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HEATS OF FORhfATION AND THRRMODYNAMIC PARAMETERS 

FOR HYDROCARBONS, CALCULATED BY THE MOLECULAR MECHANICS MRTHOD 
INCLUDING THE EPPRCTS OF MOLECULAR VIBRATIONS2 

the experinmtal strncuuas of cornpods well 

Tbermodyaamics is one of the most powerful tools 
available to the chemist. However, the mu&r of 
exigency determined disc quantities are 
limited, and yearly ati&ione to the list are few indeed, 
espfxially when compared with the number of new 
compounds synthcsii each year. The no+zd for accutntc 
and inexpensive ways to estimate disc quau- 
titks is obvious. 

In principle, quantum mechanics can be used to Cal- 
culate the et&es and etn.tcturcs of mokcuks, but in 
practice the cost of doing such calculations for even 
small molecules is great when accuracy comparable to 
experiment is desired. Worse, the cost of doing a single 
quantum mechanical calcuhttiot~ usually grcatIy under- 
~~~~~et~~~~~*~~ 
geomctriee of most molecules are. not Bccurately known, 
which requires that one do a large munbcr of calculations 
to find the geometry of lowest energy. 

Mo1ccular mechanics calcuhuions, in contrast to the 
quantum mechanics calculations, arc quite inexpensive. 
When sulEcicnt experimental data arc available to 
properly develop the force field, the method can yield 
results, the accuracy of which is comparable with that 
obtainable by experimental measurement. In molecular 
mechanics calculations the energy of the molecule is 
de&bed by a set of classical equations of motion which 
arc functions of the’atomic positions. The atomic positions 
arevaricdfromaninitialapproximatcgcomctrychosenby 
the chemist until a geometry of minimum energy is found. 
~e~~~~q~~ofrno~n~~~~~ 
v&at&ml frcquencics of the molecule. The set of cqua- 
tions used for such calculations is called the forca pcrCr A 
variety of force &his have been published and reviews arc 
availabk.“4 

L%Miopmcnt of the ffm! &id 
In 1971 we published a fom &Id for the calm&ion of 

the energies and stNcturcs of hydrocr&ons.J Dcspii 
the fairly good results obtained with this 1911 force Ml, 
worhwasstartedonancwforcefkldinthehopethat 
the agreement between the cal&ttui and experimental 
encrqics could be improved. 

A variety of modifications were tested in an attempt to 
find a better force field. While the details of the sue- 

ccescs and failures of the different force &Ids varied, all 
of thcec force lklds had one problem in common with 
the 1971 force field and with Schleyer’s 1973 force lleld? 
Namely that as one went from ethane to n-hexane the 
calcuhued heat of formation went from too positive for 
ethane to much too negative for n-hexane. This problem 
was relatively insensitive to the changes in the force tklds 
whichwerctried,andasolutionhadtobefoundelscwhcre. 

Our model is aimed at reproducing structume and 
energies of molecules. We did not wish to explicitly 
consider any more detail than necessary to reach those 
objectives. Accordingly, we assumed that the structure 
of the molecule was fixed at the thcrmahy averaged 
values of the bond kngths and angles. An actual mole- 
cule, is, of course, umkrgoii viional motions, and 
more or less of the molecules will be iu ground or excit5d 
vibrational states, dcpe&ing on circumstances. A more 
thorough treatment of the problem would calculate the 
vi&rational potential function, the cotresponding vii- 
tional levels, and then have these levels occupied ac- 
cording to the Bo1txm.ann distriiution function and the 
temperature. Iifsot? and Boyd5 have used these statis- 
tical mechanical terms as part of thcii calcuktcd encr- 
pies, but since their calculatal energies did not seem to 
be any better than those obtained with our 1971 force 
&Id (which omitted such calculations), we initially 
believed that the statistical mechanical energy terms 
could be implicitly included as part of the group and 
bond cuergy terms, and did not have to be explicitly 
inc1udcd. However, the ~~~~ of the u&ane 
problem caused us to reexamine this question. 

Pitzer, in a classic paper? calculated the statistical 
me&n&al functions of a hi&red rotor. The tables in 
Pi&&e paper show that the thermal excitation of rota- 
tion about tbc C-C bond of an n-alharm would contribute 
about 0.3 h&/mole to the energy of the compound at 
25”. The mannm in which the statistical mechanical 
ctmm terms wore 1umpcd into the group energy terms in 
our calculations appeared to be the main reason why the 
calculated (1971) heat of formation of ethane was too 
high. 

If we compare a group of moltcuk;s which contain 
some n-a&arks and some rigid Ernst (cyclic or 
bicyclic rings systems, for example) there will generally 
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be discrepancies between the two sets of compounds. In 
the. first set, there are bonds about which these hindered 
rotations can occur, and in the se42ond set there are not. 
Ifthcbomlene~~satepk~tofitt~risidt, 
for example, then the torsional increments must be 
explicitly included in the calculations involving open 
chains, if the agreement between the calculated and 
experimental energies of the open chain set is to be g&d. 
~~~~en~of~~~y~~s~~ 
mechanics cakuktioas using these frequencies are car- 
ried out. Alternatively, the follow@ approximation was 
used in our 1973 force 5eld. Sine our bond energy 
scheme has an increment for a methyl group, rotations of 
the methyl attached to some other group (in methyl- 
cyclohexane, for exampk) are already accounted for in 
that increment. But in butane, for example, it is n(Iccs- 
sary to add about 0.3 kcal/mok for this torsional effect to 
takecareofthecentralbond.ForthekrgerelLnneritis 
necessary to add about 0.3 kcaUmok for each CHrCHa 
bond. Mane is a special problem, because it contains 
two Me groups, but only one bond about which rotation 
is occh. Since each of the Me increments inch&s 
the Me torsional term, about 0.3kcal/mok must be 
subtracted in the case of ethane. Thus, when our 1973 
force field+‘* was be& developed, the heat of formation 
calculation was mod&d to include the torsional incre- 
ments as mentioned above. In addition, statistical 
mechanical energy terms amounting to 3RT per molecule 
for the external degrees of freedom, and RT for the 
pressure-volume work were also inch&d. This permit- 
ti the 1973 force 5eld (I4M.I program) to give a reason- 
able overall a 5t to the heats of formation of hydra- 
carbons. For large selected list of 38 compounds, the 
standard deviation for the Merencc between the 
experimental and calculated heats of formation was 
0.61 kcaUmok. where the average experimental emX 
was 0.40 kc&nok. gT%e deviation was O.~~mole 
for a similar list with the 1971 force 5eld.) For a slightly 
different list, Schkyer’s 1973 force 5eld gave a standard 
deviation of 0.53kcaljmole. It should be noted that 
d&rent investigators have chosen diifereht sets of data 
to fit their force fklds to, and consequentIy theV@odness 
of fit to an overall set, such as above, cannot be used to 
conclude that one force field is superior to another. Both 
our 1973 force field and Schleyer’s 1973 force 5eld 
contain inaccuracies, and each does better than the other 
on certain types of compounds. Overalk the two force 
5elds seem to do about equally as well in predi&g 
structures and energies. 

Having found that it was desirable to explicitly in- 
clude the effects of Wmal ex.rtation in the calculation 
of the heats of formation of the n-alkane, we de&d to 
examine the possibiity that other v&rations *had 
frequcncks low enough so that the effects of excitation 
also needed to be explicitly Muded. Schachtschneiir 
and Snyder, in their paper on the normal mode vii- 
tions of the Akanes,” showed that the vi&rations 
composed hugely of C-C-C be* modes were often 
lower in energy than the v&rations associateA with 
torsional modes. Ibis implied that the effects of exciting 
C-C-C viirational modes might con@ibute as much to 
the heat of formation as the torsional viins did. Like 
the torsional modes, one would expect some of the 
freqtlencks of C-C-C Gb&onal modes in acyclk 
~~~~~~y~~~~~~ 
cks of such vii&ions iu more rigid compounds, where 
bond angle bendings are partly coupkd with bond 
stretchings or othex aqgc bendings. 

These considerations suopested that one might be able 
to obtain more accurate beats of formation if all of the 
statistical mechanical energy terms were accurately ac- 
counted for. The objective of this present work was to 
determine whether or not any reaI sign&ant improve- 
ment in heat of formation results would in fact be 
obtainabk in this way. 

In order to calculate the statistical mechanical energy 
tezms, one must 5mt calculate the viimtionaI frequencks 
of the mokcuk. The method chosen for calculation of 
these frequencks was standard.” Boyti and Liison’ 
earlier car&d out such calculations for a few mokcuks. 
but no systematic study of heats of formation at this 
kvel has previously been reported. Si a knowkdge of 
the vi&rational frequencies m+es it easy to c&date the 
zero point energy of a molecuk, these terms were also 
included in the calculated heats of formation. 

Si writiug a general program to c&We the viira- 
tional frequencies of molecules, without using excessive 
amounts of computer time, and workiug in Cartesian . ~(~~~~n~~~p~~to~ 
generally useful for cyclic compounds), required a great 
deal of progammbg effork tbe 1973 force lield was 
developed for use whik work on a force field using 
vi&rational frequencies could be developed and assessed. 

RLSVMS of rhe fme jw lldng &anal f?eqnencfcs 
The force !ield described herein inchxks in full the 

effects of the &atboal frequencies in tbe heat of 
formation cakuktions (Tabk 1). The functional form of 
this force 5eid d&m from the 1973 force 5eld in the 
following ways: (1) Tbe effects of thermal excitation of 
v&rations and the zero point energies are explicitly 
included in calcukting the heats of formation. These 
are c&ulatcd from the vibabal frequencies using 
staadard statistkal mcdranical functions.’ An R-” tezm 
isusedinthevandetWaaIsfunctioainp~oftbe 
exponential term. (2) No torsion-bend function is used. 

The reasons for these changes are as folkws. The 
‘Urey-B&ley function was used in place of the stretch- 
bend function because it was believed that it would give 
the same qua&ative effects, and yet be easkr to program 
in the v&Aonal frequency c&&ions. The torsion- 
bead function was not inch&xl ia this force field 
becauseitwouldbeallespeckuydif5cultfuactioo~ 
program into the v&rational frequency calculations. 
Since the major reason for having a torsion-bend 
function earlier was to give the observed degree of 
nonplamuity to cyclobutane, it was felt that includiag 
this fimction in the calculations could be deferred until 
the effects of using vikational frequencies could be 
assessed. It could then be&led if it seemed worthwhile. 
Four-iimbered rings were consequeatly not treated in 
the present work. l%e R-l2 term was used because less 
computertimeisrequiredtoevaluatethkfunctknthan 
is re&red to evahmte the exponential function as is 
used in the 1971 and 1973 force fields. The functions are 
essentially indistinguishable in the region of interest. The 
~fo~~ldk~v~~T~e I. 

The force 5eld parameters were optimked in part 
using a least square3 computer progtxm desienea for the 
.purpose. While it is possibk to have a completely 
automated program of this kind,’ iu fact a lot of human 
i&erventionispnxtkal.Theprobkmkthatonewantsto 
~~~~ optimii a lot of qua&&s which are not 
related by a simpk criterion. For example, bond leat~ths, 
angks, and mokcukr eaagies, ahbough related, are 
measured in d&rent units and measmwl by different 



Co~ormation~ analysis--lb 

Table 1. Force field with zero point energies and statistical mechanical terms 

Skdc lhw= Band Stretching thglo Bomllng +Uny-Bmlley + Torsion + van der Wools. 

Bond Stretchtng 

Rand 1’ (A) 

cx 1.516, 

C-H I.096 

Angle Rending 

&r 71.94Ke((B-9)2~‘/1802) 

Ansie R (desrarr) 

CCC 110.0 

C-C-H 109.0 

H-C-H 109.0 

Umy - Bradley 

E,,b= hb (.tts -,!:a P 

Aiems Types 

c c s . . 

C H . . . 

H. . .H 

K,,, +l) 

14.0 

0.0 

0.0 

Eu = 0.05 [I-car (30)] 

(For all torsional mglsr) 

nn cbr Wwlr 

E& =a( (R’, R)” + A(R’/ RF) 

A= 1.75 

-qb= l (kc4 R(A) 

c. . .c 0.058 3.4 

t. . .H 0.075 3.05 

H. . .H 0.140 2.74 

Kb(e&!s / A” *) 
4.5 

4.6 

1,; (A) 

2.60 

For vm dar Weir calculatiens, hydrogen atans ore pieced 0.9 of ths diskmce cut along the C-H band. 

3n-6. 

Zerepeintw= ‘i > giA 

t=l 

A = 1.42% celwhen Jii*incm”’ . 

StatMeal Medumkel Enem I Themull excltetien ‘of vibmtions + 

ExcItu%a~ of hmslatfon and rotetiofw + PV work 

Tmnlatbnal8xeitatian = $ RT 

wetiawrlexdta@efl = gRT 

PV !mwk= RT 
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Table 1. (Coned) 

ffr awlec& can*lint cwtfomWom of different ene,rgies, ibe heat content of the lowest must be 
c~mchd by a&nixture of Lo hisher scmgy conformations (holtzmann distribution), (Refemnce 4, 

PoW.4). 

Gloy, Enemy Tomu (kc01 / mole) 

Energy cmtribution 

C-H band -7.619 

cc bond -6.906 

&tbYl Qmup -6.535 

lso Qrorrp 5.313 

mpmy, lO.Ml 

ex~~ent~ techniques to different levels of accuracy. study, and the relative importance for each kind, as a 
There is consequently no rigorous way to equate these representative of a class of molecules. In practice, it is 
quantities so as to be able to carry out a least squares expedient to basically make these decisions by hand, 
minimization of errors. However, the least squares using the computer to help when the arithmetic becomes 
method in fact requires that they are equated. Just how too cumbersome. 
this is done depends on the error in the experimental The results obtained from this force field are presented 
quantities, but it also depends in a more subjective way in a series of Tables 24. The exper~en~ and calculated 
on the relative importance of the different quantities with structural parameters are compared in Table 2. In com- 
respect to the number and kinds of compounds under mon with most recent force fields, the agreement be- 

Table 2. Experimental and calculated structural parameters 
t 

PclmmPter ExPcparimsntd o,b caicutoted 

is&Mane 

methylcyclokexon* 

norbomone 
7 

4 
s 4 3 

1 
6 

bicyclo- 
c2.2.2g 
ochme 

m3 I .526’ , l.532d 1.533 

8 (CCC) 112.4, 112.0 112.2 

r(CC) I. 535* I.535 

(3 (CCC) 110.8 Ill.0 

r(W 1.539Q l.Sf ‘I.540 

ma I .!mh I.535 

O(CCCC) 54.9 55.6 

r(CCb l.52i I.535 

0(CCC)rhg III.3 III.3 

B(CCC)mstbYl #?.I III.7 

o(cccc)sv, rln@ 55.3 55.4 

it CIC,) 

rwc3 

dC,Y 

e(C&FS 

rfC,C2) 

ls39i 

Is& 1.556l 

I s57, 

1.578, I.551 

1.560 
I .535, I .559 

93.1, 93.2 

95.3, 96.0 

IZP 

1.545 

1.547 

I.54 

93.3 

I .541 



conformatioMl aMlysi+lb 

4 

d!l 

r(cIc3 MS2 I.54 

3 wxC3 lw.7 lq9.5 

I 
2 d(C1-Q 2.592 2.394 

doaM r(cc)w I.& I.539 

Q 

@GcIc3 109.8 109.6 

3 ws4) 108.8 103.4 

1 2 

so 

r(CC) 

l.sw” 

I.568 

I.52R 

1,542P 

Apoclw 4.19 4.14’ 

(o) Dl- m In Aqptmam and on+ in dqpea. 

C) whatmkmwva dleamwalC-CbondI~rhlw~‘colToct.db.I~tllDn 

dlmwtkll rr0lu.s by add&tR o.amo b cho mluwam v&m. fbc o dbamkn of 

hb cumctbn an: Dr. a. Lid@, .., hlnhdmn& y, t25 (lots). 

(c) D. R. Lld~, Jr., J. Olm. Rr., p, IS14 (1960). ’ 
0 T. lqfllo, Rull, 6r. Sot. w, s, 1291 QPn). 

(0) R. L. Hi- atd J. D. Wkau, J. Md. Smatum, j$, 27 (1973). 

(f) W. J. Adm, H J. Golu md L. 5. Bmtoll, J. kr. &m. Soa., I, SD13 (1970). 

b) A. Al-ltgm, 0. Bostbnmad P. N. Skmdco, Azta Chm. Scmd., IS, 7ll(l94l). 

@) 0. Manon, L. Far&It, H. M. Soip, H. KBabom end K. Kud~ltsu, J. kbl. Srma., 

!g# 163 0973). 
(I) H. J. G&o, H. R. mad F. C. Miflhoff, J. Mol. Smar.,_9, 4474971). 

a) A. Yakoukl ind K. Kuahlbu, MI. 01m. Sot. Jsn, j&23% (l97l). 

C) 6. Rdlhgoand L. H. Tmamm, Rea. Tm. Chlm., j7,79S (l9aB). 

(l) J. F. Chlmg, C. F. Wtloox, Jr. and 5. H. Bow, J. kn. Own. Sot., Pp, 3149 (l96R). 

(a~) A. YahorCI, K. Kud~lku md Y. M&m, Bull. OIam. Soa. Jqmnt 4,2Ol7 Q97D). 

64 
b) 
b) 

(s) 

td 

0 

I. Hmgltml ad K. Hodhq, 01r. &am., 1499 (KM). 

B. Baqjloy, D. P. Bmwn and J. J. Ma&m, J. &I. Struat.,& 233 (1969). 

Glwklhdulngaa~lbrIo~I~k~~h*hi~~h~ 

habannpkudbyomban(Q. Itqpmrathat)Ibmdmlu&ntota(hrGC 

bDnd laqlh o&lmd hm a mara conplota modml of lha dapnd blu by 0.003A”p. 

‘T&la of lntmuhmla Dd ad bnflguo(km In hlw~lr and bns, Suppler 
t9S&VP,‘q~~kl publlostbn ND. ID, I. Omwlwl Socl~(lmdm). 

blw~ul~o~~dl~aollp6lkr~cr)ntal. Srhatactbra 

dbambnofhommnlnuhghbmodol. 

N. f&mm d H. Mothlun, kta Om. Sc+ml.,E, 1755 (I%!). 
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tween the caIcldated ad expximeotal structural 
parmeters is excdleot. This force fieId does sign&antly 
better 00 one structural quantity for which our earlier 
force fields did poorly. This is the C-C bond length in 
diamond. In our 1973 6eld the calculated diamond C-C 
bond length was about 0.02 A too short. 

10 this work the o-hexane crystal A spacing was Cal- 
culated using two n-hexane molecules as a model for the 
crystal. This crystal spacing is important in establi&& 
the correctness of loog-range van der WanIs forcea.” 
Using this model for the crystal ignores two effects 
important in de&rm&g the actual interchain spacing: 
theloograogecrystalpackbgforu?awhichdecreasethe 
interchaiu distance and thermal expansion which causes 
the interchain distance to k-ease. We know from cal- 
culatioos performed usiog previous force 6elds’“*‘4 that 

the long taaoe packing forces (observed when a larger 
crystal model is used) cause a relatively small decrease 
in the interchain distance (about 0.04A) while I&JO” 
found that the effects of thermal expansion caused the 
intenhaiu distance to increase on the order of 0.1 A. We 
believe that the Iifsoo result overestimates the degree of 
thermal expansion, but it is still likely that the effects of 
thermalexpansiooaregreaterthantk&nkageeffects 
ofthehNlgerrangecrystalpackingforces,andthattbe 
o-hexane dimer understates the true distance between 
the chains in the crystal at the tempenture the X-ray 
stnu%u~ was detezmkd. We More believe that 
kavingtbecalculatedioterchaiudistrnce0.~Atooshortis 
bettathnhaviugthisdiataoceideoticaltotheexperimeo- 
taldistmce. 

The only compound in Table 3 for which the differeoce 
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Tabk 3. Cakuktal and expcrimentd bertl of formarion (AHfl in kcd/mk at 2YC 

hu cdw- 

Ref. Glp-Glc 

0.601 41.880 2.W9 - -20.26 

0.641 58.172 3.725 -25.29 

0.563 74.302 4.613 -30.23 

1.077 74.652 4.541 -29.70 

-2Q.24*0.12 0 0.02 

-24.83t0.14 0 0.46 

-30.19t0.16 b 40.0) 

0.123 74.139 4.590 -32.35 -32.41t0.13 0 -0.06 

0.571 90.524 5.461 46.68 -36.85*0.15 b -0.17 

1.048 107.023 6.235 -42.40 -42.61 to.24 Q -0.21 

1.953 123.263 6.514 48.92 -48.87iO.33 Q 0.06 

2.733 

0.4fi 

-0.838 

0.492 

1.276 

1.280 

140.033 7.429 -54.41 43.95 l 0.29 c 0.46 

90.393 5.536 -35.23 -35.10*0.15 b 0.13 

89.m 3.467 -40.72 -40.27*0.25 0 0.45 

106.5% 6.411 -41.68 -41.77*0.25 b -0.09 

106.877 6.417 -40.71 -11.13* 0.24 b 0.42 

123.356 7.030 -47.76 -48.w*o.w 0 -0.32 

4.126 157.074 

139.284 

8.655 -53.87 -55.41* 0.44 a 

1.973 7.887 -53.66 -.53.54 l 0.37 0 

-1.54 

0.12 

-39.92* 0.18 b 0.07 0.378 106.468 6.480 -40.05 

-0.151 170.&7 9.388 -68.81 

8.611 79.722 3.m -18.56 -18.44* 0.20 a a.24 

2.146 96.532 4.756 -29.42 w.50* 0.15 0 -0.08 

7.240 114.163 5.510 -28.09 -28.21*0.18 0 -0.12 

10.874 131.101 6.212 -28.% -w.73*0.28 0 -0.77 

12.506 147.955 6.W -3z.m -31.73*0.40 0 0.29 

12.265 164.047 7.648 -37.31 -36.88*0.40 b 0.43 

7.875 95.668 5.106 -25.43 -25.27*0.18 Q 0.16 

1.355 112.266 5.751 -36.85 -36.98t0.25 a -0.13 

1.7l9 128.558 6.559 -43.33 -43.23ti.47 0 -0.10 

1.289 128.364 4.695 -43.24 -42.w* 0.47 0 0.25 

2.401 129.132 6.544 -41.51 -41.13*0.44 0 0.38 

0.550 127.986 6.774 -44.28 -44.13* 0.42 0 0.15 

1.799 

0,551 

1;748 

19.978 

13.562 

10.144 

9.253 

128.719 6.649 -42.42 . -42.18* 0.41 0 0.24 

127.981 6.774 44.28 -44.10* 0.42 a 0.18 

128.725 6.641 -42.48 -42.20* 0.42 0 

116.514 5.873 -15.82 -15.9 l 0.6 d 

116.842 5.833 -2l.b -22.3 to.5 d 

118.085 5.512 -24.45 -23.75 l 0.30 

133.164 6.549 -31.36 31.42* 0.52 

f 

a 

0.28 

-0.08 

-0.35 

0.70 

-0.06 

Propon 
8ulm8 

8u. -no- 

If=& 
bo-8won 

2-Mmoutaw 

2,3-DIk 

2,2,3-TrIMs- 
Bulma 

2,2,3,3-Totm- 
Mohdan 

Pm_ 

vm 

P-MaPalcolr 

3-hPNltOlU 

3,3-DIM.- 
ham8 

3,3-DIEt- 
hn(on 

2,2,4-Trl- 

'tlmmm 

2,2,5,5- 
la+mkHucam 

CY~lsmcorr 

CyddlwBN 

Cy=lohrprm 

cyclmcmm 

cyclanomlm 

cyclodo9allN 

WClapntmw 

MSCYClohaoll~ 

1,1-MMocycle 

ha-1,2-DI- 
Txocyclaflolnmm 

. I_b-1,2-DIMm- 
C$dduJoYm 

cb-1,3,-MMm- 
-cychhlaw 

lm-i&a- 
Trocyc~ 

ta-1,4-M 
Taicydahaoam 

cb-l.CDIMr 
lyddms+am 

'hnl-8kyclo 
T.3.O)omm 

'-~zigctmm 

Ycyclo (2.2.2) 
octma 

ha-8lcyclo 
-&3.0)MnaM 



collfofttwiod arid+-1B 

‘Tabk3.(&u1f) 

cl-Bkyclo 
(4.3.0) eonmu 

qz$galnm 

c&Blcyclo 
(4.44) dDamm 

&p2,3-or 
MoNwbomaw 

cb-m&-2,3- 
-DlAWWMXWD 

&elm-2,3- 
--m&m 

l,bMtiNort30mar 

Ilicyck (3.2.11 
OcIun 

Okytk (3.3.1) 
(IOXII 

9.401 

1.722 

3.574 

18.7R. 

18.490 

20.992 

19.171 

15.146 

11.132 

8.803 

3.119 

1.222 

&pi 

9.333 

2.492 

4.456. 

am 
Pdnt 

133.977 

149.849 

150.988 

100.179 

132.422 

133.353 

132.862 

131.073 

117.m 

135.684 

201.202 

2D3.066 

243.810 

204.734 

203.554 

139.m 

tkot 
cantal? 

6.459 

7.150 

6.m& 

4m3 

6.7D3 

6.585 

6.553 

6.999 

5.3% 

6.172 

9.454 

9.652 

9.722 

9.100 

9.643 

5.923 

S~&~~dwktrm(I ap-cmk I)ofhatsofbmatbn 
stu&ldbvwknofoprfrrr~lHlw 
&am9a&vioefDn (I mqwak I)ofhatroffomutkm 
&ton&p dovwon of an9ukNn~l umr 

A% 3x$ 
f f 

-30.49 -30.36 f 0.48 

-43.75 -43.52 l 0.56 

-40.85 -40.43 l 0.56 

-12.24 -12.42 l 0.70 

-1.15 -25.7l l 0.54 

-21 l 34 

-24.17 

-30.73 -3D.63 l 0.35 

-23.66 

-29.47 

-55.31 

-53.12 -53.12 f 0.93 

-52.29 32.73 l 0.i 

-48.92 

-54.40 

-30.64 -30.79* 0.9 

0.38 
0.42 
0.26 
0.33 

Rd. 

0 

0 

0 

f 

a 

a 

0 

0 

0 

0.11 

0.23 

0.42 

-0.16 

-0.56 

0.10 

0.00 

-0.44 

-6.01 

R. S. MJr, A. 5. Cum, P. G. Lqo and w. v. Stodo, J. am. II&,+,., 
& 277 0970. 
1. H. b’J, 5. N. bn*ol, S. 5by-Tmbmy and 0. MeNoIly, J. &a. a.,,,., 
a. ma (wn). 
M. P. Kedna, 1. P. l?mofwo, 5. M. Swmhw, N. A. irllkow, E. M. Mlivlr- 
kyu and A. F. Ph., J. Omn. lhrapdyn, 3,553 &VI). 

between rhe calculated and experimatal heats of wporhion, we initially thought the discrcpaocy be- 
form&n d&r by more than 1 hUmok is Wdiethyl- twecn the calculated and experimental heats of forma- 
pcotanc. Thin one comtWmd is nsponldbie for about 
20% of the ~sau4an-l dcviwion for t&c compouads in 

tioo miobt k! due to errors in the beat of vaporixatioo. in 
the 3 ‘years since the work on this force field w&s 

Table 3. &awe the “experimental” heat of formation completed it IWI become apparent tht at least part of 
of this compound contain8 an carimotad heat of theproblem witb3J-&i1ylpcntanc is pot with thcbcat 
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of vaporization but with the calcula@d heat of formation, 
~d~~~rkt~~~~h~ns~ 
this force 5eld are too hard.‘- The hard hydrogens 
were used because they gave better results overall than 
softer hydrogen% we now believe that these hard 
hydrogens helped to compensate for de5ckncks in the 
way the repulsion between the terminal bonds of torsional 
angks is treated. 

Two dilferent ways to better account for these inter- 
actions between the terminal bonds of torsional angks 
have been recently introduced. The 5rst is the EPEN 
force field of Scheraga in which the bonding electrons 
are an explicit part of the mokcule and electron 
centered, as well as atom centered, electron-electron 
repulsion terms are used.2’ This force 5eld has not been 
extensively te-sted on hydrocarbons but it reproduces 
botbthehexanecrystalspacingsandheatsofvapMixa- 
tion as well as the oati- to guxcA&Uane energy 
difference. It also reproduces the ethane torsional barrier 
without a torsional function. The other preach is to 
use a more complete torsional function. 16!8 The rational 
here is that the 3-fold torsional term used in this force 
field is really only one term in the Fourier series necea- 
sary to reproduce the change in the energy with change 
in torsional angle. The C, symmetry axis of ethane 
causes all terms in the Fourier series which a~ not 
multipks of 3 to cancel. However, in a mokcuk lihe 
butane that does not have CS symmetry, these otlkr terms 
in the Fourier series do not necessarily cancel, and can 
become an ~~~ part of the net energy. This ap- 
proach improves considerably the agreement between 
the experimentsl and calculated heats of formation.‘8 

Assessment of the ben& of ruing a&m&d fqutn- 
c&3 in heat of fo~n C~C~~~~ 

We believe that our present results (Tables 3 and 4) 
can be characterized as quite good. The &urdurd d&r- 
tion of the experimental error in the heats of formation 
for compounds in Tabk 3 is slightly larger than the 
standard deviation of the difference between the 
experimental and cakulated heats of formation, and the 
average experimental error is substantially larger than 
the average difference between the calculated and 
experimental heats of formation. 

Direct assessment of the benefits of using the xero- 
~~t~~~~~~e~~- 
culated from the vi&rational frequencks is ditlkult. It is 
ccftai@ytmcthattksctelmsarcvery~tinan 
absolute sense. The zero point energies are many times 
larger than the steric energka of the molecules; the 
contributions of the thermally excited viirations to the 
heat contents of the molecules, whik much smalkr than 
the xero point energies, are still larger for most mole- 
cuks in Table 3 than are the steric energies of the 
molecules. It is also true that changes in ths xero-point 
energies are in general respon&le for about 30% of the 
calculated differences in the ~0~~~0~ energks. 
However, these facts do not answer the important ques- 
tion of how good would the agreement between the 
calculated and experimental heats of formation be if the 
force field were reparameterixed to 5t the data without 
including the effects of the vibrations explicitly, 

flout actually teeter the force 5eld there 
is no way to answer this question con&sively. 
However, we believe that the 1973 force field is quite 
similartowhatthisforce~ldwouldbelitGifitwereto 
be reparameterixed without including viiratkual effects. 
For example, the change in the gauche H-H intera&n 
iu going from anti- to goirclu-butane is almost the same 
pueentoftbec~inthetotalstaicenergyinthis 
force 5eld as it is in the 1973 force field.*” 

If one mahes the assumption that the 1973 force 5eld is 
very similar to what this force field would be lilte if it 
were reparameterixed without frequency effects, then a 
comparison of the standard deviations of this force field 
with those of the earlier force fields should auswer the 
question of how much the inclusion of the viinal 
frequency terms improves the force field The standard 
deviations of the difference between the calculated and 
experimental heats of formation of the compounds in 
Table 3 which were also examined using the 1971 and 
1973 force &Ids, and are 0.37hcal/mok for this force 
fkld, 0.62 kcal/mole for the 1973 force 5eld and 
0.68 hcal/mok for the 1971 force 5ekl. The average 
claimed experimental error for this set of compounds is 
0.39 LcaVmok. The standard deviation in the heats of 
formation of the set of compounds in Table 3 which were 
also examined by !khleyd is 0.36 for this force 5eld and 

IlellpBed sthuo 2.065 0.41 -0.01 2.48 2.9 8 

oYoloboxNlo- 
- lavonion 
tr8ualtloa atat. 83 1.03 0.04 9.86 10.71 

u4q_91ut410y010- 
hexan. dlffmuioe 1.20 0.74 -0.13 1.81 1.90 0 

1.00 a 

8 5. Wd=aol+ E,LmoI, J. Chn. F~J& & 942 (l943). -- 

b F;A.L.-AntalLkwr,hOynwScNuclar~c~ q3.8~, 1. M. Jabm, ad.,. 

wit F+ms, NW Yolk, l975, p. 579. 

c Toblm 3. 
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0.72 for !3chkyer’s force field. (Average ex&mental 
error for this set is 0.37 kcaUmole.) It thus appears that 
the inclusion of the vibrational fmquency effects reduces 
the standard deviation relative to the 1973 force &Id 
(which already cotuahK!d easily cakulated statistical 
mechanical terms) by 0.25 kcal/mok. 

It might be claimed that much of the improvement of 
the standard deviation of this force 6eld is due to the fact 
that 4-membered rings were not included. 44fembered 
fine compouuds were omitted because a torsion-bend 
function (or its equivalent) is needed if the ring pucker- 
ing of cyclobutane is to be reproduced. At this stage it 
was not considered that the (ale) effort required 
to program the torsion-bend function was worthwhile. If 
a torsion-bend function were to be included in the force 
field, there is no reason to believe that including 4 
membered rings in the parameteri&on would 
significantly affect the other results. 

The principal objective of this work was to determine 
if heats of formation could be calculated more accurately 
for a broad selection of hydrocarbons by specifically 
illume the vibrational effects in the calculations: Our 
conclusion is that the results can indeed be much im- 
proved in this manner. Despite the fact that Table 3 
shows that the standard deviation of the ditIerence be- 
tween the calculated and experimental heats of forma- 
tion is the same as the average experimental error, we 
believe that this force field can be further improved in 
two ways. Fust, subsequent to the completion of this 
work it was learned that the inclusion of low-order 
torsional terms enables one to cotrect a ip”’ many 
probkms involving van der Waak functions rJz in this, 
and in earlkr force fields as well. Second, the purpose of 
this study was to determine if the inclusion of vi&rational 
effects (zero point energies and heat conteats) improved 
the accuracy of the calculated heats of formation. We 
made no attempt to make the individual caiculated 
vibrational frequencies agee with the experimental 
valuesasitisalreadykwwothatcanbedom7”Asa 
result, the agreement between the in&dual calculated 
and experimental viirational frequencies is not very 
good. This leads to inaccurate calculated heat contents. 
Nowthsttbc~~~nofv~~y~~~ 
been shown to signiiicantiy improve calculated heats of 
formation, it would be best if the xero-point energies, 
vibrational frequencies, heats of formation, structural and 
equiliilium data togeukr witb such derived quantities as 
entropies and heat contents as functions of tempemture 
were all s~~~~iy optimized in the parameter&tion 
process. (This has been previously suggested in part, and 
some limited calculations along these lines have been 
reported.‘3 

Since the average standard deviation shown in Table 3 
(0.38 ltcal/mole) is the same as the average claimed 
experimental error one mi&t be inchned to say that 
fmtber improved agreement between the calculated and 
experimental heats of formation is limited by the 
experimental ctror, but this is probably not true. The 
reported experimental errom are &cc tliv 32endirnl 
dcDiation of the difference between the average aud the 
individual experimental values. Thus an ~experimental 
error limited” force lkld should in prim&k have a 
standard deviation of the difference between the cal- ._ 

l 

the average reported experimental error. This ideal situ- 
ation ignores two facts. (1) Most of the heats of forma- 
tion in Table 3 are based on the API tables,p in which 
the various experimental results for each compound 
were averaged and the heats of formation “smoothed”. 
This procedure is believed to give results that are more 
accurate than implied by the experimental errors. (2) 
Only random errom are retkcted in the claimed experi- 
mental errors. If the experimental results contain 
systematic errom, this would limit the agreement. It 
seems probable that the systematic errom in the experi- 
mental heats of formation of some of the compounds in 
Table 3 are as q as or larger than the claimed 
experimental errors, but we suspect that the average 
systematic experimental errom in Table 3 are actually 
much smaller than claimed. 

The idea that an experimental error limited force field 
would have a standard deviation near one-half the 
claimed experimental error is supported by the fact that 
if the five compounds” in Tabk 2 which we believe are 
adversely a&ted by the hand van der Waals function 
used in this force field are removed, and the heat of 
formation parameters are redetermined, then the stan- 
dard deviation for the corn~u~ in Table 3 drops from 
0.38 to 0.24 kcal/moie.S 

It would not surprise us if an “‘experimental error 
limited” force field would have a standard deviation that 
was close to one half the claimed experimental error. 
Given the results obtained here with use of statistical 
mechanics in the calculation of the heats of fo~ation; 
together with the results that can be obtained when l-4 
interactions arc properly handled,“~ it seems reason- 
abk that such an “experimental error limited” force field 
can be developed in the near future. 
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bar helpful comments neprdiaD the manuscript. 
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