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Abstract: A procedure for the calculation of the heat of formation (WHf) of alkyl-substituted 

aromatic hydrocarbons from molecular mechanics steric energies is discussed. The 

simple protocol requires the choice of a model that accurately reflects the structural 

characteristics present in the molecular system, especially with regard to steric 

interactions. 
1NTRoDuCT1oN 

The calculation of molecular thermodynamic properties by molecular mechanics (hIi) methods’ 

is of considerable topical interest.2 Particular attention has focused recently on the calcula- 

tion of the heats of formation for aliphatic and aromatic hydrocarbons. While highly success- 

ful, the methods developed to date2 are largely dependent upon group incremental schemes and/or 

ancillary quantum mechanical calculations. A simple method (i.e., one that does not depend on 

these supplemental schemes) that is at the same time reliable, has not been reported. A recent 

pairwise difference method2d relating heats of formation and steric energy provides a possible 

solution to this problem, however, it is dependent upon both polar and resonance corrections. 

Thus ( in the present work, we investigate a relationship between molecular mechanics (~2)~~ 

Calculated steric energies (SE) and the experimental heats of formation (WHf) for polyalkyl- 

benzenes in an attempt to establish a more direct method for obtaining reasonable estimates of 

this thermodynamic information. 

For this analysis, we consider two sets of molecules, (M) and IN], that are composed of the 

same numbers and types of groups (i.e., homodesmic sets3b). We may readily define differential 

steric energies (&SE) and differential heats of formation (6AHf) for these two sets by equa- 

tions 1 and 2, respectively. The simplest approximate relationship between the quantities 

6SE = SE(H) - SE(N) (11 

6AHf = AHf(M1 - AHfIN (2) 

&SE and AAHf is that they are equal (i.e., 6SE = 6AHf).l( If valid, such an equivalence would 

allow for the calculation of heats of formation directly from IQ42 SEs and available AHf data 

(Eq. 3). The present work is concerned with testing the limits of this 

AHf(H) = SE(H) - SE{N] + AHf(NI (3) 

proposed equivalence for polyalkylbenzenes. 

CMPUTATIOUAL DRAIIS 
All calculations were performed using the molecular mechanics method’ and the program 

~~2.3 Calculations were performed on benzene (I), toluene (2), p-xylene (s), m-xylene (21, 

P-xylene (51, 1,2,3_trimethylbenzene (61, 1,2,&trimethylbenzene (I), 1,3,5-trimethylbenzene 
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@I, 1,2,3,4-tetramethylbensene (j), 1,2,3,5-tetramethylbnzene (2). 1,2,4,5-tetrsmethylbenzene 

U_l), 1,2,3,4,5+entamethylbenzene (l2), hexamethylbenzene (111, ethylbenzene (21, 9-diethyl- 

benzene (Is), g-diethylbenzene (s), E-diethylbenaene (g), hexaethylbensene (21, ethylene 

(31, propene (a), t-2-butene (a), E-2-butene (g), I-butene (31, Z-3-hexene (21, and E-3- 

hexene (3). Previously reported Stretching parameters for benzene5 were used for all benzene 

rings. All reasonable conformations were investigated in Searching for the global minimum, and 

all geometries were completely optimized. Calculated steric energies for ground-state conforma- 

tions are reported in Table 1. Schematic representations reporting substituent torsion angles 

for geometry optimized structures of 2 - j) are shown in Figure 1 and selected bond lengths and 

angles are reported In Figure 2. 

Table 1 L Calculated Ground-State Steric EnerRies (SE) For 1 - 25a 

Compound E 

1 -2.69 

2 -2.89 

z -2.51 

!! -3.09 

5 -3.11 

6 -1.39 

a In kcal/mol. 

1 -2.73 11 5.78 19 0.42 

s -3.26 L!! -1.92 20 0.24 

9 -0.18 Is -0.11 z1 1.56 

lo -1.59 16 -1.21 zz. 0.13 

11 -2.34 12 -1.20 L2 I .4a 

12 1.13 Is 14.09 24 3.60 

5 2.50 

RESDLTS AND DISCDSSIDN 

The MM2 calculated steric energies for the ground-state conformations of 1 - 25 (Table 1) 

correspond to the SEs of isolated molecules. In testing the validity of 6SE = bAHf, it is 

therefore most relevant to use experimentally determined, gaseous heat of formation (AHf(g)) 

data in our analysis.’ Ue have focused on the xylenes and trimethylbenzenes in our initial 

test calculations. 

In general, for polyalkylbenzenes, the differential steric energy (6%) is defined as: 

6SE : SE(QjHxR6_,) - (6-x)SE(QH5R) + (5-x).SE(C6Hg) (4) 

(where R = alkyl substituent). Similarly, the differential heat of formation (6AHf) is defined 

as: 6AHf = AHf(CBHxRg_x) - (6-x)ARf(CBH5R) + (5-x)AHf(C&) (5) 

We use the monosubstltued benzenes as our model for these calculations in order to incorporate 

any polar or resonance effects inherent to the molecular system. By looking at this hOmOlOgOuS 

series we eliminate all corrections except those that are due to steric interactions. For the 

specific case of the xylenes (3 - s), these equations become: 

6SE = SE(C6H4(CH3)2) - ZSE(CijH5CH3) + SE(C6H6) (6) 

and 6AHf = AHf(C6H4(CH3)2) - 2AHf(C6HgCH3) + AHf(C6H6) (7) 

For g-xylene (3), the calculated value for 6SE is 0.6 kcal/mol. Similarly, for m-xylene (51 

and 2-xylene (5), we obtain 6SE(q) = 0.0 kcal/mol and 6SE(!j) = 0.0 kcal/mol, respectively. 

Experimental AHf(g) values for 3 - 5 6 allow for the calculation of the corresponding 6AHf 

values: 6AHf(3) q 0.3 kcal/mol, 6AHf(s) I -0.2 kcal/mol,and 6AHf(5) = 0.0 kcal/mol. From the 
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;guare root of the sum of the squares of the AHf error values’ for 2 -_t 5 one can obtain an 

average error for the 6AHf of the xylenes (c(6AHf)) of 0.3 kcal/mol. Thus, considering the 

experimental error for these 6AHf values, we see that the simple equivalence for &SE and 6AHf 

holds for 3 - 5. 

In order to test the proposed equivalence for a more highly substituted system, We applied 

equations 4 and 5 to the trlmethylbenzenes (6 - g) and obtalned: 6SE(&) = 1.9 kcaljmol, 6AHf(6)= 

1.1 kcal/mol; bSE(7) = 0.6 kcal/mol and bAHf(I) = 0.1 kcal/mol; 6.SE(g) = 0.0 kcal/mol and 

6mf(g). = -0.4 kcal/mol. Assuming that the error In the described procedure 1s additive, error 

llmlts for the trlmethylbenzenes can be obtalned MI a simple manner from the observed dlf- 

ferences between 6SE and 6AHf for the xylenes. For 6, for example, we calculate ~(6) = Zc(or- 

tho-R) + E(meta-R)where c(ortho-R) : 0.3 kcal/mol, c(meta-R) = 0.2 kcal/mol, and c(para-R) = 0.0 

kcal /mol. The ~(6) value would therefore be 0.8 kcal/mol and similarly, ~(1) and E(g) are 0.5 

and 0.6 kcal/mol, respectively. Thus, wlthin these error limits, the equivalence described by 

equation 3 also holds for the more substituted benzenes 6 - i. 

These initial findings for the xylenes and the trlmethylbanzenes encouraged us to inves- 

tigate a wider range of polyalkylbenzene derivatives. We therefore applied the same methodology 

to 9 - 3. The 6SE, 6AHf, 16s~ - 6AHfl, and additive error estimates (E) for 9 - 2 are 

reported III Table 2. For 2 and l0, experlmental AHf(g) values are currently unavailable. In 

these systems, we therefore obtained the necessary AHf(g) values by employing AHf(g) = AHf(1) + 

AHv.7a The heat of vaporlzatlon, AHv, ln this equation was obtained from the well-established 

empirical relation’ for hydrocarbons (AH, : 1.12 nc + 0.31 nq + 0.71) where nc and nq are the 

number of non-quaternary and quaternary carbons, respectively. Ue have tested the accuracy of 

this relation for these particular types of compounds by calculating AH, values for compounds 1 

- 5 and comparing them with experlmental data and note that, on average, the predicted AHv 

values are too low by 0.6 kcal/mol. This correctlon was applied to the calculated AHf data for 

2 and z (Table 2). For 11, AHf(g) was obtained from experimental values of AHf(s) and the heat 

of sublrmatlon, AH,, using AHf(g) : AHf(s) + AHs.‘la 

From inspection of the data III Table 2, one can see that the equivalence relationshlp 

described by Eq. 3 also provides reasonable agreement for 9 - 3. The greatest devlatlons in 6SE 

and uncorrected 6AHf data are observed for 2 - Q. When the AHf data for 9 and fi are cor- 

rected for the error 1” AH, (+0.6 kcal/mol, see above), a signlflcant improvement 1s noted, 

leaving only j_l - lJ outslde the range of experlmental error. These discreoancies for 

11 - 1; may be signs of the llmltatlons of our proposed equivalence (see dlscusslon below). - 

For the ethylbenzenes (lf! - s), relevant differential steric and enthalplc data along with 

addltlve error values are reported III Table 2. For lJ - lJ, AHf data can be calculated from the 

avaIlable AHf(1)6 and predlcted AHv.8 Since the experlmental value for AH, of CgHgC2Hg 1s 10.1 

kcal/mo16 and the predlcted value is 9.7 kcal/mol, a the approximate error I” applying this 

emplrlcal equation to this class of compounds is 0.4 kcal/mol.9 Inspection of the data reported 

in Table 2 reveals reasonable agreement between the 6SE and the 6AHf values for fi - 17. 

For the mOSt highly substituted ethylbenzene, hexaethylbenzene (s), the AHf(g) value can 

be obtalned from heat of combustion (AH,(S), -2635.4 kcal/- mol”) and heat of subllmatlon (AH,, 
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Table 2 d Comoarison of 6SE and 6AHp for Alkylbenzenes 3 - 13 and 15 - 18~ 

fbUDOund &if &sJ a!!!f 

1 19.7e 

2 12.0e 

1 4.6e 0.6 0.3 

!! 4.1e 0.0 -0.2 

5 43 .e 0.0 0.0 

6 -2.3e 1.9 1.1 

1 -3.3e 0.6 0.1 

s -3.ee 0.0 -0.4 

e -9.7f 3.3 1.4(2.OC) 

0 -1l.lf 1.9 0.0(0.6c) 

n -11.11 1.2 -0.6 

12 -16.3l 4.8 2.5 

u -20.ef 9.7 5.1 

I!! l.le 

B -4.5f 1.0 l.O(l.4d) 

16 -5.7f -0.1 -0.2(0.2d) 

yJ -5.5f -0.1 O.O(O.4d) 

ls -59.5h 12.2 -3.6 

l&SE - 6AHfl Error Estunate (elb 

0.3 

0.2 

0.0 

0.8 

0.5 

0.4 

l.9(l.3C) 

1.9(1.3? 

1.8 

2.3cl.7’) 

4.0 

we- 

0.8 

0.5 

0.6 

1.3 

1.2 

1.0 

2.0 

3.0 

O.O(O.4d) ___ 

O.l(O.3d) --- 

O.l(O.5d) --_ 

15.8 5.7 

aIn kcal/mol. b Based on E(S), r(4), and 
f(lJ) for E - a as dlscussed in 

e(5b for 3 - lJ and on e(s), e(3), and 
Uith benzene ring correction (+0.6 

kcal/mol) as discussed in the text. 
Jhe text. 

With benzene ri g correction 
2, 

(+0.4 kcal/mol) a 
discussed in the text. e % ExperimantalaA~f(g~xpv$ums.al A~f~s~~e~~alA~~(~~l~~~ueh 
and calculated AH, value from Eq. 11 
Calculated AH&(S) value from AHc(s)9 and experimental AH, val e. )J d7b ‘Experimental 
AHf(s) and AH values used to calculate AHf(1). AH, from Eq. 11 used to calculate 
AHf(g). 

22.7 kcal/mol’lb) data. Calculating AHf(s) for fi From the combustion reactlon we obtalned -82.2 

kcal/mol . Using AH,,, we calculate that AHf(g, lJ) : 59.5 kcal/mol. The 6SE value for 2 is 12.2 

kcal/mol, and 6AHf for s is calculated to be -3.6 kcal/mol. Using the approximation that errors 

are additive, we determine ~(2) to be 5.7 kcal/mol. Thus, with this error limit, hexaethyl- 

benzene (2) does not show agreement for the proposed equivalence relationship. Since the most 

sterically crowded methylbenzenes also deviated from the proposed relationship (see above), It 

seems that sterically crowded systems cannot be accurately described by such a macrOlncrementa1 

analysis with the monosubstituted benzene model. ” Since the less substituted homologs do not 

oossess the interactions responsible for the steric strain found in the higher members of the 

series, such a result is not unreasonable. 

If the deviation observed above is due only to steric crowding in the higher homologs, it 

should be possible to more accurately calculate heat of formation data using homodesmic reac- 

f:ons that incorporate the effects of steric crowding. We therefore explored the use of alkyl- 

ethylenes In our thermodynamic analysis for this pOtentlally more accurate model. 

Calculated steric energies for 2 - 25 are listed in Table 1. To initially test this 
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approach on alkyl-substituted ethylenes, we calculated differential SE and AHf data for c- 

2. l2 For Z-2-butene @_l), Ye have: 6SE(2J) = .SE(LCHyZH=CHCH3) - 2SE(CH$H&H2) + SE(CH2zCH2) 

and 6AHf(a) I AHf(Z-CH3CHXHCH3) - 2AHf(CH3CH=CH2) + AHf(CH2=CH2). Applying this method to a- 

2~ yields excellent agreement betuan differential steric energies and enthalpies for these 

compounds (6SE(2l) = 1.5 kcal/mol, bAHf(2J) = 1.2 kcal/mol; 6SE(z) = 0.1 kcal/mol, 6AHf(g) = 

0.2 kcal/mol; 6SE(a) a 1.1 kcal/mol,bAHf(24) = 1.1 kcal/mol; and bSE(25) - 0.0 kcal/mol,6AHf(- 

35) q -0.5 kcal/mol). 

AS a further attempt to explore the utility of this type of treatment, we considered the 

general reaction for the calculation of AHf of substituted benzenes from the SE of substituted 

alkenes that is shown below. For a specific case, when 

R1 = CH3 and R2 = H, the 6SE is then 0.0 kcal/mol and 6AHf is also 0.0 kcal/mol 

In an analogous manner, the 6SE and 6AHf for a series of Ffj and R2 substltuents were calculated 

and the results are reported in Table 3. As inspection of this data shows, agreement between 

calculated and measured AHf data 1s very good. 

In order to test the use of this type of macrolncremental approach to the calculation of 

AHf of sterically crowded alkylbenzenes, we recalculated the differential thermodynamic data for 

hexamethylbenzene using the reactlon pictured below. 
CM, 

Using this method we are able to obtain a AHf for u of -17.9 kcal/mol. This is meaningfully 

closer to the experimental value of -20.8 kcal/mol than the value obtained In our initial 

calculations (-16.8 kcal/mol). Since some of the steric strain found In 13 is incorporated into 

the alkylethylene used for this calculation (2J), this finding supports the hypothesis that the 

previous lack of agreement between experiment and calculation is due to the neglect of such 

steric interactions. A similar use of 5 as the model yields a AHf for 1s of -18.4 kcal/mol. Use 

of 3 and 2 as the models leads to AHf for 2 of -19.0 kcal/mol. This suggests that a greater 

incorporation of steric interactions into the model compounds selected leads to a more reliable 

value for AHf. 

Table 3. Calculated 6SE and 6AHf for Dialkylbenzenes and Ethvlenesa 

Rl 12 6s~ - 6AHf - 16SE - 6AHfl 

C”3 H 0.0 0.0 0.0 

C2H5 H -0.3 -0.1 0.2 

CH3 CH3 -1 .o -0.9 0.1 

C2H5 C2H5 -0.6 -0.3(O.lb) 0.3(0.7b) 

a In kcal/mol. b With benzene ring correctlon as discussed in the text (+0.4 kcal/mol).8 
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18 

Figure 1. SchematIcs of substituent torsion angles for optlmlzed structures for methylbenxenes 

2 - lJ and ethylbenzenes 14 - Is. These schematics are vlewed from around 

the ring perimeter with fllled circles representlng aromatic hydrogen atoms. 

Newman projections are down the Calk - Car bonds. For fi - 3, open circles 

represent terminal methyl groups. 

In order to further substantiate the hypothesis that sterlc crowding is responsible for the 

devlatron from the proposed equivalence relationship, we further explored the structural details 

of these compounds. 

Geometry optlmizatlon of benzene (1) yields a structure of &h symmetry in accord with 

experimental findings. ” For toluene (1) we obtain a structure of approximate & symmetry in 

which one of the methyl C-H bonds eclipses the aryl ring.15 We calculate ground-state conforma- 

tlons of o-, m, and e-xylene (3, 2, and 5)16 to be of approximate C2”, CJ”, and C2h SyXSEtry, 

respectively. For the trimethylbenzenes, both 6 and 1 are of approximate & symmetry after 

geometry optimization, while g adopts a StrUCtWS Of apprOXlmate c3h SytmaetrY. Optimization of 

the tetramethylbenxenes (9, l0, and lJ) leads to ground-state Structures of aPProXlWte &, cl, 

and hi-, symmetry, respectively. Pentamethylbenxene (g), after geometry optimization, yields a 

ground-state structure with & synxnetry. For lJ,17 we obtain an approximate IJ3d conformation as 

the ground state in agreement with previous molecular mechanics, 18a ab initio calculations, 18b 

and single-crystal neutron diffraction analysis. 18~ For ethylbenzene (s), the ground state is 

of C_s symmetry. The diethylbenxenes (l5, l6, and lJ) are of approximate C2, &, and C2” 

symmetry, respectively. Hexaethylbenzene (fi) is of approximate 03d Sy~try in the ground 

state, in agreement with previous configurational analyses. lg In all cases, observed bonding 

parameters for 1 - 2 may be considered normal. Alkyl group torsion angles for z - 2 are 

reported schematically In Figure 1 and selected bond lengths and angles are reported ln Figure 

2. 

The average Car-Car bond distances show some deviation for 1 - fi and range from 1.398 ff in 

1 to 1.410 II in 3. The sterlcally crowded structures l2, lJ, and fi all have Car-Car bond 

distances (1.405, 1.408 and 1.410 x, respectively) that are significantly greater than the 1.398 

1 found for 1. glng substitution patterns SlSO affect the Car-Calk bond distances. For 

example, in the relatively uncrowded 2, the C ar-Calk distance (1.508 1() is slgnlflcantly shorter 

than the average Car-Calk distance In the relatively sterically crowded B (1.525 8). Further- 

!!ore, all of the compounds studied yield very similar values for the Car-C,lk bond distances 

eXcaPt for 12, Q, 15 and l8, i.e., the four most sterically crowded compounds. 

The average C ar-CH2-CH3 angles for the ethylbenzenes are also indicative of sterlc strain 

In these cowoUndS. These bonding parameters range from 110.8’ to 111.8~ with hexaethylbenzene 

(@) exhibiting the largest value. This value 1s in reasonable agreement with previous mol- 
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Figure 2. Schematic representation of selected calculated structural features fl 
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benzene and its substituted derlvatlves (1 - 2). 
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ecular mechanics calculations ‘9 on heraethylbenzene that yIelded a Car-CF2-CH3 angle of 113.5O 

for the pad conformation and with X-ray crystallographic analysis” that revealed 112.8’ for 

average Car-CH2-CH3 angles. 

The torsion angles of the methyl- and ethylbenzenes reveal more 1nfOmStiOn about SterlC 

effects In these compounds. These torsion angles are reported schematically in Figure 1. 

For the methylbenzenes, we can classify alkyl group interactions by the number of hydrogens 

dlrected toward the adjacent carbon: (l,i), (2,l) and (2.2) lnteractlons represents adjacent 

(ortho) methyl groups that have two, three and four hydrogens directed toward each other, 

respectively . 

For structures with two adjacent methyl substltuents, a (2,2) conformation 1s favored (2 

and u). This (2,2) conformation is also observed for 3, but for 5, the most stable ConformatIon 

:s a (2,l) structure_ The ground state of 4 1s the (2,1);(2,1);(2,1) conformation of c3h 

symmetry and 1 adopts a conformation with a (2,2) arrangement for the 1,2-dlmethyl substituents 

and a (1,2) arrangement for the 2,4-dlmethyl substltuents. 

Three or more adjacent methyl substituents yield an SppPOXlItbSly SlternStmg, nup-dounn’g 

configuration in which hydrogens are located alternately above and below the mean Plane of the 

benzene ring and in uhlch termxnal methyl C-H bonds are close to eclipsing the aryl ring Plane 

(6, 9, 2, and 2). Heramethylbenzene (2) adopts a Ll3d conformation in Its ground State ln 

accord with previous molecular mechanics, 1& and ab lnitlo calculations, lgb as well as neutron 

dIffractIon experlments.‘8c 

Also of StrUctUral interest is the planarity of the benzene ring. Our calculations reveal 

an essentially planar ring with only 0.1’ to 0.8’ of puckering as measured by ring torsion 

angles. The greatest deviations from planarity are seen for a and the smallest devlatlons are 

noted for the least sterically crowded alkyl bensenes. 

For the ethylbenzenes, stable conformations are those in which methyl groups reside above 

O? below the mean plane of the aryl ring. The ground-state conformations for 16 and 12 have the 

methyl groups on the same side of the benzene ring. We feel that attractive Van der Uaals 

:nteractlons20 may be responsible for this observation. 

Thus, the uncrowded alkyl-substituted bensenes are very similar ln structure with relative- 

lY normal bond distances, angles, and torsion angles. Sterically-crowded compounds like 12 and 

2, however, deviate from this trend and show longer bond distances and torsional dlstortlons 

consistent with steric crowdIng. While the differences are small, we conclude that these 

calculated differences in structural parameters are consistent with the suggestion of sterlc 

crowding 1x1 the higher homologs considered in this work. This observation 1s consistent wth 

our Proposal that devlatlons from the equivalence relationshlp are due to sterlc crowding that 

1s not evident In the less substituted systems, thereby leading to poor predlcted AHf values due 

:o the inappropriate nature of the model. 

c0NCLIJS.l CM 

The equivalence relation between 6SE and 6AHf 1s supported In many cases by the above 

enereetlc and heat of formation calculations. We are cautious to note that the method appears 

1631 
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to be most accurate for carefully chosen models that reflect the structural characteristics of 

the 
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mmpounds of Interest, especially with respect to steric Interactions. 
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