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Heats of Formation from DFT Calculations: An Examination of Several Parameterizations
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DFT calculations of the total energy of molecules (B3LYP/6-31G**//rhf/6-31G**) can be converted to

enthalpies of formation by various new parametrization schemes. Three schemes follow the hierarchy proposed

by Benson and Buss, of atom, bond, and group contributions. In addition, a modified atomic scheme was

found to give better results than the atomic scheme with fewer parameters than the bond scheme. The lower
level parametrizations could fit more compounds but had lower precision. To compare the schemes a standard
set of 180 compounds was treated by all methods. The results are: Method, number of compounds, number

of parameters, standard deviation (kcal/mol): Atom, full: 250, 18, 2.96; std: 180, 12, 2.64; Modified atom,
full: 248, 23, 2.53; std: 180, 18, 1.97; Bond, full: 229, 40, 1.90; std: 180, 32, 1.72; Group, full: 183, 79,
1.39; std: 180, 79, 1.26.

Introduction Results

The calculation of heats of formation, with thermochemical ~ The literature values for the heats of formation used are
accuracy, i.e., errors of ca. 1 kcal/mol, by ab initio methods is documented in Table S1, which also includes the calculated total
a long standing goal of quantum chemistry. Pople’s!@i2 2 energies for the optimized molecules. To convert the MO theory
and G3 theories provide a well-established route to this level total energies to enthalpies of formation one must account for
of accuracy at the expense of very computationally demanding the total energies of the component atoms as elements in their
calculations. There has been an ongoing interest in looking for standard states, for the zero point energies, for conversion from
semiempirical methods for achieving useful accuracy with less 0 K to 298 K, and for the presence of conform&$All of
demanding calculations. In this connection, a method proposedthese can be absorbed into the contributions needed to convert
by Schleyer and Ibrahirh following on the path blazed by MO energies into enthalpies of formation, leading to a very
Wiberg5 Baird ¢ and Dewar’, for converting ab initio energies ~ Simple calculation
into heats of formation was very attractive. Trial calculations
quickly showed that B3LYP/6-31G*#°was much better than AH{® = Eppr — ZniX
rhf/6-31G**, particularly for conjugated compounds (as Schleyer
and Ibrahim had observed, rhf calculations were not good for wherex; = contribution for a structural feature, and= number
these compoundgand for compounds with anomeric effects. of times this structural feature appears in the molecule.
B3LYP/6-31G**//[RHF/6-31G** was chosen as the calculational Four schemes were considered for conversion of these total
method. Four parametrization schemes will be presented. Asenergies to enthalpies of formation. The first three followed the
one might expect, the more detailed the parametrization the hierarchy of contribution schemes recommended by Benson and
better the fit, but what is noteworthy is how well the calculations Buss® i.e., atom, bond, and group contributions. The fourth
can do with rather simple parametrizations. scheme, which admittedly is a bit of a kludge, is a modified

Benson type additivity schemes are very convenient, and work atomic scheme, which gets improved performance for a small
well for simple compounds, provided that appropriate parametersincrease in number of parameters. Contributions were defined
are available, and provided that it is possible to ignore or deal following Benson and Buddwith a few exceptions which will
adequately with (i.e., have appropriate additional parameters for)be described.
strain and non next neighbor interactions. This means that the The first scheme used atom equivalents, with different
Benson approach often has difficulties with polyfunctional, parameters for each coordination number. Thus, @, and
cyclic or polycyclic, or crowded molecules. The approach Cz, representing tetracoordinate, tricoordinate, and dicoordinate
described here uses DFT calculations to deal with these carbon, were treated as different atomic contributions, and
additional effects and a set of parameters analogous to the basigimilar distinctions were made for other elements. No distinction
Benson parameters to convert the DFT energy into a heat ofwas made betweengNvith pyramidal or planar geometry. An
formation at 298 K. This paper deals with enthalpy of formation; additional parameter was introduced fog, @he contribution
in separate work a procedure for calculating the standard entropyfor a carbon in an aromatic ring. With 250 compounds and 18
of gaseous molecules has been repotdd will be demon- parameters, the standard deviation was 2.96 kcal/mol. The
strated that the group contribution scheme is equivalent to a parameter values found by least squares are given in Table 1.

homodesmotic approattto converting DFT energies into heats ~ The second scheme used bond contributions, with 40
of formation. parameters for which two or more instances could be found,

and 229 compounds, and a standard deviation of 1.90 kcal/mol.
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TABLE 1: Atomic Contribution Parameter Values 2
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TABLE 2: Bond Contribution Parameter Values?

full data set standard data set full data set standard data set
atom value error value error bond value error value error
[C4] —38.120502 0.000603 —38.120483 0.000586 [C4—C4] —19.058563 0.000267 —19.058397 0.000264
[C4] —38.120693 0.000329 —38.120937 0.000325 [Cs—H] —10.124343 0.000113 —10.124368 0.000113
[Ca] —38.118679 0.000763 —38.118282 0.000848 [Cs—H] —19.653498 0.000321 —19.653559 0.000330
[H] —0.593561 0.000269 —0.593510 0.000263 [Cs—C4] —28.589790 0.000518 —28.589743 0.000523
[Cyl —38.120934 0.000218 —38.121098 0.000212 [Cs—C4] —38.118217 0.001935 —38.117893 0.001864
[O2] —75.155579  0.000364 —75.156334 0.000368 [Cu-H] —13.300263 0.000427 —13.300577 0.000429
[04] —75.157204  0.000649 —75.156761  0.000714 [Cob=Cy  —25.414240 0.000265 —25.414030 0.000262
[N3] —54.768272  0.000912 —54.769489 0.000970 [Cr-C4] —22.235491 0.000651 —22.235477 0.000626
[N4] —54.762520  0.001594 —54.763309 0.001563 [Cr-Cq] —31.766869 0.001238
[C1] —460.174377  0.000718 [Cu-Ci] —25.413666 0.001753 —25.414103 0.001688
[F] —99.749397  0.000481 [Co—H] —38.708191 0.001205 —38.708221 0.001105
[S§  —398.139771  0.001879 [C2—Cy] —47.648468 0.001018 —47.648438 0.000945
[S4] —398.173981  0.002279 —398.144348 0.002478 [CaCy —19.061277 0.000974 -—19.061184 0.000917
[S3] —398.202271  0.000920 —398.176819 0.002614 [C4s—0O7] —47.107574 0.000211 —47.107780 0.000215
[S2] —341.312408 0.003664 —398.202789 0.001130 [O2—H] —38.165695 0.000706 —38.165932 0.000672
[Ps] —341.323761  0.002546 [Cp-Of] —50.288097 0.000907 —50.287788 0.000848
[P4] —341.358215  0.002822 [0,—0] —75.156677 0.000794 —75.156166 0.000746
[Ps] —341.358215  0.002828 [CO—H] —57.231541 0.000933 —57.231522 0.001115
a At 25 °C, in atomic units; the error is the square root of the variance [CO—04 ~94.218903  0.000737 —94.218773 0000684
’ h ! 9 [CO-C/] —66.166351 0.000550 —66.166245 0.000522
of the parameter estimated by the least squares procedure. [CO-Cy] _69.349648 0001955 —69348389 0001850
types would lead to 18*17/2 18 =171 b_o_nd parameters. Not mz_gﬂ _ég:;ggi?g 8:882233 _gg:ggiggg 8:882282
all, or even most, of these are exemplified in the data set, so [N,—H] —18.848175 0.000591 —18.848759 0.000583
the number is decreased but we have also increased the numbe[N;—CO] —74.893883 0.001320 —74.894485 0.001438
of atom types treated as bond termini by adding CO, SO, and [NC-C,]  —102.411911 0.000983 —102.412697 0.000969
SO, as divalent “atoms”, and CN and N@s univalent “atoms”. [NC—-Cy]  —105.592575 0.002173 —105.592499 0.002006
Trigonal carbon is definéd to include one-quarter of the  [NO2~Gi] —217.792191 0.002021 —217.791992  0.001860
contribution of the double bond, so there is no explicit E(le—cé]] _igg%gg?g 8'888233
contribution for the &C in an isolated alkene. In a conjugated [CI—C40] _516.814819 0.001342
alkene, there is an explicit contribution for the bond joining [S:—C] —208.631226 0.000511 —208.631271 0.000497
the two alkenes, symbolized $}€C3]. To handle allenes, a  [S,—H] —199.692810 0.001143 —199.692535 0.001234
contribution for [G—Cg], the bond from an allenic (sp) to an  [S;—Ci] —211.805908 0.001927 —211.805542 0.002152
olefinic (sp) carbon was introduced. An allene would have two  [S2—C4] —218.151245 0.001584
[Ca—C4] contributions; this approach allows for latter extension [S2~CO] ~ —255.740158  0.001186
to ketenes or ketenimines when sufficient data become available. {282__%‘]] :ggg'%ggggg 8'888221 :ggg'%ggggg 8'888?%
For aromatic carbons the symbolJ& Cy] symbolizes a bond [SOZ_C;‘] 203286835 0.001507 ’ ’
joining two aromatic carbons within an aromatic ring, whether  [so,—c,] —286.930939 0.001428

isolated or fused, whereas {Cy] symbolizes a bond joining . o o ) )
two arenes, as in biphenyl. The parameter values found by least At25°C,in atomic units; the error is the square root of the variance

. b of the parameter estimated by the least squares procedure.
squares are given in Table 2.

The third scheme used group contributions, with 79 param- contributions scheme and needed many fewer parameters than
eters for 183 compounds, and a standard deviation of 1.39 kcal/the bond contributions scheme for not much worse performance.
mol. Groups were defined in a way which generally followed Variations with triply bonded carbon treated as a unique
Bensori®14with the exception that Hine’s revised notatitn,  contribution were not significantly better. In the modified atomic
in which atoms accounted for in the group contribution are not contributions scheme, three changes were made from the atomic
in parentheses, whereas atoms whose identity affects the valueontributions scheme. First, attached hydrogens were considered
of the group contribution, but will themselves be accounted for part of the central atom, so that GHCH,, CH, and C were
in a separate contribution, are enclosed in parentheses. Thalifferent “atoms”. Second, attached unicoordinate oxygens were
various forms of carbon are as follows: -Ctetrahedral carbon;  treated as part of the central atom so that CO, CHO,, 8D,

Cq — doubly bonded carbon; - allenic carbon; €— triply SO, and PO were treated as “atoms”. Third, no distinction was
bonded carbon; £— aromatic carbon (not involved in a fused made between 8psi?, or sp carbon, except that aromatic carbon
ring junction); G — aromatic carbon at a fused ring junction. was treated as distinct. Thus, CHgdould be sp with three

The univalent functions which were treated as “atoms” attached singly bonded substituents,%pith one doubly and one singly

to a central atom and included in the group contribution are bonded substituent, or sp with one triply bonded substituent.
—CN, and—NO,. Carbonyl, sulfinyl, and sulfonyl were treated The goal in devising this scheme was to have as few parameters
as divalent structural units. The parameter values found by leastas possible while still giving satisfactory results. With a small
squares are given in Table 3. increase in the number of parameters the scheme gives distinctly

Finally, a modified atomic scheme, where the number of better results than the strict atomic scheme. The parameter values
attached hydrogens, and the presence of attached oxygen (as ifound by least squares are given in Table 4.
carbonyl, sulfinyl, sulfonyl, and phosphoryl) were treated as  The least squares procedure used to evaluate the paratheters
significant, as was being part of an aromatic ring. This scheme, provides a covariance matrix, leading to estimated standard
with 23 parameters for 248 compounds, and a standard deviationdeviations for the parameters; these are reported as “errors” in
of 2.53 kcal/mol was distinctly better than the simple atomic Tables +-4. These values should give an idea of how well the
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TABLE 3: Group Contribution Parameter Values @
group value error group value error
[CH3(X)] —39.903004 0.000280 [o@) —75.158669 0.001594
[CHA(C)] —39.308296 0.000215 [OH(C)] —75.744118 0.001441
[CH(C)s] —38.710243 0.000909 [o@) —75.156776 0.001050
[C(C)4] —38.111214 0.001293 [O@XC)] —75.158958 0.001991
[CaH2] —39.307198 0.000588 [OH(O)] —75.743034 0.000714
[C4H(C)] —38.713299 0.000704 [O(0)(C)] —75.154793 0.000720
[Cda(C)] —38.120335 0.001694 [CXC)(O)] —39.307659 0.000445
[C4H(Cy)] —38.713497 0.000907 [CH(@D)] —38.712936 0.001033
[Ca(C)(Cy)] —38.116943 0.001236 [Cc(@p)] —38.114769 0.001213
[CHA(C)(Cy)] —39.308083 0.000957 [CKD),] —39.305977 0.001885
[CH(Cq)2] —39.307835 0.001998 [CH(C)(@) —38.709557 0.002283
[CH(C)x(Cy)] —38.710258 0.001799 [CH(&) —38.712807 0.003093
[C(C)(Cy)] —38.112732 0.002111 [C(&P).] —38.115177 0.002286
[Ca] —38.122021 0.001523 [ccye) —38.115005 0.003059
[CH] —38.707764 0.000931 [c@ —38.112278 0.003674
[C(C)] —38.117760 0.000971 fue)) —38.122669 0.001667
[CHA(C)(C)] —39.309322 0.001864 [CHOX)] —113.868858 0.001755
[CoH] —38.714615 0.000193 [co(e) —113.273308 0.001484
[CHC)(Co)z —38.120934 0.000817 [CO(C)(0)] —113.274101 0.002788
[CH(CH)2(Cv)] —38.121075 0.000454 [CO(N)(C)] —113.273392 0.002866
[Ci(Cr)l —38.120926 0.001435 [C(ec0)] —38.113083 0.002091
[Cu(C)] —38.119995 0.000795 [CH(ECO)] —38.711132 0.001517
[Cu(Ch)] —38.120899 0.001082 [CKC)(CO)] —39.309364 0.002041
[CHA(C)(Gy)] —39.307568 0.001692 Kco)] —38.124466 0.002991
[CH4(Cy)3] —39.306625 0.003101 [CO(N)(T —113.273499 0.004806
[CH(C)x(Ch)] —38.710773 0.001989 [CHCOY) —39.307201 0.002835
[C(C)s(Cp)] —38.113110 0.001879 [co@) —113.273933 0.005405
[INH2(X)] —55.953499 0.001391 [O(C)(CO)] —75.159195 0.002542
[NH(C)2] —55.361214 0.002139 [OH(CO)] —75.746208 0.002455
IN(C)3] —54.766075 0.002064 [SH(C)] —398.793060 0.001417
[NH,(CO)] —55.953323 0.002599 [s(&) —398.201141 0.001793
[N(CO)(C)) —54.770016 0.002599 [CKB)(C)] —39.308685 0.001097
[CHA(C)(N)] —39.307713 0.000743 [CH(S)(&) —38.713154 0.001096
[CH(C)x(N)] —38.709976 0.001332 [cs) @) —38.113113 0.002124
[CH(C)CN] —132.191040 0.001399 [s)] —38.119392 0.002340
[CH(C).CN] —131.592819 0.001306 [SO&) —473.329193 0.001866
[C(C)CN] —130.994659 0.001297 [CKC)(SO)] —39.307411 0.000936
[C,CN] —131.006134 0.001891 [SCT)] —548.457275 0.001787
[CoNOy —243.205994 0.001305 [C(&BD)] —38.110420 0.001526

a At 25 °C, in atomic units; the error is the square root of the variance of the parameter estimated by the least squares procedure.

individual parameters are defined. There are also significant group contribution scheme had a standard deviation of 1.26 kcal/
covariance terms reported by the least squares proceduremol. The parameters evaluated by least-squares fitting of the
indicating that there is some correlation of parameters, so thatfour parametrization schemes to the standard data set are also
results can be better (or worse) than the standard deviationsfound in Tables 4.
alone would indicate. The errors in these parametrized fits appear to be mostly
There is a problem in comparing the schemes because quitenormally distributed, with a few outliers which represent
different numbers of compounds were treated. This is a systematic errors. To show this, we have calculated the number
consequence of the larger numbers of parameters in the bondf errors falling in 1 kcal bins, i.e., betweerb and—4, between
and group schemes, which would require inclusion of data for —4 and—3, etc. These are compared with the expectation for
many more compounds to specify all of the parameters neededa normal distribution with the observed standard deviation.
for the full 250 compounds considered in the atomic contribu- These expected values were calculated using Table C2 in
tions scheme. The necessary heats of formation were notBevingtoni® The results are shown in Figure 1. The observed
available in the literature. In addition, some compounds would errors are in approximate accord with the theoretical expectation,
require unique parameters for single compounds in the higherwith two differences which can be noted. The observed errors
levels of parametrization. For instance, £8F;, and CCj all actually give steeper distributions, corresponding to smaller
require unique group contributions as do all &H CH.XY, standard deviations, except that there are more outliers with large
and CHXYZ where X, Y, and Z are univalent species (which errors than predicted by the normal distribution. It is thus of
may be the same). To have a direct comparison, a reduced seinterest to look for patterns in the outliers to see if there are
of 180 compounds was treated by all four systems, This requiredcharacteristic structural features which lead to poor performance
somewhat fewer parameters for some of the schemes since somby these procedures for estimating heats of formation. Outliers
classes of compounds were excluded. With this standard setwere defined as compounds with errors for a particular
the atomic contribution scheme with 12 parameters had a parametrization greater than 3 standard deviations. At the
standard deviation of 2.64 kcal/mol. The bond contribution numbers of compounds in these fits, there should be less than
scheme, with 32 parameters, had a standard deviation of 1.72one error this large on either wing of the distribution so that
kcal/mol, and the modified atomic contribution scheme with any such error is clearly outside the normal distribution. At this
18 parameters had a standard deviation of 1.97 kcal/mol. Thelevel, the full data set for the atom level parametrization had
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Figure 1. Error distributions for the least-squares fits to the various parametrization schemes. Open bars: observed number of errors with magnitude
between x-1 and kcal/mol; solid lines: expected number of errors for a normal distribution with the observed standard deviation.

TABLE 4: Modified Atomic Contribution Parameter

Values
full data set standard data set
“atom” value error value error

[CH3(X) ] —39.902378 0.000225 —39.902256 0.000211
[CHa(X)] —39.307804 0.000195 —39.308048 0.000171
[CH(X)3] —38.712749 0.000357 —38.712566 0.000343
[C(X)4] —38.116291 0.000541 —38.115711 0.000504
[CuH] —38.714256 0.000173 —38.714527 0.000175
[Cu(X) ] —38.121784 0.000481 —38.121265 0.000428
[CO(X)2] —113.276718 0.000719 —113.276688 0.000703
[CHO(X)] —113.871162 0.001548 —113.870934 0.001213
[O(X)2] —75.156059 0.000345 —75.156876 0.000311
[OH(X) ] —75.744827 0.000691 —75.744789 0.000579
IN(X) 3] —54.766453 0.000862 —54.767059 0.000756
[NH(X) 2] —55.360847 0.002132 —55.360523 0.001689
[NH2(X) ] —55.951916 0.001149 —55.952232 0.001155
[NOx(X)] —205.086288 0.001891 —205.086777 0.001899
[SOxX)2] —548.454346 0.001193 —548.456604 0.001526
[CIX) ] —460.174988 0.000613

[FO) ] —99.750572 0.000414

[S(X)2] —398.202850 0.000903 —398.202667 0.001046
[SO(X)2] —473.328857 0.001885 —473.330017 0.001914
[P(X)3] —341.354004 0.002425

[P(X)s] —341.304871 0.003195

[PO(X)3] —416.476624 0.002124

[SH(X) ] —398.793945 0.001450 —398.793732 0.001306

At 25 °C, in atomic units; the error is the square root of the variance

of the parameter estimated by the least squares procedure.

excluded from the data set, so 1-phenylcyclohexene was not
fitted. For the standard data set of 180 compounds, the atomic
parameters gave one outlier, bicyclobutane-1-carbonitrile, as did
the bond scheme. The modified atomic scheme had three
outliers, bicyclobutane-1-carbonitrile)N,N-dimethyl-4-meth-
oxybenzamide, and acetylene. The group scheme had only two
outliers, bicyclobutane-1-carbonitrile, and. [2.1.0]bicyclopen-
tane-1-carbonitrile

The lessons seem clear. Heats of formatiohighly strained
molecules are likely to have substantial errors for any of the
parametrizations discussed here. Note that less extreme cases
of strained molecules are fitted satisfactorily: norbornane,
methylenecyclopropane, methylcyclopropene.

Phosphorus compounds were left in the atomic and modified
atomic contributions data sets because most of the limited body
of data were fitted satisfactorily, but compounds with substit-
uents on phosphorus of quite different electronegativity from
the oxygen or halogen which dominates the data set led to
deviations, as seen for trimethylphosphine and trimethylphos-
phine oxide. It seems likely that these molecules require a higher
level of parameter (bond or group) but there are not enough
experimental values at this time to define these parameters
satisfactorily. That triethyl phosphite deviates so badly is
surprising because RI¥s fitted satisfactorily. Clearly there is a
need for more well established thermochemical values to settle
whether PX% compounds, with X an electronegative atom, can
be adequately described at these lower levels of parametrization.

four outliers: bicyclobutane-1-carbonitrile, trimethylphosphine, It is already clear that such schemes are not adequate for the
trimethylphosphine oxide, and 1-phenylcyclohexene. The modi- full range of PX% compounds with no restriction on electrone-
fied atomic level parametrization had four outliers: bicyclobu- gativity. The few phosphorus compounds for which there are
tane-1-carbonitrile, trimethylphosphine, trimethylphosphine ox- experimental heats of formation are fitted reasonably well by
ide, and triethyl phosphite. (1-Phenylcyclohexene had a large the low level treatments although the large deviation for triethyl

error but less than theo3criterion.) The bond level paramer-

phosphite with the modified atomic contributions scheme shows

ization fit had three outliers: 2,2,3,3-tetramethylbutane, bicy- that the treatment does not cope well with large changes in the
clobutane-1-carbonitrile, and 1-phenylcyclohexene. Phosphoruselectronegativity of the attached atoms. This is demonstrated
compounds had been excluded from the bond and group dateby omitting the point for trimethylphosphine from the fit. The
sets. The group level parametrization fit had two outliers: standard deviation falls to 2.42 and the only deviations greater
bicyclobutane-1-carbonitrile, and. [2.1.0]bicyclopentane-1-car- than 3 are bicyclobutane-1-carbonitrile and trimethylphosphine
bonitrile. Compounds with a phenyl to alkene bond had been oxide. There is no justification for omitting trimethyl phos-
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TABLE 5: Parameters Needed for Some Sample calculations are easy. The use of a spreadsheet is advisable
Calculations because of the need to carry many digits in the DFT energies
modified and parameters. By copying the DFT energy from the output
compound atom bond group atom file to the spreadsheet using the Windows clipboard, errors in
ethylene oxide 2[@  4[C4—H] 1[0(C)y] 2[CH2(X)2] transcription can be avoided, and the only human data entry
4[H]  1[C4=C4q]  2[CH(C)(O)] 1[O(X)c] needed is the sequence of integers specifying the number of
2-methoxy-2-methyl- 1[5?51 ﬂ)?é:?ﬁ]] 2CHAX)]  2[CHH0] contributions to be used. The process of analyzing the structure
1.3-dioxolane 10H] 2[G-Cjd  3[0(C)] 2[CHA(X)] for contributions will be illustrated for a few examples in Table
3[0] 6[Cs—02  2[CHAC)(O)] 1[C(X)d] 5.
_ [C(O)x(C)]  3[O(X)4] Clearly, one should use the highest level parametrization for
1,2-butadiene 2lc[ﬂ 3[84::] [gHﬁ(X)] i[gniy] which all parameters are available. The quality of the estimates
1%(:2% 1{C2—c1] EC;’Hf]C)] 1[[CH%E<))3]2] of the enthalpy of formation at 298 K for the methods presented
6[H] 2[CaCq [cd 1[C(X)4] here can be summarized in Table 6.
phenanthrene 14C 10[Cp-H] 10[CpH] 10[CpH]
10[H] 16[Cy=Cs] 2[CH(Cr)(Cp)2] 4[Cn(X)] Discussion
2[Ci(Cr)2( Co)]
bicyclo[1.1.0]butane- 4[¢ 5[C4—H]  2[CHx(C)]  2[CHa(X)] The goal of this investigation was to find a simple scheme
1-carbonitrile 11,[\?] i[ﬁ‘g_cé] i[g-(':(C():g]N é[(éH>§X)3] which would allow comparatively easy estimation of heats of
S%H]ﬂ [ A HCCKCN] 1[[N§X))‘;]] formation at 298 K, in as general as possible a way for the

widest possible range of compounds. In terms of this goal, a
phine: the reported uncertainty in its enthalpy of formation is group contributions scheme involves too many parameters, and
small, as is that for triethyl phosphite. This simply serves as a is of too limited a range of applicability. In fact, it has really
warning about the dangers of trying to have a single parameterbecome a way of using the ab initio calculation to deal with
for tricoordinate phosphorus with a wide range of substituents. deviations from simple behavior because group contribution
Curiously enough there is no analogous problem with carbon schemes lead to very good estimates of heat of formation with
bonded to groups with a range of electronegativities:, @kh no molecular orbital component, provided that the molecules
X =H, CHgs, F, Cl, and OCH are all treated satisfactorily. For  are simple, with no severe strain or nonstandard interactions.
sulfuric or sulfurous acid derivatives, the problem of a large However, Benson’s tablé&sinclude numerous correction terms
effect of changing electronegativities of substituents is even which must be added to the simple group additivity parameters
more serious’ There are too few data to allow extensive testing (ring corrections, gauche corrections, cis corrections, ortho
at higher levels of parametrizations, so these compounds will corrections, 1,5 H repulsions, ditertiary ether corrections, etc.)
not be discussed further. and it is all of these nonstandard terms which one expects to

Finally 1-phenylcyclohexene is an outlier in both schemes be accounted for in the molecular orbital calculations. Thus,
where it is included. On checking the origins of this value we when the necessary parameters are well-defined, the group
found that it is traced from PedI&to Cox and Pilchet®to an contribution approach, though it may offend one’s sense of
experimental heat of combustion dating from 1983t is scientific esthetics because of the large number of parameters,
possible that the problem here is in the experimental value. will give the best results. The same criticisms apply to the bond

Acetylene is not treated well by the modified atomic scheme; scheme, although to a lesser extent, because bond contributions
in fact, it also has a large deviation with the atomic scheme, alone do not lead to particularly good estimates of heats of
though it does not count as an outlier there. Other alkynes areformation!® By contrast the bond contribution scheme for
treated well by both schemes. converting DFT energies into enthalpies of formation leads to

On one hand the success of these schemes suggests that fauite good results with a wider range of applicability than the
many classes of compounds very good estimates of the heat ofgroup schemes. The atomic scheme, even with the inclusion of
formation at 298 K can be obtained with relatively inexpensive contributions dependent upon the coordination number, seems
calculations, requiring far less computational resources than G2to be too simple to give useful accuracy. A modified atomic
2, or G338 level calculations, which would lead more directly to  scheme with CO, SO, SQand PO, as well as aromatic carbon
enthalpies of formation of calorimetric accuracy. On the other treated as distinct “atoms” allowed better estimations for a small
hand, there are patterns of failure of the approach which indicateincrease in number of parameters. Results of this scheme are
that caution must be exercised in using such methods to obtaingood enough for some purposes, and are in fact of comparable
enthalpies of formation. accuracy to some experimental values.

To carry out the calculations needed to convert a B3LYP  The necessary warning about the use of any of these schemes
energy to a heat of formation, it is convenient to set up a is that they will not account for highly strained molecules. For
spreadsheet with the parameter labels and values in rows at thehe heavy elements (S and P were examined) it is not satisfactory
top. Then the DFT energy and the numbers of contributions to ignore differences in the electronegativity of the atoms
for each parameter can be entered and the heat of formationattached to this heavy element in the parametrization. This in
calculated. Once the formula has been entered, subsequenturn means that at least bond level and probably group level

TABLE 6: Quality of the Estimates of the Enthalpy of Formation at 298 K

data set
full standard
method no. of compds no. of parameters std. dev (kcal/mol) no. of compds no. of parameters std. dev (kcal/mol)
atom 250 18 2.96 180 12 2.64
modified atom 248 23 2.53 180 18 1.97
bond 229 40 1.90 180 32 1.72

group 183 79 1.39 180 79 1.26
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treatments will be needed to cover the full range of organosulfur attached to the central atom. The results for benzene were
or organophosphorus compounds. Unfortunately, there is notunsatisfactory and no other aromatics were considered. Their
yet the body of thermochemical data to permit this in any set of compounds did not include any with anomeric effects

comprehensive fashion.

Comparison with other Methods. The B3LYP func-
tionaP1228.2324was developed to give good agreement with
thermochemistry. A recent examinatfdmf its application to
alkanes showed that simple conversion of the DFT energies to
enthalpies gave good results for-©€3 alkanes but increasingly
poor results for larger ones, with a 30 kcal/mol error for

except for some polyfluoro methanes and ethanes.

Yala?® reported an atom equivalents scheme for converting
rhf/6-31G** energies to heats of formation, with an rms
deviation of 1.80 kcal/mol for a set of 62 compounds with 11
parameters, including benzene as the only aromatic compound
(fitted poorly) and very few examples of molecules with O or
N containing functional groups (20 compounds representing 10

hexadecane. Use of an isodesmic scheme reduces the error téunctional groups). Castféreported a similar scheme, and had

16 kcal/mol for hexadecane. A homodesmbticcheme,
maintaining equal numbers of Gldnd CH groups in reactants

an average error of 3.0 kcal/mol for O and N compounds.
Cioslowski et aP8 reported a general approach to converting

and products in the hypothetical reactions used to calculate heat83LYP energies to enthalpies of formation which used atomic
of formation reduced the error to 2 kcal/mol for hexadecane. equivalents, bond density functions and corrections for molecular
This is looking like a group contribution scheme. In fact, it can charge and spin multiplicity. This approach was able to calculate
be shown that the group contribution scheme presented here iseasonable enthalpies of formation for a wide range of molecules
equivalent to a homodesmotic scheme. The fundamental as-and ions, but even at B3LYP/6-311G** and the most elaborate
sumption, illustrated for the reactions considered by Redfern et system the standard deviation was 5.84 kcal/mol in enthalpy.

al. 25 is that for the hypothetical reaction
CoHania + (N = 3)GHg = (n = 2) GHg

AH° ~ AEwo, Where AEyo is the difference in calculated
energies for this reaction by the molecular orbital method used.
Now, these may both be expanded to give

AH® = (n — 2) AH;°(C3Hg) — (n — 3) AH;°(C,Hg) —
AHfo(CnHZn—O—Z)

AEyo = (n— 2) Eyo(CaHg) — (N — 3) Eyo(CHg) —
EMO(CnH2n+2)

Solving these forAH:°(ChH2n+2), with the assumption that
AH® ~ AEwo, one obtains

AHP(CHoni0) = (0 — 2] AH(C3Hg) — Eyyo(CiHg)} —

(n = 3 AH(CHg) — Eyo(CHg)} + Eno(CiHzni2)
Now by the definition of group parameters

AH;?(C,Hg) = Eyo(CHg) — 2*[CH3(X)]
and
AH{*(C3Hg) = Eyo(C3Hg) — 2*[CH4(X)] — 1*[CH,(X) ]
Thus
AHP(CHo10) = (n— 21 — 2*[CH4(X)] —
L[CH,(X)} — (n — 3) ~2*[CH(X)} +
Enmo(CiHant2) = Evo(CrHanio) — 2¥[CH4(X)] —
(n = 2)*[CH,(X),]

Thus, the group contribution scheme presented here is a
systematic application of the homodesmotic approach to con-
verting molecular orbital energies to heats of formation.

Similarly, the bond contribution scheme presented here is a

For hydrocarbons, atomic schemes can do very #dtor
polycyclic aromatic hydrocarbons, simple group schemes can
give good accuracy either at rhf/6-31&* or MP2/6-31G*31
levels.

Allinger has shown that for various families of compounds a
bond contributions scheme, derived from the one used in MM2
and MM3, can be used to convert rhf/6-31G* energies into heats
of formation with accuracy of less than a kcal/mol. This was
done for alkan€® (somewhat better results were obtained by
B3LYP/6-31G* calculations), alkylamine8,carboxylic acids
and ester$? aliphatic aldehydes and keton®salcohols and
ethers’® and thiaalkane¥.

For limited ranges of structural variation, there is abundant
evidence that various kinds of parametrization schemes can give
very good enthalpies of formation from RHF or DFT energies.
The present investigation looked at a range of molecular sizes
and functionality, including molecules with multiple functional
groups, to test the applicability of various schemes for converting
molecular orbital energies to enthalpies of formation for the
kinds of polyfunctional compounds which arise in studies of
reaction mechanisms. The conclusion from this work is that the
conversion can be done with useful accuracy for a wide range
of compounds, though there are limits to the currently inex-
pensive methods. It should be pointed out that by limiting the
compounds considered in this work to subsets with only one
functional group and no sources of strain, the standard group
contribution parameters derived here give smaller standard
deviations: for 10 alkanes the rms errer 0.63; for 10
alkylamines the rms error 0.67; for 10 alcohols and simple
ethers (including ethylene oxide) the rms err010.75; for 11
aliphatic carboxylic acids and esters the rms errdd.69; for
5 aliphatic aldehydes and ketones he rms e#rd.72. Thus,
with the standard group contribution parameters and limited
ranges of compounds the calculated values are in very good
agreement with experiment. With a much wider range of
compounds, including polyfunctional molecules, the agreement
is less good but still quite useful.

Calculations

somewhat more elaborate version of an isodesmic approach with Methods. Molecular orbital calculations were carried out

some account taken of the local environment of the atoms at
the ends of the bonds.

Ibrahim and Schleyénreported average errors on the order
of 2 kcal/mol for all molecules with their scheme that used
atomic contributions which depended on what atoms were

using Gaussian 9% Initial structures were optimized by
molecular mechanics using PCMod&IThen the structure was
optimized using Gaussian at the rhf/6-31G** level, and finally
a single point calculation at the optimized geometry was carried
out using B3LYP/6-31G*%.9 as implemented in Gaussian 94.
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