 2. Correlation of ioni;l;irion potentials of simpk n systems wllh calculated energy 
differcnccs. The linear corrclarlon is taken as the standard. Sumbcn correspond to 

compounds in Table 1 
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types involved-radicals, olcfins and aromatic hydrocarbons-and the range of almost 
3 cV covered, the agreement is indeed remarkable for such a crude theory. 

3,4-Benzphcnanthrenc was not included in the standard correlation because of 
the possibility that the strain in this hydrocarbon might introduce anomalous cffocts. 
However, the x value for 3,4&nzphenanthrcnc, 0.721, corresponds to 8.36 eV in 
excellent agreement with the cxpcrimental ionization potential. 8.40 cV.~ For graphite, 
the value of x equals U, hence I (calcd.) is 6.93 eV. in poor agreement with the cxperl- 
mental value, 4.39 eV. quoted by Mullikcn ” for the work function of graphite. 

The calculations described amount to the first iteration of a self-consistent field 
trcatmcnt. The resulting charge densities may be expected in general to differ from 
the starting Hiickel charge densities. The effect of the use of w is to spread the charge 
density more evenly throughout the molecule. In several casts, the effect of SU~~~SSIV~ 
iterations was examined. The charge densities obtained from the first iteration dc- 
scribed above were used to derive new z’s, by using equation (2). The energy matrix 
was changed accordingly and was rediagonalizcd to yield new values of x and the 
charge dcnsitics. This proccdurc could be repeated until self-consistency was obtained 
If the series was convcrgcnt. The results of such succcssivc iterations applied to 
butadicnc arc given In Table 2 in which 4, is the charge density. In this case the sclf- 
consistent charge densities differ only slightly from the simple Hiickcl charge densities. 
The final value ofx dificrs from the value given by the first iteration by an amount which 
corresponds to about 0.02 eV. In the large aromatic hydrocarbons the charge is 
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spread throughout most of the molecule, and the simple Hiickel charge dcnsitlc! 
would not bc expected lo dill& greatly from self-consistent charge dcnsitics. In Table 3 
arc listed the Hiickel charge densities and the charge densities obtained from the first 
iteration for several aromatic hydrocarbons. The selfconsistent charge densities will 
fall between the individual values. The change?; Involved are only a few hundredths 
of a unit at each position. Consequently WC would not cxpcct the value for x which 
corresponds lo the use of self-consistent charges to differ significantly from the values 
obtained in the first iteration in these cases. 

The situation with cations of odd alternant hydrocarbons such as ally1 and benzyl 
is rather different, however. In these cases the so called “starring process” can be 
carried out such that the number of starred positions is one more than the number of 
unstarred positions and no two starred positions are adjacent. In the Hiickcl ap- 
proximation the positive charge density in these cations resides only on starred posi- 
tions; these charge densities may be expected to differ substantially from the self- 
consistent charges. Table 4 lists the results for succcssivc iterations of the ally1 cation. 
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The sclf-consistcnt charges fall about midway between the Hiickcl values and those 
given by the first iteration. The final value of x differs from the value from the first 
iteration by an amount which corresponds to only 0.08 cV. The series of successive 
iterations for the benzyl cation, however, was not convergent. As shown in Table 5. 
the charge densities at different positions show increasing oscillation with progressive 
Iteration. Starting with charge densities derived from a p:rturbation treatment (ride 
in/?a) which should be closer lo sclf-consistcnt charges. successive iterations give 
oscillating charges with consequent variations in X. This situation is probably asso- 
ciated with the form of molecular orbitals in aromatic rings. For comparison with 
related systems, our procedure was to start with Hiickcl charges and to use x resulting 
from the first cycle of iteration. 

Because of its symmetry, the case of benzene is unique. The degeneracy of the 



A simple molecular orbital trcatmcnl of hypcrconjugatlon I55 

highest orbitals leads to different cations, which probably cannot bc made self-con- 
sistcnt by our procedure. Without further justification, we assumed an even distribu- 
tion of positive charge on all six carbons and obtained x from one cycle of iteration. 

An alternative procedure for calculating the variation of the cation energy with w 
involves the USC of an approximation method. Coulson and Longuct-HiggimP have 
expanded the change in cncrgy in a Taylor’s series, the first two terms of which, 
equivalent to a second-order perturbation, arc given in equation (5): 

&E - 5: q,sr, *- ) T : n,,sX,fix, - . . (5) 

They obtained simple expressions for the second derivatives, i:*E/‘li:z,i;z,, identical to 
the atom-atom polarizabilities. n,,, in terms of the cncrgics and cocfhcients of the 
H uckel orbitals. 
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Equations (2) and (5) may bc combined to yield equation (6): 

SE-X 7 ++,(I -q,)i y2*: !: w,.(I -’ 4,x1 9;) (6) 

This equation has been applied to a number of cations of odd alternant hydrocarbons. 

Ii c’. A. Coukon and IL C. I onguct-Higgins. Prvc. Roy. Sm-. A 191. 39 (1947). 
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The values of x derived in this way for allyl. benzyl and pentadienyl cations, 0.787, 
0.972 and 1.020, respectively. are close to the values obtained by the rediagonahzation 
process. The first and dominant term in equation (6) may be written in the form of 
equation (7). which shows its relationship to the “solvation energy parameter”, 

Q,’ recently derived by Mason I6 by a Born charging process: 

The application of the Born charging concept to individual carbon atoms within a 
molecule is subject to a variety of criticisms. However. the resulting function was 
shown to correlate excellently with a number of carbonium ion reactivities in solution. 
The relationship of the resulting function to equation (7) demonstrates that Mason’s 
results arc equivalent to a first-order perturbation correction of the cation energy; 
the explicit value of w in his treatment is absorbed in the slopes of the linear corrcla- 
tions. Inasmuch as the correction applies as well to cations in the gas phase in which 
solvation energic! arc obviously not involved, our interpretation of the Z;q,* function 
would appear to be more satisfactory than its interpretation as a “solvation energy 
pardmcter”. 

Muller and Mullikenl’ have applied a more elaborate molecular orbital theory with 
Inclusion of overlap to the stabilization cncrgies of several cations. Using the same 
type of variation of z with charge, they obtained best agreement with w = I.4 in 

precise agreement with our findings. 
The slope of the correlation line, equation (4) corresponds to the value of /I. Thts 

value, 2.1 I eV or - 4g.6 kcal, is much larger than the value of about ,-20 kcal 
usually used for this parameter. The latter value is usually derived from empirical 
resonance energies of aromatic hydrocarbons and at most is suitable for use only for 
calculating similar resonance energies. Estimates of the vertical resonance energy of 
benzene of 65 to 80 kcal*” correspond to values of /3 of I.4 to I.7 eV. Some other 
estimates of /3 are 2.2 eV from the polarographic reduction of conjugated hydro- 
carbons.1” 2.7 eV from ultraviolet spectra,‘” and 2.3 eV from phosphorescence 
spectra.*o The value which we obtained fits in well with these determinations. 

Having established a standard corrclatton for unsaturated molecules, we examined 
several models for the hyperconjugation effect of a methyl group, using the relatively 
abundant data on electron-impact ionization potentials available for unsaturated 
hydrocarbons and radicals containing methyl groups. The first extensive theoretical 
treatment of hyperconjugation was that of Mullikcn cl (I/.,*~ who used a molecular 
orbital theory with inclusion of overlap. The hyperconjugative effect of the methyl 
group in this work was considered to operate through a p orbital on the methyl 

I’ h. Mullcr and ft. S. Mulhkcn. J. Amr. C‘hunr. SM. 80. 3489 (1958) 
‘” I). 1’. Ilornlg. J. .Imrr. Chmt. SK. 72. 5772 (195-O); R. S. Mulllkcn and R. G. Parr,/. Chew. 

Ph.vs. 19. 1271 (IYSI): <‘. A. (‘oulson and S. <‘. Altmann. Trans. Furadt~y Snr. 48, 293 (lY52); 
G. Glockkr. Disr. furudny Ser. 10. 26 (195 I ). 

I’ <;. J. Hoijtmk and J. van Schoorcn. Hrc. T~JI*. (‘how. Pr,v.s-Bos 71. IOX9 (IY52): /hid. 72. 691. 903 
(1953). - 

*‘G. <i. Hall, fror. Roy. SK. A213. I I3 (1952). 
X1 R. S. Mulltkcn. C‘ A. RKcke and W. <;. Hrown. 1. Anwr. (‘hon. Sot. 63. 41 (IWI). 
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carbon and a virtual p orbital formed by the three hydrogens operating as a pscudo- 
atom. In effect, the methyl group is treated in the simple theory as a vinyl group with 

modified x and /3 parameters (see Fig. 3). 

a, Sr 
c C=H,tiO 0 0 

“I ‘1x “3 

FM,. 3. ‘The mcth>l group as a mtxlllicd &my1 group m the slmplc thcor) 

The several subsequent treatments have differed mainly in the values assigned to 
these parameters and in the inclusion or neglect of overlap. The different parameters 
used arc commonly given in terms of the standard z and j3 by use of equations such as 
(8) and (9). Values assigned by various authors to the different parameters associated 
with equations (8) and (9) and with Fig. 3 have been in the following ranges: h,. 
0 to -.O+l; hp, 0 to -0.1; Ir,, 0 to .0+5; k,, 0.5 to 0.8: k,. 2.0 to 4.8.= 

2, = 1 ‘. /I,@ (8) 

8, k,P 

Conjugation model (model C) 
After reviewing the various values for the parameters used in the literature, we 

adopted the values h, .::- 0, h, -’ 0.1, h, 0.3. k, -- 0.8 and k, -7 2.8. In setting 
up the energy matrices, methyl groups were treated as vinyl groups with these para- 
meter values. The energies of each hydrocarbon or radical and the corresponding 
cation were carried through one cycle of iteration as described above. The x values for 

FIG. 4. Comparison of model C with the standard lrncar corrclatwn. t%t~mbcrs correpond 

10 compounds in Table 6. 

I* J S. Roberts and 11. A. Skinner. Tianc. Furodu.v SW. 45. 339 tl94Y): C. A. <‘o&on and V. A. 
C‘ra*ford. /. C’hrm. SN. 2052 (1953): D. Perers. Ibid. 646 (1957): A. lnfiuc /. Amw. C‘hrnr. 
SK. 79. 24 (1957): N. Mullcr. I . W. Pxkerr and R. S. h4ullikcn. /hid. 76. 4770 (1954); Y. I’Haya 
J. <‘hunt. Phps. 23. 1165. 1171 (1055): Y. I’Haya. Ruli. C’hcm. SIC.. Japan 28, 369. 376 (1955): 
II. t-i. Jaffe. 1. (‘hmr. P/I)T. 20. 77R (1952): R. Pullman, M. Mayor and C;. Berthicr. I&J. 18. 257 
11’150): A. Pullman and J. Metzger. Bull. SJC. (‘him. Fr. 15. IO21 (IW(1): <;. Berthicr and H 
Pullman. 7irmr. F&J&~ .Sw. 45. 4X4 (1949). I:. ticllbrenner and M. Slmoneira. Hrh-. C’htm 
4c/dr 35. lcw (1952). 
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a number of methyl-substituted olcfins, polycncs, aromatic hydrocarbons and radicals 
and the corresponding ionization potentials calculated from equation (4) arc listed in 
Table 6, togcthcr with the experimental ionization potentials. The results are also 
plotted in Fig. 4. Comparison of the cxperimcntal points in Fig. 4 with the standard 
correlation line shows extremely poor agreement. Clearly the conjugation model, at 
least with the parameters assumed, is a poor one for the hypcrconjugative effect of a 
methyl group. In general the model gives much less stabiliration of a carbonium ion 
than dots a methyl group. 

Inductice model (model I) 
Mackor et aI.= have recently used an inductive model successfully for the effect of 

a methyl group on the basicities of aromatic hydrocarbons. In this model, any con- 
jugation effect to a methyl group is ignored. Instead the methyl group by its inductive 
efTcct is considered to make the attached carbon somewhat more elcctropositivc by the 
assignment of a small negative dr. Wheland and PaulingU have used a similar model 
in their original treatment of the orientation e&t in aromatic substitution. Prelimin- 
ary calculations suggcstcd the use of &x = 0.5 8. By using Lossing’s values for the 
ionization potentials of isopropyl and rerr.-butyl radicals (see Table 6), a damping effect 

r-- : 
c: 0 05 

x :u.: 5) 

FIG. 5. Comparison of model I with correlation lmc for (I, I 3 Numbers r&r IO 

compounds in Table 6. 

of further methyl substitution on the same carbon is indicated. Hence, in the calcula- 
tlons, the results of which are listed in Table 6, the following values of &z were used 
for different extents of methyl substitution: -0*5/3 (one methyl group), -. O-U/3 (two 
methyl groups), . 1.18 (three methyl groups). If Stevenson’s values for isopropyl 
and rerr.-butyl radicals (see Table 6) arc used, the damping factor disappears. These 
calculations were carried out before w was cstablishcd as 1.4. The 6x values used were 

*’ E. 1.. Mackor G. Dallinga, J. H. Krulringa and A. Ilofstra. Her. Trars. C/tint. Pavs-Hur 75. 836 
(1956); E. L. hackor. A. Hofstra and J. H. Van dcr Waals. Trans. Farm/a-v SOC. 54.‘186 (IYSS). 

u G. W. Wheland and L. Pauling. /. .4nwr. C’hcm SK. 57, 20x6 (lY35). 
l 
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7’~flI.E 6. <iWPARISON OF CALCULATED AND EXPERIMEtiTAI. IONIZATION 

WTESTIA1.S OF VARIOIJS MOIlELS OF A METHYL GROUP 

Model C Mtxlel I Model 1-C 

No. 

1 
r=Pl. 

_ -. -.. __.-. _-- - -_- - 

(‘ompound (eV) Ir.,ct!, Lkd. I CSIC4, 

x (CV) X (CV) X (CV) 

( (0 1,3)(w I.31 
- --.- -_. _--- -.. - .-_ - _ _- _- - 

Propylene 
2-Butenc 

(frunr) 
isoBurenc 
Trimcthyl- 

ethykne 
lsoprenc 
Tolucnc 
m-Xyknc 
p-Xyknc 
Mesitylcnc 
a-Mcthylallyl 
PMcthylallyl 
m-Methyl- 

bcnryl 
p-Methyl- 

benryl 
Ethyl 

9.84’5 
Y.28_ 

0.18 
0.04 

9.35fi 
X.85” 

0.06 
096 

9.08” 
9.23’* 
9.02” 
8.88W 
X.lYT 
7.711” 
X.031” 
7.65” 

0.35 Y.14 
0.43 8.97 
0.46 8.91 
044 , 8.95 
- -.. 

-. 
_- 

7.46=s - 

8.7Xao 
8.67’ 
7.wo 
7.435’ 
7.42= 
690” 

0.28 

0.49 

064 

IO.26 0.23 10.2x 
9.96 0.08 9.61 

0065 I IO.02 
0.214 Y.43 

0.103 9.66 
0.3x9 9.07 

0.397 WI4 
0.302 9.24 
0.392 9.05 , 
0.321 9.20 

-. 

0.871 ’ Ho4 
0.870 804 
O%O 7.79 

I.033 7 74 

0.572 1 8.67 

0.959 7.86 

I.253 7.24 

I5 
I6 

IO.01 0.15 IO.1 I 
9.75 0.24 9.27 

I7 
I8 i 
20 : 
21 
22 : 
24 
25 
26 

0 32 YW 
0.26 9.21 
0.42 8.8X 
0.21 9.33 
0.1X 9.39 
0.85 I 7.95 
0.83 7.99 

- 

27 / 

2x 9.29 I 0.50 8.71 

29 ; isof’ropyl 

(err.-Butyl 

8.85 090 7.84 

30 8.53 I.10 740 

determined as the best values for w = 1.3. The calculated ionization potentials in 
Table 6 and the correlation line in Fig. 5 are those derived from a linear correlation 
with the standard points, with w : 1.3. The 6r values would probably require slight 
alterations for use with w = 1.4. From the results listed in Table 6 and plotted in Fig. 
5, it is apparent that the correlation is fair. Because of the simplicity of the model, this 
type of treatment would probably bc satisfactory for many purposes. For the present 
purposes, however, we sought a model which would not only reproduce experimental 
ionization potentials to within a few tenths of an electron volt but would also rcpro- 
duct trends within related families of molecules. Model I shows serious dchcicncics 
in reproducing patterns with related compounds; for example, the difference between 

I1 R. E. Honig. /. (‘hem. 1’h.t.s. 16. IO5 t 194X). 
p J. D. MorrIson and A. J. C. Nicholson. 1. chant. fhq 20, IO21 (1952). 
*’ F. H. Field and J. C. Franklin. J. Chm~. Phys. 22, l8YS (IYSJ). 
*‘C’. A. McIhwcll. I:. P. Lossing. I. H. S. Henderson and J. R. Farmer. <‘mud. J. ~‘hJJ. 34. 345 

**J. H. I;am)cr, F. I’. Lossing. 0. G. H. Ma&n and C. A. McDowell. /. C’hrm. Phys. 24. S2 (IV%). 
a0 J. B. Farmer and t:. P. lussing. Co&. J. Chrm. 33. 861 IIYSS). 
a’ J. A. IOppk and II. P. Slevcnson. Phyt. Rev. 63. 121 (IY43). 
a’ D. P. Stcvcmon. personal commumcation: see Disc. fh~~/uy SW. IO. 35 (1951). 
y 1:. P. I.ossing. personal communication. 
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2-butenc and isobutcnc is exaggerated; there is almost no calculated differcncc between 
z- and /I-methylallyl radicals (r,ide irr/m). This situation would not be expected to 
change significantly for appropriate calculations with w : 1.4. Ncvcrthelcss. model I 
showed much better over-all agreement than did model C. 

Inductice-conjugation model (model 1. C) 

The encouraging results with the inductive model suggested its combination with 
the conjugation model. The methyl group is again treated as a modified vinyl group 
but the attached carbon is made effectively electropositive by the assignment of a 
negative AZ. Based on some preliminary calculations. we adopted the following values 
of h and k relating to the z and /3 quantities in Fig. 3: /I,. O-3; Ii,. 0.3: h,. 0.6; 

Fro. 6. Comparison of model I-C with cxpcrtmenral ioniwtlon potentlab. with w - I 4 
Sumbcn correspond IO ajmpounds m Tirbk 6. 

k,, 0.8; k,, 2.8. The values of I assigned to the carbon and hydrogen of the methyl 
group are such as to make these atoms at least as electropositive as the attached car- 
bon. For compounds containing two or three methyl groups on a single car- 

corresponding values used for Iz, are -0.6 and 0.9. respectively; i.e., no damping 
factor was used. The results of the calculations carried through one iteration are 
listed in Table 6 and are plotted in Fig. 6. In Fig. 6, the Lossing values for isopropyl 
and rerr.-butyl radicals wcrc used. On the whole, this model is fairly successful. The 
average deviation between experimental and calculated ionization potentials is less 
than 0.2 cV. On closer examination, however, we find important limitations in tracmp 
the patterns within families of compounds. For example, a-methylallyl radical and 
/3-methylallyl radical calculate to have the same ionization potential. We would expect 
a conjugated methyl group to stabilize ally1 cation more than a cross-conjugated 
methyl group; experimentally, these radicals differ in ionization potential by 0.3 eV. 
Similarly, the methyl group in p-methylbenzyl radical calculates to provide substan- 
tially less stabilization of the cation than is experimentally observed. Consequently. 
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TABLE 7. <‘ALCIJLATIONS FOR MODLI. H 
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NO. Compound 

- 
I3 
14 

IS 
16 ; 

17 
I8 
19 
20 
21 
23 

24 
25 
26 

27 ’ 

2x / 

29 

30 

.--.. -. 
Propylene 
2-Butcne 

(from) 

isohtene 
Trimethyl- 

cthylcne 
lsoprenc 
Tolucne 
o-Xylenc 
nt-XylcrK 
pXy&nc 
I, 2, 3-Tri- 

mcthyl- 
benzene 

a-hlcthylallyl 
f?-Mcthylallyl 
m-hlerhyl- 

bcnryl 
p-Methyl- 

bcnzyl 
Ethyl 

i.roPropyl 

frrr.-Butyl 

I *=v1. M M 
(ev) hydro- cation x 

carbon 
-. .- -_-_. - - -- - 

984% X.HH9 8.870 O.OlY 
9.28” IS.624 15.930 0.306 

9.3s4 15644 15.8YCl 0.246 9.36 0.152 0.460 
8.85” 22.363 22.914 0.551 8.72 0.141 0448 

9.08” I I .392 I I .X3Y 0447 x.94 0.141 0.27Y 
Y.23- 14.741 15.157 0.416 9.00 0.141 0.390 
8.9P’ 21.4X0 22.033 0.553 X.71 0.140 0.333 
9.02” 21.484 22.03 I 0.547 8.73 0.142 0.332 
8.88’O 21.480 21,987 0.507 X.HI 0.140 0.310 
8.75’7 - 2X.217 289oY 0.692 x.42 0. I 3Y 0.314 

7.71” ’ 9.595 IO.627 
803” 9.566 IO.453 
7.65’” 15.462 16.529 

746’8 15.467 

8.78” ’ 6.784 7.410 

I .032 
0.X87 
lti7 

I.112 

0.626 
8.67’0 __ 

790s’ n 13.532 - ’ I.082 14.634 
7.433’ _ _. _ 
7.42” 20.307 21.750 1443 
690” - - 

I 

16.579 

1 lypcrconjugation 
per methyl 

-- - 

tiydro- : 
carbon Cation 

.-- 
Y.Y2 
9.23 

- -. -. 

0.149/l 0.5008 
0.142 0.480 

7.70 0.167 0.414 
8.01 0.138 0.240 
764 0.167 0.414 

7.53 

8.56 

760 

6.83 
-.. 

0.138 

j 0.184 

0.240 

0.176 
-. 

0.169 
_ 

O.HIO 
- 

0.717 
- 

0.650 

this model is of limited usefulness. This situation is not improved by any reasonable 
changes in the values used for the paramctcrs. At least in the simple theory with neglect 
of overlap, the vinyl model is a poor representation of a methyl group. 

Heteroatom model (model II) 
Matsen= and Stevenson” have used a model in which the methyl group is treated 

as a single hetcroatom, X. which contributes a pair of electrons to the n system. In 
applying this model we used PC-K = O-819 and tried various values of 2.~. Best results 
were obtained with hx 3.3. The z of the attached carbon was not altered. The 
results of the calculations with this model4 carried through one cycle of iteration, are 
listed in Table 7 and are plotted in Fig. 7. Table 7 also records the total bonding cner- 
gies in the form of M values for each hydrocarbon or radical and the corresponding 

” F. A. Matsen. 1. Amrr. (‘hem. SK. 12. 5243 ( I VW). 
” D. P. Slc\cnson. personal communrwlron. also see F. 11. i~rcld and J. L. Franklrn. &/coron 

Impurf Phmommu p. 124. Academic Pm%. New York (I 95~7). 
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cation. Each total energy is of the form of equation (IO) in which n is the number of 
n electrons and M/3 is the total a-bonding energy: 

E : nr - M/3 

The agreement, on the whole, is quite good. The aliphatic olefins fit well. The trend 
in the aromatic hydrocarbons is reproduced except for p-xylene. It is interesting that 
all four models used give a higher calculated ionization potential for p-xylene than for 
m-xylene and suggest that the experimental values may be slightly in error. The aro- 
matic hydrocarbons in absolute value, however, are significantly displaced from the 
correlation line (tide infra). The effect of a methyl group attached to ally1 radical or 
to benzyl radical is excellently accounted for in this model. The average deviation 
between experimental and calcuiatcd ionization potentials for these three sets of com- 
pounds is only 0-l 1 eV. The situation with the simple alkyl radicals is difficult to 

FIG. 7. Comparison of model H with experiment. Numbers carrcspond to compounds in 
.Tablc 7. 

evaluate. The calculated result for ethyl radical agrees fairly welI with both Steven- 
son’s and Lossing’s experimental values. The values given by these authors differ by 
0.5 eV for iropropyl radicals and for terr.-butyl radicals (see Table 7). The points for 
the three alkyl radicals are shown by pairs of crosses in Fig. 7. All we can say at this 
time is that the calculated results are apparently reasonably close to the actual values. 
The calculated ionization potentials for these simple radicals are very dependent on the 
parameter values used. The observed trends suggest that ,Gc-.v . @7/3 may be a better 
assumption. For this value of PC, .Y, preliminary results indicate that the associated 
IX has a !J,Y value of about 3.0. 

It should be noted that in the model used the methyl group heteroatom was con- 
sidered IO have no inductive effect on the attached carbon; x for the attached carbon 
was not changed and no “auxiliary inductive parameter”” was used. When attempts 
were made to include such an inductive effect by assigning a small negative h to the 

I* K. D. Brown, (&a~. Rev. 6.63 (1952) 
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-fAHLE 8. !%XCF_WVE IlLRATIONS OF PROPYLL?ck (‘ATlO& 

(MOLXL II) 

No. of 
iterations 41 4% 

.-_ - _ _- 

1.91x 0.536 

I.884 0.561 
I.890 0.551 
I.889 0.557 
I .8X9 0.553 

I ~XXY 0.556 
I .HH9 0.554 
1 .XXY 0.554 

41 
-. -- 

0.547 
0.555 

0,559 
0.554 
0.558 

0.556 

0.557 
0.556 

X 
- .- 

- 

O,OlY 
0044 
0,033 

0.035 
0.035 
0.035 

0,035 

TAM.): 9. !+CC‘ESSIVE ITERATIONS OF ETHYL CATION 

(MODEL H. /I= = 3.5) 

No. of 

iterations 
..-- -. 

0 
I 

2 
3 
4 

5 

6 
7 

-- 
I 

41 41 
._-.. -_ - - 

IWY 0091 

I +S27 I 0.173 

I.850 0.150 

I.844 0.156 

I.846 0.154 

I .845 0.155 
I.845 0.155 

I.845 0.155 

X 
- -_ 

- 

0.572 
0.765 

0.710 
0.725 
0.721 

0.722 
0.722 

attached carbon, it was found impossible to get reasonable agreement with the corre- 

lation curve. 
In several systems we examined the effect of further iteration to determine whether 

this model would converge generally to a selfconsistent energy and pattern of charge 
densities and to see if the self-consistent value differed importantly from the first iterated 
values. Propylene cation (Table 8) and ethyl cation (Table 9) converged rapidly. 
The self-consistent value of x for propylene differs from first iterated value by an 
amount which corresponds to 0.1 eV and agrees better with the experimental value. 
The calculations in the ethyl case were made using a value of h for the methyl group 
hetcroatom, X, of 3.5. The final x value differed from the first iterated value by an 
amount which corresponds to a reduction in the ionization potential of 0.3 eV. A 
similar result would be expected for h 7 3.3. This result further suggests the use of a 
smaller &-,v. Toluenc (Table IO) was found to be unstable to suecessivc iterations. The 
charge densities as in the benzyl ease oscillated and gave progressive divergence. The 
charge densities of the first and second iterations were avcragcd and were used to 
initiate a new series of iterations. The use of these charges (SCF charges) gave a first 
iteration x corresponding to a calculated ionization potential of 9.17 eV, in good 
agreement with experiment. However. the system was still unstable and showed the 
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same type of progrcssivc divergence noted above, probably for the same reasons as 
the instability of benzyl. 

Hyperconjugation energies tabulated in Table 7 were derived for each of the hydro- 
carbons or radicals and the corresponding cations by subtracting from the total energy 
the energy of the parent unsubstituted compound and the energies of the attached 

No. of 
ttcrations 41 
_ _ __ .._ _ .- _. _ 

.Slar/inK wirh Hiickrl chnrgcs 
0 I.935 
I 1 .Y69 
2 I.934 
3 I .970 
4 I Y36 
s I .Y70 

Yt 
_ 

0 654 
I .073 

0.564 
I.120 
0 548 
I.123 

IO I.936 0,556 
II I.%9 I’105 i 

_ - - - - - -. .- 
.SIorlinK with SCF chorps 

0 I.952 0.819 
I I .YZX 0.667 
2 I mfl I a67 
3 I.934 0.567 
4 I .970 I.IIX 
5 I.936 0.549 

Yr 
-. ._. 

O.YZO 
0.726 
0.964 

0.706 

0.942 1 
0.723 

o.u45 0.x51 
0.920 O.Y29 
0.727 0.702 
0.%3 : la01 
0.704 
0.%5 j 

0.654 
I.030 

4x 
- - _ . 

0.933 0.705 - 
0.700 I.107 0416 
la02 0.569 0.552 
0.653 I.197 0.555 
I .o.w 0.526 0.636 

0.634 1.228 0.597 

I a62 
0.612 
-. --_ 

4a X 
._. - - - .- - 

. - 
0.500 0.675 
I .256 0,620 

-- --- 

WH3X 
0.7OH : 0.334 
I.105 0.420 

0.570 0.547 
1.1% 0.553 
0.526 0.635 

methyl groups. The hyperconjugation energies per methyl group for the hydro- 
carbons and radicals are relatively constant at O~l4-0~18~ (7-9 kcal/mole). These 
relatively large energy values will become substantially reduced when the effects of 
bond contraction and electron correlation are considered. The hyperconjugation ener- 
gies for the cations are much larger and more variable. The results agree with the 
common organic chemical view that a methyl group stabilizes a carbonium ion much 
more than a neutral hydrocarbon or radical. The observed variations also agree with 
qualitative organic thought; the methyl group in ethyl cation does much better at 
stabilizing a positive charge than does the methyl group in crotyl cation which in 
turn is better than the methyl group in p-methylbenzyl cation. 

Because of the simplicity of the simple molecular orbital theory and its many 
theoretical deficiencies the success or failure of a model in the simple theory cannot 
strictly be used as evidence for or against specific effects embodied in the model. The 
success of model If, however, dots srqgesr that appropriately oriented sigma electrons 
in an alkyl group arc available for n conjugation; i.e., that substantial stabilization of 
carbonium ions by hyperconjugation does occur. There is no reason in principle why 
other alkyl groups could not also be trcatcd by the same model. albeit. perhaps with 
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slightly altered values of /3c .Y and ZX. There are not enough ionization potential data. 
however, for meaningful comparisons using the present technique. 

Other systems 
The techniques described in this paper were applied to the calculation of the 

ionization potentials of several compounds which have not been experimentally 
determined. These values are listed in Table Il. It is interesting that the /I-phcnylallyl 
radical calculates to have an ionization potential similar to that of the ally1 radical 
itself; cinnamyl radical, in which the phenyl group is now directly conjugated, calcu- 
lates to have a lower ionization potential. This clfect of conjugation versus non- 
conjugation is also seen to a lcsscr extent in I- and 2-phenylbutadiene. 

‘rAR1.F 11. kNZATl0~ POTENTIALS OF SOW! UYMtASUHtI~ COMPOUNDS 

Compound X 
--. - -. - .-- _ -- - ._ 

I-Methylbutadiene 0.510 
C‘innamyl radical I 094 

f-Phenylallyl radical 0.7YX 
SWnxc 0.687 

I-Phcnylburadienc 0648 
2-Phenylbutadicnc 0.545 

Azulenc 0.74x 

Pyrcrtc 0.826 

I (eV) 
.- 

8.X0 
7.57 
X.20 
8.43 
8.52 
H.73 
X~.W 
X.13 

Calcularionr 
Most of the calculations were performed with an IBM 701 digital computer. The 

secular matrix was input as the half-matrix. The off-diagonal elements, which arc non- 
zero only when a bond exists between the corresponding atoms, were used to set up a 
list of the bonds which was later printed as a “bond-key” and served as a check that 
the input matrix actually corresponded to the desired compound. The matrix diagon- 
alization program which utilized the Jacobi method was written by Mr. John Ncwhaus. 
The cigenvectors and eigcnvalues were used to compute the required charge densities, 
bond orders and atom-atom polarizabilities by the usual cquations.l” Different 
programs were written for the calculations using equation (6). the repeated succcs- 
sivc iterations of various compounds and calculations with various values of W. The 
last program gave single iteration results with the w values of O-5, 0.75, 1-O and 1.5. 
Ilnfortunately, because of an error in the program, the calculations for each value of 
w after the first were made not on the Hiickel charge densities but on the charge dcnsi- 
ties resulting from the previous W. Hence the interpolated values for w = 1.4 for a 
number of cases in model I and model I-C correspond in effect to more than one cycle 
of iteration. The results for these compounds differ from the true first iterated values 
by an amount which corresponds to only a few hundredths of an electron volt in the 
ionization potential. In the programs used with the hcteroatom model the appropriate 
changes were incorporated to account for the contribution of two electrons by each 
“heteroatom”. 
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