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ABS-IRACT 

The heats of atomization of aromatic hydrocarbons are correlated with an 
incremental 5-term scheme that includes C-H and C-C bond ener_gy terms, resonance 
energies, and two steric parameters. Regression analysis of the experimental data with 
respect to the proposed parameters gives reasonable values for each term. A simple 
method for calculating resonance energies is illustrated that agrees with the results of 
SCF-LCAO-MO calculations_ 

Thermochemical data for organic compounds have been summarized by Cox 
and Pilcher’_ One finds that empirical parameters to calculate the heats of formation 
(A&(g)) and heats of atomization (AH,“(g)) of aliphatic hydrocarbons are well- 
established. Both bond-ener&q and group-increment methods have been refined to the 
point where agreement to within the estimated limits of experimental uncertainties is 
easily obtained. For example, a four-parameter poup additivity scheme originally 
proposed by Benson et ak2, combined with three steric correction terms gives AH,” (g) 
for 46 saturated hydrocarbons to 20.20 kcaI mole- ’ (ref. 3). Quantum theory has 
had relatively little to do with the development of these enthalpy schemes. A recent 
graph theoretical analysis makes this point clear, and also graphically demonstrates 
the essential equivalencies of the several incremental schemes that have been 
proposed”. 

In contrast, empirical methods for estimating AH,” (g) or AH,” (@ of aromatic 
hydrocarbons are much less accurate, and theoretical calculations including quantum 
mechanical calculations have contributed relatively more to the understanding of 
stabilizing and destabilizing ener_gy terms in these molecules. Destabilizing terms have 
been best explained on the basis of -aall out-of-plane and bond angle deformations 
arising from steric repulsions between non-bonded atoms’*6. Calculations based on 
modified Buckingham potential functions have given reasonable values for the magni- 
tudes of these strain energies, which are of the order of l-3 kcal pr interaction5. 

The main stabilizing force, not found in aliphatic systems, is of course the 
resonance ener,ey of the delocalized n-electronic system. This is a purely quantum- 
mechanical concept, and its estimation by nonquanmm-mechanical methods would 
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seelntoben ecessariIy inaccurate. Resonance energies are also quite a bit larger than 
Ihe steric terms referred to above’, and should be relatively more important in a 
theoretical scheme to estimate the AH,” (g)_ As a consequence, the most accurate 
caIcuIations of AH: (g) of benzenoid hydrocarbons have been based on semi-empiricaI 
LCAO-SCF-MO methods as developed by Dewar and his co-workerss*9, and Lo and 
Whitehead * ‘_ 

I have reccntIy shown that one can obtain resonance energies for aromatic 
hydrocarbons that are of SCF quality by a valence-bond method that only requires 
lenumeration of Kekuli structures and their mutuaI interactions’ ‘. The method is 
~euivalent to Yesonance theory” as applied in the study of elementary organic 
chemistry’, and the caiculations can be rapidly carried out by hand_ Since these 
resonance energies are so easily obtained, they are used in this paper in conjunction 
with bond-ener_w and steric terms to devise methods to estimate AH: (g) for aromatic 
compounds. 

The resuits of applying this method are of interest because the latest suggested 

bond ener_9y scheme for these compounds postulates that the need to ahow for reso- 
nance stabilization can bc circumvented by proper choice of additive bond energy 
parameters’. In the Results and Discussion section, an attempt will be made to assess 
the intrinsic accuracy of such an approach, and severa ways of eaIcuIating AH: (g) 
will be compared_ The magnitudes of steric interactions will also be delineated, and 
lastly the calculations wiII provide an experimenta thermochemical value for the 
vaience-bond resonance integral to compare with the previously determined theoretical 
value’ ‘_ This last point is of interest because SCF-I’vlO values of resonance integrals’ 

are much smaller than *he traditional values used in standard texts of organic chem- 
istry 

EXF’ERIMEKI-AL DATA 

The most convenient thermodynamic quantity that can be related to the chemi- 
cal binding ener_q of a moIecuie is the heat of atomization AH,0 (g), which can be 
calculated from experimentally known AH: (g) through eqn (I). 

AH: (td CHJ = nAK (g) (C) i 1nAH; (g) (H) - AH; (g) (C,H,) (9 

The standard heats of formation for gaseous atoms used in this work were the values 

cited by Cox and P&her’ ; AH: (g)(298_15”) (C) = 170.90 kcal, AH: (g) (298.15”) (H) = 
52.10 kcaI. Unfortunately, there are not a Iarge number of accurately determined 
AH,” (g) for aromatic hydrocarbons. Table 1 is a Iist of al1 benzenoid compounds for 
which experimental vaiues of AH,0 (g) are known’. The experimental uncertainties 
associated with the cited values for benzene and naphtbalene are of the order of 
0.3 kcal or less. However, the remaining compounds have larger uncertainties in 
AH: (g) of the order of 1 kcal or more due mostly to impreciseIy known heats of 
vaporization AH:. 
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TABLE 1 

AH; AND AH,” (FcaI) FOR AROMA-l-K HYDROCARBONS (297.15’) 

CO~~OWZd AH; (I or c) Lw,c AH: C.d AH,” 0 Ref-’ 

1 Benzene 11.72 8.09 19.81 
2 Naphthalene 18.58 17.22 35.80 
3 Antbracene 30.88 23.50 54.38 

4 Phenanthrene 27.77 21.72 49.49 
5 Tetracene 37.95 29.8 67.75 
6 Bcnzlalanthracene 40.83 25.14b 65.97 

1318.19 
2090.00 I, 12 
2859.22 1, 13 

2864.1 I I, 12 
3633.65 
3635.43 

7 Benzo[c]phenanthrene 44.19 25.4 z9s9 3631.81 
s Chrysene 34.72 28.1 62.82 3638.58 
9 Triphenylene 33.72 28.2 61.92 3639.48 

10 Pyrene 27.44 22.5 49.94 
11 Perylene 43.69 30.0 73.69 
12 Biphenyl 24.03 19.54 43.57 

13 1,3,STriphenylbenzene 53.69 34.3 87.99 
14 9,10-Diphenylanthracene 73.78 37.5 111.28 
15 9,9’-Bianthryl 77.97 30.6 108.57 

320546 
3969.51 
2528.23 1, 12 

4951.39 
5269.92 
5614.43 

16 5.6,11,12-Tetraphenyl- 
tetracene 148.2 38.4 186.6 8450.0 

l The lirst reference number in each row refers to the AH:, and the second to AH,“. If no reference 
numbers are listed the v&es were obtained from the compiIation of Cox and P&he: (ref. 1). b This 
work (see text). 

A few values in Table 1 are different from those recommended by Cox and 

P&her. The differences are due to my choices of different experimentai values of AH,0 
to combine with the more precisely known AH,” (C). Calorimetric values of the 

enthalpies of vaporization reported in I972 by Morawetz12 are used for naphtharene, 

phenanthrene, and biphenyl. The AH,0 for anthracene is the most recent determi- 

nation13, and is closer to a calculated value of 23.24 kcallg than that used by Cox 

and Pilcher. 

The AH, of bem$a]anthracene was determined calorimetrically at 25°C since 

no value was listed by Cox and Pilcher. Benz[a]anthracene and naphthalene were 
purified by preparative gas chromatography. A single vaporization caIorimeter was 

used which was equiiibrated after charging with approximateiy 0.2 g of sample. After 
evacuation of the calorimeter, the enthalpy of vaporization was balanced by the heat 

supplied by a constantan wire heater. g-10 mg of sample were vaporized in each experi- 

ment. The heater was eIectricalIy connected to a constant current source, a Sargeant IV 

coutometer, periodically calibrated using a Leeds and Northrop potentiometer. The 

temperature of the calorimeter was monitored with a 10,000 Q thermistor (discrimi- 
nation 5 x 10m5 K) connected to a Wheatstone bridge, amplifier and recorder fw_ G. 
Pye and Co_ Ltd. variable resistances, Kietbiey Model 150 Microvoltammeter, and 

Sargeant recorder, Model SR). The AHyO of naphthaIene was found to be 17.47 kcal 
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mole- *, literature value 17-37 kcal mole- ’ (ref_ 12). The AH”, of benz$a]anthracene 

was determined to be 25.14t0.21 kcal mole- i (four experiments). 

CALCUI_4TiOss 

The contributions of different energy terms to the total AH,” (g) are considered 

to be additive. The compounds used to establish parameters were the first 12 listed 

in Table 1. Multiple linear least squares regression analyses with equal weightings of 

the data for each compound were employed. A weight factor of 3 applied to the 

benzene and naphthalens values did not change the overall results signilicantIy. 
The resonance energies for the I2 standard compounds are a!1 taken from a 

previous publication’ ’ _ Either SCF-MO value? or resonance theory values’ r could 

be used since their mutual correlation coefficient is 0.998. However, SCF-MO values 

are not known for compounds 13-l 6, Table 1, so their resonance stabilization energies 

were calculated using resonance theory. See Appendix 1 for a sample calculation_ AI1 

of the resonance energies are given in TabIe 2 in units of 7, the permutation integral 
for three pairs of electrons_ The value of 7 is 19-32 kcal from SCF-MO theory’* * I_ 

TABLE 2 

RESONANCE ENERGIES AKD Sl-ERIC TERMS 

I Bcnzcnc 
2 Naphth3Iene 
3 Anthraccne 
A Phenmthrenc 
5 TetraXrie 
6 Bcnzfa]anthraccile 
7 Bcnzo[c]phenanthrene 
8 Cncyscnc 
9 TriphenyIexle 

10 ~-rcne 
11 PCl.yICK!C 
I2 Biphenyl 
I3 I .3*5_TriphenyibcnzPne 
14 9. I O-niphcnylanthrmznc 
15 9,9’-Bki!th~Z 
16 5.6.X 1.1 Z-Tetraphcnyitetracene 

- 

l.ooo 

I sso 
I NO 
2.296 1 
2044 
2.709 1 
2963 I 

2.963 2 
3.136 3 
2493 
3.160 2 
3ooo 
4.ooo 3 
3.570 4 
3.740 2 
6-W 8 

a The definitions of S,, S=, and SJ are given in the text. 

Table 2 also lists steric parameters_ Parameter S, refers to the 4,5-H,H interac- 

iion characteristic of phenanthrene, and S, refers to the 4,5-H,H interaction charac- 

teristic of benzo[c]phenanthrene. Additional steric parameters, S,, present in com- 

poilnds I3 through I6 are simply counted in terms of hydrogen-hydrogen interactions 
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that differ from S, and S,. The only required comment is to the S, terms identified 
for I ,3,5-triphenyIbenzcne. These are considered to be different from the interactions 
of hydrogen atoms in biphenyl because trios of hydrogen atoms interact rather than 
the pair interactions found in biphenyl. In any event, the enumeration of the S, 
steric terms for this compound is not crucial in any of the later discussions in this 

paper- 

RESULTS AND DISCUSIOK 

A comparison will be made in this section between a bond-ener_gy scheme that 
includes terms for C-H and C-C bonds, two steric interaction parameters, and reso- 
nance cner_eies, and a Laidler-type * ’ method outlined by Cox and P&her that employs 
three different C-C bond eneqgy terms for different types of C-C bonds. A potential 
criticism of the first method is related to the assumption of a single C-C bond ener_gy 
Parameter_ Bernstein has pointed out that aromatic bond lengths are quite variable * 6, 

in contrast to the constant length generally observed in aliphatic hydrocarbons. 
Recent X-ray work is in ageement as, for example, the C-C bonds in phenanthrene 
vary in length from 1.35 to 1.46 A’ 7. In fact, Bernstein proposed an entha!py scheme 
in which the C-C bond energy term for aromatic co_mp~~nds was adjusted by a 
relationship invoIvin,o n-bond orders I ‘, which gives results comparabie to the LaidIer- 
type bond energy method_ I have not tried to invest&e the Bernstein approach 
further because it is easy to show that incor-oration of resonance energies into a bond 
energy scheme is tantamount to assumption of a variable C-C bond parameter which 
is a function of i-r-bond order (see Appendix II). IncIusion of resonance energies shcufd 
therefore obviate the necessity for many different C-C bond terms. 

Data in Tables 1 and 2, compounds l-12, were fitted to the function given in 
eqn I2), where n,, and nCH are numbers of C-C bonds and C-H bonds. 

AH; = b,“cc+bZn~+bJR.E.+bSS,fb,S, (2) 

respectively, R.E. is the resonance energy, and S, and S, are the numbers of steric 
parameters defined and Iisted in Table 2. The experimental AH: (g) were also fitted 
to certain combinations of the terms given in eqn (2) in order to ascertain the reiative 
importance of the steric interaction and resonance parameters. The results are 
listed in Table 3 as the deviations (caiculated-experimental) in the AH: (g), along 



230 

with MO results ca.IcuIated by Dewar and de LIano’. and with results calculated by 

the Iaidler-type bond energy scheme suggested by Cox and PiIcher. 

TABLE 3 

COMPARISON OF CALCULATED AND EXPERIMEhTAL AH,o (g) 

Nurdef of parametcrs~ 

I Benzene 
2 Xaphtbalcne 
3 Anthracene 

4 Phemthrene 
5 Tetracene 
6 Ek,onzIa]anthracenc 

7 Eknzo[c]phenanthrenc 
8 Cnrysene 
9 Triphenyiene 

10 Pyrex 
11 Pzrylene 
12 Biphcnyl 

Avez~ge deviation f 2.52 f 2.39 f201 i-3 20 __. f3.21 f1.83 

- 1.36 
f0.15 
+ 424 

0.00 
-0.74 
+1.06 

-1.27 
-co_13 
t 2-55 

-1.33 
i-o.24 
-4.41 

-0.15 
- 0.44 
-234 

-1.57 
+ l-01 
i-2.61 

-0-65 - 0.42 - 0.01 - 0.78 -5 0.45 + 0.52 
t3.13 - 2.35 - 0.89 i-3.36 - 10.65 - 2.43 
fl35 -0-68 i- 0.97 i-l.28 -1.64 +I.53 

i 4.97 i631 + 5.99 0.00 +6.30 0.00 
- 1.60 -O&5 - 0.79 -2.17 -4.79 - 1.17 
- 2.70 i2.01 - 0.74 - 3.36 + 2.69 -2.16 

- 7.63 - 6.74 - 7.39 -7.40 -88.i9 - 3.48 
t1.61 i7.01 -L 2.26 r 1.34 iO_IS + 3.03 
CO.64 f0.21 +I.13 i- 0.74 i341 +250 

4’ 3d 4’ SCF-?vI@ s 

s Parameters listui in text ’ CH and CC terms c CH* three CC terms, ret 1. * CH, CC, R-E_ c CH, 
CC, SI, S: - ’ Ref. 9. = CH, CC, S1, Sl, R-E.. 

The vaIues of the parameters for each type of caIcuIation are in turn: 2 para- 

meters, CN = 108.015, CC = 111.457; 3 parameters, CN = 107.609, CC = 110.966, 
7 = 5.472; 4 parameters C-Z = 107.999, CC = 111.477, S, =-0.2978,& =-X2018; 
5 parameters, CH = 106559,CC = 110.826, y = 12.317, S, =-2-448, S, =-10.728; 
SCF-MO calc*uIation (see Dewar and de LIano9). Laidler scheme, CH= 100.53, 

CC (4 see figure below) = 119.17, CC (B) = 114.30, CC (C) = 112.80. 

The parameters for the different kinds of C-C bonds in the Laidler-type method 

are not least-squares values, but are simply those recommended by Cox and Filcher. 

A Ieast squares fit of numbers of CH and type A, B, and C bonds to the experimental 

AH,O (g) gives nonsensical large positive and negative values to the 4 parameters 

(CH, t5401.9; CC (A). -5182.3; CC (B), -2536.2; CC (C), 112.6). These parameters 

fit the data sIi8htIy better than the Cox and Pilcher parameters, but their unreahstic 

values are perhaps indicative of au inherent flaw in this particular approach_ Increasing 
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the weights assigned to the benzene and the naphthalene data up to a factor of 3 still 
does not yieId realistic results. Also, one should note that the 2 parameter C-H, C-C 
bond energy scheme fits the data ahnost as well as the 4 parameter method, further 
indicating the absence of some critical factor in the theory. 

The inclusion of steric factors in the bond ener_q schemes does improve the 
average deviation of experimental and calculated hears of atomization, but this is 

solely due to tne fact that benzo[c]phena.nthrene is corrected by an S, parameter to 
its exact value. One can see from the Laidler method results in Table 3 that any steric 
correction for the perylene value (2S,) would cause corresponding increases in nega- 

tive deviations for the 4 other moIecuIes with S,-type steric interactions. Furthermore, 
in the LzidIer-type method the data still cannot be fitted by regression analysis to give 
reasonable values Jf the parameters, and no obvious steric correction can be invoked 
to explain the 6.74 kcaI of stabilization energy calculated for pyrene. 

This brings us to the question of the incorporation of resonance energy into 
a MC (g) scheme for aromatic systems. If either of the methods that only use bond 

parameters is to yield a good correlation of AH: (g) data, resonance energies must be 
capable of incorporation into the bond-energy terms. However, it is now weII- 
estabiished that the resonance energy per C-C bond in aromatic molecules is a variabie 
quantityg* ’ I, ranging from 0.16787 (3.2 kcal) in benzene to OXMy (l-9 kcal) in 
tetracene. Even for pairs of compounds with exactly the same number of types A, 
B, and C C-C bonds, resonance energies differ by several kcal mole- r. Examples are 
the pair of moIecuIes zethrene and naphtho[2,3_e]pyrene in which the resonance 

energies differ by 14.6 kcaI mole-‘, and the pair perylene and benzo[d]pyrene where 
the resonance energies differ by 4.4 kcai moIe_ i_ These examples show the inherent 
difficulties in devising additive methods for enthalpies of aromatic compounds that do 
not include resonance energies explicitly. Calculated values for Iarge molecules net 
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included in the set of experimental data used to estabhsh parameters wouId be expected 

to deviate significantly. 

The best fit of the AH,3 (g) data is obtained with a 5-term equation incorporating 

C-C acd C-H bond energies, 2 steric terms, and resonance energies. The average 

deviation is + I .8 kcal, about twice the claimed limits of error in AH: (g). The largest 

negative deviation is for pyrene (- 3-48 kca1) and the Iargest positive deviation is for 

perq’lene (+ 3.03 kcaI)_ Both of these deGati0n.s are less than twice the average devia- 
tion, giving no basis for rejection of either the experimental data or the theoreticaI 

caIculation. 

The very reasonable values of the stetic and resonance parameters that are thz 

resuIts of the regression anaIysis constitute some support for the essentiai correctness 

of this theoretical approach. As mentioned in the Introduction, several different 

estimates of potential functions give v&es of - 1 to -3 kcai mole- 1 for S1 inter- 

actions’, and the present caIcuIated value, -2-45 kcaI, is within this range. The 

present vahxe is also in reasonably good agreement with an estimate of - 1.5 kcal 

derived from hydrogen-deuterium exchange rates and the basicities of aromatic 
lhydrocarbon conjugate bases _ X9 The resonance inte_el parameter, 12.3 kc& is only 

64% of the value calculated from SCF-MO theory by Dewar and de LIanog. Con- 

sidering the known limitations of semi-empirical MO theory this wouid seem to be 

sensibIe ageeement. Lastiy. the value of the S, parameter also seems to be quite 

reasonabIe, considering the very cIose approach of hydrogen atoms required by the 

geometry of the benzo[c]phenanthrene molecule. No other theoretical values for 

comparison have been pubIished. 

Table 4 gives the resuIts of applying the 5-parameter method to the 4 molecules 
that were not used to estabiish the parameters. All of these compounds must be non- 

planar, and the steric interactions which arise because of the non-planar geometry 

TABLE 4 

COMFARISOK OF CALCULATED AND EXPERIMENTAL AH:(g) FOR 
NON-PLAKAR AROMATIC HYDROCARBONS 

Compound AH: (g) (cufc)- S3 AH0 Cg) (cur+ 
AH.” k) (e-v) AH: Cg) (ew) 

1.3.5Triphcnylbcnzcne t 5.20 3 -420 
9.1 O-Diphenyfanthracenc f 20.57 4 i-3.10 
Bianthryl i 6.94 2 - I.80 
5.6, I I, It-Teraphenyltetracene f3S_54 8 +3.60 

hme not been discussed previously. It is futile to attempt a detailed dissection of the 
extra steric interactions in these compounds when so little is known about their actual 
structure_ However, it is interesting that a single correction, S, = -4.37 kc& based 

on simple counting of extra S, interactions, does bring the calculated AH: (g) to 

within the average experimental estimates of error for these compounds (&- 3 kcal). 
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The small value of the S, term is to be expected if the compounds actually are non- 
pIaIH_ 

CONcLUSIONS 

AH: (g) for aromatic hydrocarbons can be calculated to within experimental 
accuracy by additive methods. The scheme advocated here is one that includes a 
theoretical calculation of the resonance energy and steric correction terms. The 
approach is intuitively correct and computationally simple. An advantage over 
methods that only incorporate various kinds of bond-energ terms is that use of the 
advocated methods allows an examination of resonance energy effects and particular 
steric effects. Finally, in can-yin, = out this work it was disappointing to note the 
absence of critical experimental thermochemical data in this area. ‘This situation ought 
to be rectified, so that the large number of theoreticians working on aromatic systems 
would have experimental results as standards of evaluations for their calculations. 
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APPEXDICES 

I_ Calculations of resonance energies using resonance theory 
The mathematical formu!ism out!ined here for calculating n-resonance energies 

depends upon the assumption that only equally weighted Kekule structures contribute 
to the resonance hybrid. The justification for the assumption is purely empirical, and 
is based on the fact that resonance energes caIcuIated in this way correlate with 
resonance energies caiculated by semi-empirical SCF-MO methods to a significant 
degree (corr. coeff_ O-998 for total resonance energies; O-992 for resonance eneraes 
per electron) ’ I_ The MO caiculations referred to were parameterized by reference to 
experimental heats of formationg, so I believe they represent the best estimates of 
resonance energies available. 

Permutations of pairs of ;r-electrons that convert one KekuIi structure mto 
another are the resonance interactions considered to give rise to resonance stabilization 
energies_ The exchange integral that permutes three pairs of electrons in a single ring is 
called yl, and the exchange integrai permuting five pairs in two annelated rings is 
called y2 _ The resonance integrals are quantified by referring to electronic transitions 
of benzene and azulene, which gives the ratio” of yz to y1 as 0.37. Actual theoretical 
evaluation of the integrals by a valence-bond method gives 7&11 = 0.36z**zt_ Inte- 
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grals for simultaneous permutations of 7 or more pairs of electrons are much smaller 
than yt and are neglected in this work. 

The method is best exemplified by an example, for which we will use the mole- 
cule ber@aJanthracene. 

The number of KekuE structures for ber@a]anthracene is determined either by 
drawing ah structures, or by using the _eraph theoretical concept of the “corrected 
structure count” (CSC) descriid in a recent pape?. The latter method requires one 
to deIete a vertex from the _eraph of the molecule, to star the atoms in an alternate 
manner, and to write the non-arbitrary coefficients (smallest coefficient unity) at 
starred positions that sum to zero around every vertex as shown beiow. The sum of the 
absolute value of the coefficients adjacent to the deleted vertex is the CSC and is equal 

to the number of KekuIi structures that can be drawn 
structures for beru[a]anthracene can be quickly drawn, 
CSC method is much faster. 

A C 

for the moiecule. The seven 
but for larger molecules the 

Graphs of the _I~ interactions and of the y2 interactions are drawn below for the 

beru$a]anthracene system. There are 8 ?I interactions and 4 y2 interactions. However, 
it is not necessary to count the interactions as shown below, because it is easy to show 
that the number of y1 interactions for each ring of the molecule is equal to the structure 
count of the residual molecule with that ring deleted- Similarly, :12 integraIs are 

7, interaction diagram r1 interaction diagram 
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enumerated by deleting adjacent rings two at a time and summing the CSC’s for the 

residual systems as shown. The whole procedure is economically carried out on two 

single drawings of the molecular graph as shown in the last two figures. 

resi&aI CSC = 3 residual CSC=l resid-al CSC = 2 residuai C_SC= 2 

t-w&dual CSC =l residual CSC=1 residual CSC = 2 

sum 7,=8 sum 7*=4 

Each structure is assigned equal weight in the resonance hybrid. Then insertion 

of the Iinear combination wave function into the integrated form of the Schr6dinger 

wave equation gives a simple additive foirmula for the n-resonance energy, R-E_ = 

(WSC) (nr YI + nz YZ), w h ere the terms are defined in context. The calculated reso- 

nance energy for benz[a]anthracene is therefore (217) (8 yX +4(0_37) IJ~) = 2.71 y; or 
52.37 kcal. The resonance energy from SCF-MO theory is 52.83 kc-al. 

II. Equkalence of mriable C-C bond energy iernz method to the resonance energy 
method 

0s; may assume that a smooth relationship between bond orders and bond 

energies has been demonstrated. Empirical confirmations for this reIatiocship are 
the many excellent correlations of bond length and bond order**Ze26. In the argu- 

ment below which to a large extent follows BarteH*‘, the energies of bonds are given 

by power expansions of Pauling bond orders, eqn (3). The resonance energy is found 

Eij = aO+a,pii+a2&+... (3) 

by comparing the total energy Er, summed over ali 

calculated for a reference structure, ER, that has pure 

bonds, eqns (4), (5), and (6). 

C-C bonds, with the energy 

alternating single and double 

(4) 
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ER = ao~cd-a, nd_,_U)+a2(n,_,_) (I)‘+ --- 

R-E_ = &- ER = at 1 [(pii)2-no_b_] _ (6) 

ij 

Eqn (6) follows if terms higher than quadratic are small because the sum 

over all bonds of PauIin,o bond orders is equal to the number of double bonds, 

IPij = nd_b_ The total C-C bond energy, eqn (4), can be rewritten using eqn (6) 
ij 

zs @en in eqn (7) Now the AH: (2) is &en by eqn (8), 

& = aOh+% nd_b_+R-E-+%nd_b_ (7) 

f-c kl = h&+G (8) 

which can be simplified with the aid of the mathematical relationship shown in eqn (9) 

nd_b_ = (ncn f 2 ncc) + 6 (9) 

_-_ AK (s) = nmECHfaOncci-ar(nCH+2n ,--) G 6+R.E.+a,(n,+2ncc) + 6 

or 

AH:(g) = n,(E~+a,/6fa2!b3+Ilcc(ao;a,13+a,/3);R.E. (10) 

Eqn (10) is of exactIy the form taken to represent the bond energies that 

was assumed in the text of this paper. Therefore, the sum of a single C-C bond energy 

parameter and the resonance ener,oy, is equivalent to a method in which every C-C 
bond is assigned a different energy that depends upon its bond order. 
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