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Predictions of G2 and CBS-Q
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A total of 12 new thermochemical group additivity values (GAVs) needed to estimate the thermochemistry
of large polyunsaturated hydrocarbons are derived from G2 calculations, including the nine missing hydrocarbon
group values involving €H bonds. The CBS-Q method is found to perform very poorly for the calculation

of enthalpies of formation of alkynes and systems containing delocalized multiple bonds. The nonsystematic
deviations between (i) CBS-Q and experimental values and (ii) CBS-Q and G2 values suggest errors in the
CBS-Q extrapolation protocol rather than in the bond-additivity corrections. A few hydrocarbon groups are
calculated to have surprisingly different stabilities than the others, and molecules containing these groups
would be good targets for future experimental work.

Introduction that occur in organic C/H/O compounds. Within the family of
C/H compounds alone, the total possible number of hydrogen-
containing groups amounts to 25 with three different types of
C atoms namely, Sp(C), s (Cd), and sp (Ct). Experimental

h data are completely lacking for two of the di-substituted alkyl

Hydrocarbon mixtures will continue to be both the principal
chemical feedstock and the principal source of energy worldwide
for years to come. Kinetic models of their pyrolysis and

combustion chemistry are of great practical importance, and wit| . . )
Y g P b groups and seven of the trisubstituted alkyl groups \{iZ/

the rapid improvements in computer-assisted model generation
and reactor simulation, quite detailed elementary-step treatment$Ct2/H3, {C/CUCA/HZ, {C/Ct3/H, {C/Ct2/C/H, { C/Ct2/Cd/

(including hundreds or thousands of species in the reacting H}, {C/Cd3/H, {C/Cd2/CUR, {C/CdZ/C/H’ and{C/Qt/pd/
mixture) are now possibf. C/H}. Even fewer data are available for groups containing only
These kinetic models rely on accurate knowledge of the carbon atoms; here, we focus on three groups centered on an
hydrocarbon thermochemistry. However, rarely is the required SP carbon which are missing from Cohen’s tabulation but which
thermochemical data available from experiment: experimental &€ required to build models for soot and coke formation from
thermochemical data are available for fewer than 1% of the alkanes:{Cd/Ct/Cq, {Cd/Ct3, and{Cd/Cd/G.
millions of organic compounds cataloged by Chemical Abstracts  The paucity of thermochemical information on molecules
Service (CAS), and many of the intermediates thought to be containing these groups could suggest that all compounds
important in the high temperature chemistry of moderately large containing these groups are unimportant. However, it would be
hydrocarbons have never been detected and do not even havextremely risky to assume that just because no thermochemical
CAS numbers. Fortunately, methods are known for estimating data is available on a compound it cannot be important. Even
the unknown thermochemical valugand the group-additivity ~ rather short-lived intermediates can have important kinetic
approach of Benson and co-workers has proven extremely consequences. When generating kinetic models with a computer,
accurate and reliable for predicting the thermochemistry of it is good practice to consider each possible species and only
organic compounds, provided the requisite group additivity discard those found to be numerically insignificant. This
values (GAVs) are knowh! In this approach, the target determination frequently depends on an estimate of the ther-
molecule is considered to be composed of atom groups, ormochemistry of the species in question, so knowledge of the
functional groups, and the sum of the contributions from these thermochemical group values are useful in the model-building

groups provides the estimated thermodynamic values of the hrqcedure even if the compounds with those functional groups
target molecule. This method is very well suited for predicting +,rn out to be insignificant.

the thermochemical values required during computerized kinetic

model constructiol. an approximate GAV based on the values of similar groups

Unfortunately, even for hydrocarbons, more than half of the S . .
Benson group values remain unknown, severely limiting the pecause a close analysis |nd.|cates that groups WhI'Ch differ only
’ n the nature of the C substituents (for example, in the set of

range of compounds whose thermochemistry can be accuratel)) o
predicted. Recently, Cohérhas tabulated the best group {CICx2/HZ, where the 2 Cx carbons are any combination of

additivity values available for enthalpies of formation of C/H C, Cd, and CY) have ’approxima_tely the same GA_‘V' This is
and C/H/O compounds. The available GAVs based on experi- 25sumed (by Benson's convention) for groups with three H

mental data do not nearly exhaust all of the possible groups atoms, and where tested, it has been found to be quite reliable
for groups with two H atoms. However, this approximation gets

* To whom correspondence should be addressed. E-mail: whgreen@ Progressively poorer for groups with one or no H atoms.
mit.edu. Fax: 001 617 252 1651. Consequently, application of this rule to estimate the GAV for

For the missing groups, the common practice is to estimate

10.1021/jp0215320 CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/25/2002



11142 J. Phys. Chem. A, Vol. 106, No. 46, 2002 Sumathi and Green

the missing groups is not fully reliable (and it is not possible to an extrapolation procedure to determine the projected second
test the accuracy of this approximation for completely new order (MP2) energy in the limit of a complete basis set. Both
groups). methods are known to give very accurate thermochemical values
On the other hand, several accurate techniques, e.g., thefor a variety of small organics.
Grf~and CBS-f* 1 series, have been proposed and evaluated  The total partition functionQ, of all species was calculated
in the past decade to predict the thermochemistry of moleculeswithin the framework of the rigid-rotor-harmonic-oscillator
from first-principles calculations. These methods use molecule- approximation with corrections for internal rotation. The
independent empirical parameters, and they are parametrizetptimized geometrical parameters and the scaled (by 0.91844
using a test set of relatively small molecules. As evideri¢ed, for HF/6-31G(d) and 0.8929 for HF/6-31G(d) level) harmonic
in the enthalpies of formation at-alkanes of up to 16 carbons  vibrational frequencies were used for the calculation of rotational
and isoalkanes of up to 10 carbons, the calculated heats ofand vibrational partition functions. All torsional motions about
formation of large molecule using Gn and CBS-n series could the single bonds between polyvalent atoms were treated as
suffer from accumulation of small errors. Nevertheless, it has hindered internal rotations. The hindrance potential for the
been shown that one can minimize/cancel the accumulation ofinternal rotation was obtained at the HF/6-31G(@vel by
such small errors and can improve the agreement with experi- optimizing the 3N-7 internal coordinates, except for the specific
ment through proper use of isodesr#fldsogyricl® homodes-  dihedral angle, which characterizes the torsional motion. This
motic2° or bond separation reacti#rschemes involving other  dihedral angle was varied fron? @ 36 in increments of 20
molecules with similar chemical bonds. These high-level or 3C°. The potential energy surface thus obtained was then
quantum calculations can then be used instead of experimentafitted to a Fourier serie&mAn cosfrg) + B sin(mg) with m
data to determine the GAV%; 23 though one seldom knows if < 17. Subsequently, the partition function for the hindered
the calculations are sufficiently accurate. Recently, we have rotation was obtained by solving the one-dimensional Sithro
demonstratetf4 26 the performance of the CBS-Q method in inger equation
accurately predicting the thermochemical properties of alkanes,
alkenes, terminal alkynes, alcohols, acids, aldehydes, ketones, h2 dzlp(cb)
esters, and ethers. We have chosen large molecules in each - 5
series, containing up to seven heavy atoms that lie outside the 87y, dP
“extended G2 neutral test set” and analyzed the systematic
trends, if any, in the predictions. Recently, we also defVed for the energy eigenvalues with the fitted hindrance potential
nearly 20 GAVs for the molecular family of ketenes using a in the free rotor basis. The reduced moment of inertia for
multivariate linear regression analysis (MVRA). It therefore rotation,ly; in the kinetic energy term, was taken as the reduced
seems likely that the missing GAVs can be derived from moment of the two groups about an axis passing through the
quantum chemical methods, and then group additivity could still center of gravity of both the groups. Thoutf is actually a
be employed as the primary estimation method for the thermo- function of ¢ and the vibrational coordinates, in the present
chemistry of larger hydrocarbons. work, Inir was fixed at its value for the equilibrium geometry,
In this paper, we aim to derive the nine missing GAVs for and the rotating group was assumed to be rigid. The partition
carbons bound to hydrogen and three missing groups for sp function for hindered rotation was evaluated directly from the
carbons needed to compute hydrocarbon thermochemistry, usingigenvalues, whereas the thermodynamic propekieS and
the G2 level of theory. Many of these groups exist only in C, were calculatett from the ensemble energy averages and
molecules containing seven or more carbons, so we could notfluctuations in internal energy, respectivelE® and [E2L]

afford to run high-level calculations on enough molecular  Several different schemes were used to convert the theoreti-
systems to do MVRA. Because GAVs derived from a single cally evaluated total energies to the corresponding standard
compound can be subject to large uncertainties, we checkedenthalpies of formation AH?®. This requires relating the
our calculations by comparing the thermochemical properties ca|culated ab initio energy of the large molecule of interest to
computed at the G2 and CBS-Q levels of theory. Both levels ihe ab initio energies of a set of smaller species whose
of theory are known to give very accurate results for many small experimental heats of formation are well-known. We first used
organics, and they are both extrapolations based on very similalihe conventional atomization energy metbosvherein the
computations, and except in unfavorable cases, one might expectneoretical (nonrelativistic) atomization enerdyde was used

to give very similar values. We have used CBS-Q with gréat ;, ¢onjunction with standard experimentaH? values for the

success in several previous publications on thermochemistry and,;o s and spinorbit correction&34 to obtain the heats of
kinetics®2426 However, CBS-Q has known probleffg? in 2908

. . . formation of the species at 0 K. TheH;™" values were then
reproducing the experimental heats of formation of 2-butyne b f

d hihal ing that ool wrated hvd b obtained using the computed heat capacity curve for the large
and naphthalené, warning that polyunsaturated ydrocarbonSy,,jacyle in combination with literature temperature corrections
may be problematic for CBS-Q.

to the enthalpies of the atoms. Th&1?*® was further adjusted
using the recommended bond-additivity corrections associated

with each quantum chemistry meth#d.

Standard ab initio molecular orbital calculations were per-  Instead of referencing to the separated open-shell atoms, the
formed with the Gaussian 98 packa&nergies were obtained  method of bond-separation reactiéhases small closed-shell
at the G2 and CBS-Q levels of theory. The G2 level corresponds species as the reference molecules. This leads to improved
effectively to calculations at the QCISD(T)/6-3tG(3df,2p) cancellation of error and avoids the need for bond-additivity
level on the MP2/6-31G(d) optimized geometries, incorporating corrections. Raghavachari etdhave used this scheme recently
scaled HF/6-31G(d) zero-point energies (ZPE) and making with the G2 method to get substantial improvement in the
certain assumptions about additivity and appending a small calculated results for large saturated organics. Here, we used
higher-level empirical correction (HLC) to accommodate re- methane, ethane, ethylene, and acetylene as the reference
maining deficiencies. The main idea in the CBS-Q method is molecules for the bond-separation method.

+ V(D) W(D) = E(P) W(D)

Theoretical Procedures
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TABLE 1: MP2(full)/6-31G(d) (G2) and MP2(FC)/6-31G(d") (CBS-Q) Optimized Bond Lengths in Angstroms of the Important

Bonds in the Various Systems Investigated in This Work

C—H Ct—C Cd-C Ct—Ct Cd=Cd c-C
species G2 CBS-Q G2 CBS-Q G2 CBS-Q G2 CBS-Q G2 CBS-Q G2 CBSQ
(HCC)CH (1) 1101 1.104 1.472 1477 1.218  1.225
(HCC)RCH(CH=CH,) (2)  1.101 1.104 1.471 1477 1518 1523 1219 1226 1.334 1.341
(HCC),CHCH,CHjs (3) 1.101 1.104 1.468 1.473 1.219  1.226 1.543  1.549
(CH;=CH);CH (4) 1.099 1.102 1506 1.512 1.337 1.343
(CH;~=CH),CH(CCH) ©) 1.099 1101 1.468 1.474 1509 1516 1.219 1.227 1.336 1.343
(CH;=CH),CHCH,CH; (6) 1.099  1.103 1502 1.508 1337 1344 1541 1545
(HCC)(CH=CH)CHEt (7) 1.099 1.103 1.466 1.472 1.505 1.511 1.219 1.227 1.337 1.343 1.542 1.548
(HCC)CH(CH=CH,) (8)  1.098 1.101 1.465 1.471 1506 1512 1.219 1226 1.336 1.342
(HCC)CH, (9) 1.098 1.101 1.466 1.472 1.218 1.225
TABLE 2: G2 Calculated Thermodynamic Properties Together with the CBS-Q Heats of Formation Obtained Using
Atomization Energy Method?
CBS-Q G2 Cy(M
species AHM®  AHP® % 300K 400K 500K 600K 800K  1000K 1500 K
(HCC)CH (1) 170.1 172.8 8051 2823  33.68 37.68  40.76  45.35 48.72 54.01
(HCC)(CH=CH)CH (2) 1235 128.0 86.22 29.64 36.01 41.03 45.04 51.13 55.61 62.61
(HCC)CHCH,CHjs (3) 89.5 95.1 88.01 31.80 39.15 45.18 50.08 57.59 63.09 71.60
(CH;=CH);CH (4) 45.1 44.8 92.74 32.29 40.13 47.09 52.98 62.22 69.06 79.66
(CH;=CH),(HCC)CH ) 85.1 85.7 8847 33.60 40.10 4556 50.12  57.32 62.74 71.29
(CH;=CH),CHCH,CHjs (6) 13.5 13.5 95.65 35.53 44.21 51.99 58.61 69.01 76.74 88.72
(HCC)(CH=CH)CHE (7) 45.0 471  90.67 34.94 4296 4969 5526  63.91 70.33 80.36
(HCC)(CH=CH,)CH; (8) 66.2 65.6 75.94 22.06 27.19 31.52 35.12 40.72 44.89 51.42
(HCC)CH, (9) 106.8 107.7 70.77 20.80 25.01 28.31 30.95 35.02 38.06 42.84
CH,=C(C,H)CHjs (10) 58.2 60.1 73.95 22.63 27.61 31.78 35.26 40.76 44.90 51.41
CH;=C(CH)(CH=CH,) (11) 80.3 82.7 78.35  26.44 33.05 38.02 41.79 47.25 51.21 57.47
CH=C(CH); (12 122.7 126.8 76.45 24.14 29.12 32.86 35.79 40.18 43.40 48.43
CH,=C(C;H)(MeC=CH,) (13) 72.9 749 8555 3270 4001 4579 5046  57.66 63.02 71.46
MeCH=C(C,H)(CH=CH,) (14) 65.3 740 86.18 3161 3927 4544 50.32  57.66 63.05 71.49
CHMe=C(C;H), (15) 109.6 118.5 84.86 29.38 35.40 40.31 44.34 50.61 55.24 62.45

a AH?® are given in kcal/molS8 and C,(T)'s are in cal/mol K.

In addition, we also used sets of isodesmic reactions for CBS-Q heats of formation. The heats of formation given in this
evaluating more accurat&H?%¢. Within the constructed iso-  table are derived using the atomization energy method. Because
desmic reactions, most of the reactions are homodesttotic the optimized geometries do not vary between the two levels
(they conserve the number of bonds of each order between eaclof treatment, the associated moments of inertia and vibrational
pair of atom types) as well. By using isodesmic/homodesmotic frequencies are nearly the same, and consequently, the entropy
reactions, one is essentially replacing the generic bond-additivity and Cy(T) values are relatively insensitive to the level of

corrections used in the atomization energy approach with more treatment. However, the calculated enthalpy of formations after

specific calibrations to chemically similar reference molecules
This approach is known to minimize systematic errors in mos

. accounting for appropriate sptorbit and isodesmic bond-
t additivity corrections vary significantly with the level of

methods and to improve the results. The sets of isodesmic/treatment especially for systems with multiple=C bonds viz.,

homodesmotic reactions used here provide improved heats

of(HCC)CH (1), (HCCLCHCH=CH, (2), (HCC),CHCH,CHs

formation when the errors in using the bond-separation reaction (3), (HCC)(CH=CH,)CHCH,CH3 (7), CH,=C(C,H). (12),

approach are large.

MeCH=C(C,H),(15), and MeCH=C(C,H)(CH=CH,) (14). The

If the three different methods for computing the heats of deviations, do not show any systematic pattern with respect to

formation give very different results, this is typically interpreted
as an indication that the quantum chemistry method is runnin
into problems.

Results and Discussion

The optimized geometries with or without core electron
correlation viz., MP2(full)/6-31G(d) in the G2 method and MP2-
(Frozen Core)/6-31G(lin the CBS-Q method, are very nearly
the same (Table 1). The€H bond length varies up to a
maximum of 0.003 A, whereas the=8€t, Cd=Cd, C—Cd, C—

Ct, and C-C bond lengths vary up to a maximum of 0.007 A

the number of &C or C=C bonds.

g Therecommended bond-additivity corrections (BACs) for G2
and CBS-Q used with the atomization procedure are significantly
different and sometimes quite large. These recommended BACs
were determined by fitting to a database of examples for each
bond type. In doing so, no differentiation was made between a
double bond and a delocalized aromatic bond. It is therefore
possible that some members of a particular bond type will
exhibit larger absolute deviations after applying the BACs than
others. Therefore, we devised several isodesmic reactions to
understand the anomalous differences in the predicted enthalpy
of formations.

between the twollevels. Furthermore, the bond |erlgthS of the The list of isodesmic reactions considered for each molecule
common groups in all of the chosen species remain nearly theis compiled in Table 3 together with the reaction energy at G2
same suggesting thereby a constant bond strength and transferand CBS-Q levels. Except for the reactions in the italicized font

ability of the groups between the molecules.

in Table 3, the remaining reactions are homodesmotic involving

The calculated thermodynamic properties of the systems atequal numbers of each type of«C (C—C, Cd=Cd, C&Ct,
the G2 level are given in Table 2 together with the computed etc.) and G-H bonds (C-H, Cd—H, Ct—H, etc.,). In this
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TABLE 3: Use of Isodesmic Reactions to Calculate the Heats of Formatién

isodesmic reactions AHRr(CBS-Q) AHgr(G2) AAHq(expt) AH;(CBS-Q) AH:(G2)

(HCC)CH (1) + 2CH, — 3HCCCH; —3.05 —5.47 168.4(0.8) 171.42 173.84

(HCC)CH (1) + 3C,Hg — 3HCCCH; + CH(CHg)s —10.92 —13.36 160.6(1.1) 171.54 173.98

(HCC)CH (1) +2C;Hg+CH; — 3HCCCH; + CH3CH,CHs —5.83 —8.33 165.5(1.0) 171.36 173.86

(HCCYCHCH=CH, (2) +2CH, — 2HCCCH; + CH,CHCH;s 5.36 0.33 129.1(0.7) 123.70 128.73

(HCC),CHCH=CH, (2) +3CH;— 10.85 5.81 134.6(0.9) 123.73 128.77
2HCCCH; + CH,=CH, + CH3CHs;

(HCC),CHCH=CH, (2) +3C,Hs — —-2.51 —7.57 121.3(1.0) 123.82 128.88
2HCCCH; + CH,CHCH; + CH(CH)s

(HCCYCHCH=CH; (2) +2CHs+CH;s— 2.58 —2.53 126.2(1.0) 123.64 128.75
2HCCCH; +(CHs).CH,+CH,CHCHs

(HCC),CHCH,CHjz (3)+2CH; — 2HCCCH; + CH;CH,CHjs 8.61 3.26 99.2(0.7) 90.55 95.90

(HCC)YCHCH,CH;z (3) +2C,Hg+CH; — 2HCCCH; +2 CH;CH,CHjs 5.84 0.40 96.3(0.8) 90.48 95.92

(HCCYCHCH,CHjs (3) + CH;=CH, + CH4 +C;Hs — 3.13 —2.40 93.6(1.0) 90.51 96.04
CH,CHCH; + CH3;CH,CH;z +2 HCCCH

(CH,=CH)sCH (4) +3CH; — 3CH,=CH, + CH(CHa)3 15.85 14.06 59.25(0.8) 43.40 45.19

(CH;=CH)3;CH (4) + 2CH; — 3 CH,CHCH; 7.26 5.50 50.4(0.5) 43.18 44.94

(CH;=CH)3CH (4) + 3C,Hs — 3 CH,CHCH; + CH(CHg)3 —0.61 —2.39 42.7(0.8) 43.30 45.08

(CH;=CH),CH(CCH) 6) +2CH; — 2CH,CHCH;+HCCCH; 5.48 3.58 89.75(0.6) 84.27 86.17

(CH;=CH),CH(CCH)(5) +CH,CH,+C,Heg+CH, — —0.01 —1.90 84.2(1.0) 84.24 86.13
2CH,CHCH; + HCCCH; + CH,CHCH;

(CH;=CH),CHCCH () +2C,Hg+CH, — 2.70 0.72 86.9(1.1) 84.21 86.19
2CH,CHCHs+ CH3CCH + (CHg).CH,

(CH;=CH),CHCCH () +3C,He — —2.40 —4.31 82.0(1.1) 84.40 86.31
2CH,CHCH;+HCCCH;+CH(CHg)s

(CH;=CH),CHCH,CHjs (6) +2CH; — 8.16 6.89 20.5(0.7) 12.38 13.65
2CH,CHCH; + CH3CHCHs

(CH,=CH),CHCH,CHs (6) +2C,He+CH, — 5.38 4.03 17.7(0.9) 12.32 13.67
2CH,CHCH;+2CH;CH,CHs

(CH;=CH),CHCH,CHs (6) +CH,=CH,+2CH, — 5.45 4.27 17.9(1.0) 12.41 13.59
3CH,CHCH;+CH;CH;z

(CH;=CH)CH(CCH)(CHCH) (7) + 2CH; — 14.91 12.28 59.85(0.7) 44.94 47.57
CH,CHCH; + HCCCH;+CH3;CH,CHs

(CH,;=CH)CH(CCH)(CHCHj) (7) +2CHs+CoHs — 12.20 9.66 57.2(1.0) 44.97 47.51
2CH,CHCH; + HCCCH;+CH3CHs

(CH,=CH)CH(CCH)(CHCHj3) (7) +CHs+2CHs — 12.13 9.42 57.0(0.9) 44.88 47.59
CH,CHCH; + HCCCH; + 2CH;CH,CHjs

CHy(C;H)(C2H3) (8) + CHs — HCCCH; + CH,CHCHs 0.94 1.04 66.97(0.5) 66.03 65.93

CHa(CoH)(CoHg) (8) + 2CHs — —1.84 —1.82 64.13(0.5) 65.97 65.95
HCCCH; + CH,CHCH; + CH2(CHs).

CHy(C;H), (9) + CH, — 2HCCCH; —1.44 —2.04 106.3(0.5) 107.72 108.32

CHy(C,H)2 (9) + 2CH;CH3; — 2HCCCH; + CHy(CHs): —4.21 —4.90 103.4(0.8) 107.65 108.34

CH,=C(C,H)CHjs (10) +CH,; — CH3;CCH+CH,CHCH; 8.95 6.57 67.0(0.5) 58.02 60.40

CH,=C(C,H)CHjs (10) +C;Hg + CH,=CH, — 3.46 1.09 61.45(0.8) 57.99 60.36
2 CH,CHCH; + HCCCH;

CH;=C(C,H)(C:H3) (11) + 2CH, — 17.98 14.29 97.4(0.7) 79.43 83.12
HCCCH; + CH,=CH, + CH,CHCH;

CH,=C(C,H)C;H3(11) + CH4+ C;Hg — HCCCH; + 2CH,CHCH; 12.49 8.86 91.9(0.8) 79.40 83.03

CH;=C(CH)(C2Hg3) (11) + 2CHe — 5.96 2.12 85.1(0.8) 79.15 82.99
CH,=C(Me), + HCCCH; + CH,CHCH;

CH;=C(CH), (12) +2C,Hg — CH,=C(CH;),+2CH;CCH 1.84 —3.00 124.4(0.8) 122.58 127.42

CH,=C(C;H), (12) + 2CH; — 2HCCCH;+CH,=CH, 13.86 9.13 136.7(0.7) 122.86 127.59

CH,=C(CH), (12) + C;Hgs +CH; — CH,CHCH; +2HCCCH; 8.37 3.64 131.2(0.8) 122.83 127.56

CH;=C(CH)(MeCCH) (13) + 2CH,— 16.65 14.07 88.5(0.7) 71.84 75.28
CH,=CH,+ HCCCH;+ CH,=CMe;

CH=C(CH)(MeCCh) (13) + CHs+ CoHs — 11.16 8.65 83.0(0.8) 71.81 75.18
CH,CHCH; + CH,CMe; + HCCCH;

CH,=C(CH)(MeCCH,) (13) + 2C;Hs + CH,=CH, — 5.67 3.10 77.45 71.78 75.21
CH,=CMe; + HCCMe + 2CH,CHMe

CHMe=C(C,H)(CH=CHy) (14) +2CH; — 2MeCHCH + HCCMe 25.30 14.41 89.75(0.8) 64.45 74.48

CHMe=C(C,H) (CH=CHj) (14) +CH;=CH, + 2C,Hs — 13.28 2.24 77.45(1.1) 64.17 74.35
2CH,CHMe + HCCMe + CH,=CMe,

CHMe=C(C;H), (15) + 2CH, — MeCHCH, + 2HCCCH 19.21 9.85 129.1(0.8) 109.85 119.21

CHMe=C(C;H), (15) + 2C;Hs + CH,=CH, — 7.19 —2.32 116.8(1.1) 109.57 119.08

MeCHCH, + CH,=CMe;, + 2HCCCH

a Reactions an italics are not homodesmotic. The G2 and CBS-Q heats of reaction respA¢tiy@2) andAHr(CBS-Q) and the inferred heats

of formation respectivehAH?%(G2) andAHZ*((CBS-Q) of the large molecules\AH:(exp) is the total contribution of experimental values on
small molecules to the derived heats of formation of the large polyunsaturated molecules. The number in parentheses is the sum of the associated
uncertainties in the experimental values. All values in kcal/mol.

collection of isodesmic reactions, we use a set of eight referencemolecules are tabulated in Table 4 together with their absolute
molecules CH, C:Hg, CsHsg, i-C4H10, CoH4, propene, isobutene,  energies at the G2 and CBS-Q levels. The experimental values
and propyne. The experimental heats of formation of these and error bars were taken from the compilation of Pedley
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TABLE 4: CBS-Q and G2 Absolute Energies @0 K (in au), Thermal Corrections to 298 K (in kcal/mol), and Experimental
Heats of Formation at 298 K (in kcal/mol) for the Reference Species Used in the Isodesmic Reactions Given in Tables 3 and 5,
and for Some Other Light Hydrocarbons?

CBS-Q energies G2 energies therm. corr.  AHi(expt) AH{(CBS-Q) AH{(G2) AAH{(CBS-Q)

CH, —40.409582 —40.410891 2.39 —17.9+0.1 —18.05 —-17.71 —0.15
CHsCHs —79.629748 —79.630883 2.84 —20.1+£0.1 —20.27 —19.91 —0.23
CH3CH:CHs —118.854721 —118.855811 3.52 —25.0+£0.1 —25.27 —24.96 —0.25
(CHs)sCH —158.083493 —158.084310 4.27 —32.1+£0.2 —32.59 —32.19 —0.52
CH>=CH; —78.415693 —78.415930 2.50 125 0.1 13.14 12.63 0.6
CH3;CH=CH, —117.645036 —117.645090 3.22 4.8 0.2 5.43 4.95 0.55
CH3CH,CHCH, —156.870214 4.05 —0.15+0.2 0.45 0.6
(CH3),C=CH, —156.876226 4.05 —4.0£0.2 —3.32 0.72
CH,CHCHCH, —155.665680 —155.664270 3.53 262 0.2 27.71 26.62 1.42
(CH=CH),CH, —194.885707 5.14 2540.3 26.73 1.32
HCCH —77.186245 —77.185740 2.32 542 0.2 55.59 54.33 1.39
HCCCHs —116.422334 —116.419170 3.04 442 0.2 43.65 43.97 —0.54
HCCCH.CHz —155.646601 —155.643402 3.70 39%£0.2 39.07 39.35 —0.43
1-pentyne —194.876495 —194.869074 4.65 34%0.5 31.24 34.10 —3.26
HCCCH(CH)2 —194.876071 —194.871299 4.50 324 0.5 31.38 32.58 —1.22
HCCC(CH)3 —234.109182 —234.101450 5.39 2540.3 21.46 24.45 —3.94
CH3;CCCH,CHjz —194.893389 —194.875589 4.64 30& 0.5 20.64 30.01 —10.2

a AH{(CBS-Q) andAH¢(G2) are the calculated heats of formation at 298 K in kcal/mol obtained from the atomization ensrgieCBS-Q)
(in kcal/mol) is the deviation of the CBS-Q prediction from experimental data.

al. and from the NIST webbooK. Table 4 also includes the delocalizing eneyne interaction and a geminal enagne
calculatedAH?%® of these species at both levels of theory using interaction, and they give rise to a mismatch of nearly 3.5 kcal/
the atomization energy method. For these small referencemol. Nevertheless, a very unrealistic mismatch~afO kcal/
molecules, the agreement between the experimental values andnol has been observed between the CBS-Q and G2 predictions
G2 is better than with the CBS-Q results. ThAH; (CBS-Q) for terminal methyl substituted diergne (14) and ene-diyne

is a measure of deviation from the experimental data. The (15).

recommended CBS-Q BA€for C=C is —0.08 kcal/mol/bond. A unique set of isodesmic reactions is the bond-separation

However, from this table, it appears that each double bond reaction, where all formal bonds between nonhydrogen atoms
requires a correction of abot0.68 kcal/mol. We have added  are separated into the simplest parent molecule containing these
few more dienes in Table 4 for comparison. We believe that same kinds of bonds. Raghavachari et'dlave demonstrated

the large deviation observed using the atomization energy that the use of bond-separation reaction with G2 theory leads
approach for simple olefins is due to failings of the BAC to a dramatic improvement in the theoretically computed heats
procedure. Use of isodesmic reactions including double bonds of formation. The reference molecules included in this scheme
cancels out this error. are methane, ethane, ethylene, and acetylene, whose heats of

It can be seen from Table 3 that, at a chosen level of formation are known experimentally to an accuracy-f.1

treatment, different isodesmic reactions give rise to a constantkcal/mol. The bond-separation reactions employed in this study
AH?*®for the target molecule. For a couple of moleculgss( are tabulated in Table 5. As can be seen from Table 4, the
and9), G2 and CBS-Q are in fair agreement on the heat of experimentalAH?*® of acetylene (54.2 kcal/mol) is ill pre-

f

formation. However, the striking observation s the significantly - gicted at the CBS-Q level (55.6 kcal/mol). The bond-separation
different prediction forAH{™ of alkynes from two different = method maximizes this ill conditioning in the isodesmic

model chemistry methods. The hydrocarbons with two ethynyl approach. As a result, the discrepancy between G2 and CBS-Q

(HCC) groups viz., (HCGCHCH=CH, (2) and (HCC)- level predictions using the bond-separation approach are larger
CHCH,CH; (3), differ approximately by 5 kcal/mol, whereas  than that observed in the case of isodesmic reactions of Table
the ones with a single ethynyl group, namely, (ECH).CH- 3. At the CBS-Q level, the most accurate theoretical numbers

(CCH) (5 and (CH=CH)CH(CCH)CHCH;z (7), differ ap- can be taken from the isodesmic cum homodesmotic reactions
proximately by 2.5 kcal/mol from the G2 predictions. In these of Table 3 because (i) the error in the heats of formation of one
hydrocarbons, the central CH group prevents the possibility for of the reference molecules used in the bond-separation reaction
an extended delocalization. If we extend this analogy, one shouldapproach is large and (ii) the recommended bond-additivity
eXpeCt a dEVIatIOI’l Of neal‘|y 7.5 kca|/m0| fOI‘ a SyStem W|th three Correction for a GC bond used in the atomization energy
ethynyl groups. However, in the case of (HGCH (1), the method introduces large deviations for simple olefins.

discrepancy is much smaller. Hence, it is not evident whether As discussed earlier, the cause for the anomalously large and

the large discrepancy between G2 and CBS-Q is systematic andnonsystematic differences between the G2 and CBS-Q predic-
is due to the poor description of a-©€ single bond. In the . 208 .
tions of AH;™ for some of the larger systems is not clear.

case of eneynes and enediynes, the discrepancy between .
the two quantum chemistry methods becomes progressively 10 better understand the discrepancy between these two
larger with increasing number of emgne and yneyne mod(_al chemistries, we exp_anded our set of alkynes and
interactions. The simple GHC(CCH)CH; (10) includes a considered pent-1-yne, 3,3-dimethylbut-1-yne, and pent-2-yne
delocalizing interaction between an -ene and an -yne bond and(Table 4) whose experimentalH?*® are known. In our earlier

it leads to a mismatch of nearly 2.5 kcal/mol, whereas the ene,- Work (results recompiled in Table 4), we observed a reasonable
diyne (12) consists of two eneyne interactions, and the agreement between experimental and CBS-Q datAKgr® of
deviation amounts to approximately 5.0 kcal/mol. The simple the terminal alkynes propyne, but-1-yne, and 3-methylbut-1-
diene-yne CH=C(C;H)CH=CH, (11) and the internal methyl  yne even though theH?*® of ethyne, the prototypical mol-
substituted dieneyne, CH=C(C,H)C(Me)=CH, (13) has one ecule with a triple bond, was in error byl kcal/mol. However,
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TABLE 5: Use of Bond-Separation Reactions to Calculate the Heats of Formaticn

isodesmic bond separation reaction AHR(CBS-Q) AHRr(G2) AAH:i(expt) AH:{(CBS-Q) AH{(G2)
(HCC)CH (1) + 5CHy — 3HCCH+ 3 CHsCHjs 26.12 19.02 193.0(0.6) 166.9 174.0
(HCC),CH(CH=CH,) (2) + 5CH; —~ 2HCCH+ CH,=CH, + 3 CH;CH; 30.29 22.13 151.0(1.3) 120.7 128.9
(HCC),CHCH,CHjs (3) + 5CH; — 2HCCH+ 4 CH;CHs 30.84 22.44 118.4(1.3) 87.6 96.0
(CH;=CH);CH (4)+5CH; — 3C;H4 + 3CHe 23.73 21.95 67.0(1.1) 43.3 45.0
(HCC)CH(GHs3). (5)+ 5CH; -— 2CHas+C;Ho+ 3CHs 26.18 22.71 109.0(1.2) 82.8 86.3
CH3CH,CH(CH3), (6) + 5CH; — 2CGH4 + 4CHe 21.91 20.72 34.42(1.1) 12.5 13.7
CH;CH,CH(CCH)(GHj3) (7)+ 5CH; — 4CH;CH3+CH,=CH,+HCCH 32.90 28.78 76.4(1.2) 435 47.6
(C:H3)CH,CCH (8) +3CHs — CH, + CoHa + 2CHg 16.15 14.69 80.7(0.8) 64.6 66.0
(HCC),CH, (9)+ 3CH; — 2HCCH + 2CH;CHjs 18.01 14.28 122.7(0.9) 104.7 108.4
CH,=C(C,H)CHs+4CH, (10)— CoHo+CoHa+2CHs+CH, 24.16 20.22 80.7(1.0) 56.5 60.5
CH,=C(CH)(C:Hs) (11) + 4CHs — CoHo+2CH4+2CHg 33.19 27.94 111.1(1.0) 77.9 83.2
CH,=C(CH), (12) + 4 CH, —C;H4 +2CH2+ 2CHs 33.30 25.49 153.1(1.1) 119.8 127.7
CH,=C(CH)(MeC=CH,) (13) + 5CH; — 2C,H4+CoHo+ 3CHe 38.39 34.40 109.0(1.2) 70.61 74.6
CHMe=C(C;H)(CH=CH) (14) + 5CH; — 2C,H;+C;H,+ 3C;Hs 46.00 33.53 109.0(1.2) 63.0 75.5
CHMe=C(C,H)2 (15) + 5CHy —CsHs+2CHx+ 3CH¢ 44.14 31.66 151.0(1.3) 106.9 119.3

aThe G2 and CBS-Q heats of reactions respectivetiz(G2) andAHR(CBS-Q), and the inferred heats of formation respecti\m-lif%(GZ) and

AH?¥(CBS-Q) of the large polyunsaturated moleculag\Hy(expt) is the total contribution of experimental values on small molecules to the

derived heats of formation of the large molecules. The number in parentheses is the sum of the associated uncertainties in the experimental values.
All values in kcal/mol.

from Table 4, it is clear that the CBS-Q level prediction for mol discrepancy between G2 and CBS-Q for specied. (
pent-2-yne is drastically different(10.2 kcal/mol) from the Additional work is needed to understand this error. The present
experimental value and is moderately off for both the terminal work suggests that caution must be exercised while applying
alkynes. We have observe® earlier that the CBS-Q method the CBS-Q method to systems with triple bonds and/or
over predicts the stability of systems witdrt-butyl group by delocalized bonds.
~1.5 kcal/mol {-BuCHs; (CBS-Q —41.57, expt—40.14 kcal/ It is however immediately obvious from Table 6 that the G2
mol); t-BuCH=CH, (CBS-Q—15.7 kcal/mol, expt-14.5 kcal/ level prediction is extremely consistent using both types of
mol); t-BuCHO (CBS-Q—60.2 kcal/mol, expt-58.5 kcal/mol); isodesmic reactions and these differ by less than 1 kcal/mol
t-Bu-C(O)OH (CBS-Q—123.45 kcal/mol, expt-122.0 kcal/ from the corresponding value obtained using the atomization
mol); t-BuOH (CBS-Q—75.9 kcal/mol, expt-74.5 kcal/mol); energy method. Importantly, the G2 predictions for simple
t-BuOMe (CBS-Q—69.4 kcal/mol, expt-67.7 kcal/mol). Even alkynes are in very good agreement with the experimental values
after accounting for this systematic failure, the deviation for (Table 4). This provides the rationale for preferring this method
3,3-dimethylbut-1-yne is quite significant. Curtiss et&darlier in the absence of experimental data. The GAVs of the missing
observed an anomalous deviation between experimental andgroups are therefore derived from the G2 results in combination
theoretical values at the CBS-Q level for 2-butyne and naph- with Benson’s GAVs for the other groups in each molecule viz.,
thalene. Montgomery et &?. attributed this anomaly to basis {Cd/HZ, {Cd/H/C}, {Ct/H}, {Ct/C}, {C/C/HZ}, {C/C2/HZ,
set near linear dependencies and modified the Gaussian prograniC/Cd/H3, { Ct/Cd}, and{Cd/Cd/H.
(Gaussian 98, revision A.7) to allow truncation of the basis set The new GAVs based on quantum chemical G2 calculations
in such situations. Analysis of our outputs using Gaussian 98, are tabulated in Table 7 together with Benson’s GAVs (in bold
revision A.9 and higher, however, do not show any indication face) for some of the similar groups. It is worthwhile to mention
of truncation of the basis set (by following the Nbasis and that Benson's GAV fo{ Ct/Cd group shows an unexpected
NbsUse variables) except for diene-yné&4 &énd13) and ene- decrease in gvalue at 500 K. We believe this to be a
diynes ((2and15). In the latter set, one basis function has been typographical error and derived the missing groups using Stein
eliminated with the default cutoff (1), whereas in the former  and Fahr's recommendatiof:
set, the number of basis functions being eliminated correspondsgroup 300K 400K 500K 600K 800K 1000K 1500K ref
respectively to 3 and 4. There is no indication of near linear {CtCd 257 354 350 4.92 534 550 580 Benson
dependencies in terminal -ynes. However, similar to but-2-yne, {CVCd 2.63 303 342 375 430 471 528  Steinand Fahr
in the case of pent-2-yne, one basis function has been eliminatedConsistent with the rule of similar groups, the three new GAVs
at the default (10%) cutoff value. Because experimennale298 centered on irarbons{Cd/Ct/G, { Cd/Ct/Cgd, and{ Cd/CtZ)
is known for pent-2-yne, we studied the E(CBS2) energy as a have nearly the same entropy and enthalpy values agGté
function of cutoff using iop(3/59) option. For cutoffs from Cd/C} group value of Benson. However, tig values differ
103-1075 only one redundant function is eliminated and significantly at low temperatures, possibly because groups with
E(CBS2) energy is nearly independent of this cutoff. However, ethynyl substitutents do not have as many associated torsional
increasing the cutoff to 1@ resulted in removal of eight basis  vibrations as{ Cd/Cd/G. Analysis of the G2 enthalpy values
functions causing differences to HF, MP2, and all component of methyl-substituted dieneynes, namely, S#(C,H)(CH=
energies of CBS-Q and worsened the discrepancy. It appearsCHy) (11), CH,=C(GH)(CMe=CH,) (13), and CHMe=C(CG,H)-
that the discrepancies we observe are not due to linear(CH=CH,) (14), suggests a cis correction ef —0.75 kcal/
dependency. mol between methyl and ethynyl (CCH) groups. The former
Preliminary analysis by He%sindicates that part of the two do not exert any cis interactions, whereas the lattdy (
problem is instead related to a failure of the orbital localization includes one. This ene-yne-cis nonneighbor correction is in good
scheme used in Gaussian for the CBS-Q method. Use ofagreement with the values deduced by Cdhen0.75 kcal/
MINPOP instead of the default POP option in CBSExtrapolate mol) for the cis interaction between an yne and an alkyl group
keyword seems to overcome this problem, bringing the CBS-Q in Z-3-penten-1-yne and Z-3-decen-1-yne. This value seems to
energy of pent-2-yne into reasonable agreement with experiment.be consistent while going from GHC(C;H), (12) to CHMe=
However, switching to MINPOP does not resolve the 9 kcal/ C(C:H), (15) which includes one cis interaction.
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TABLE 6: Comparison of G2 and CBS-Q Calculated Heats of Formation Using Atomization Energy Method (AE), Isodesmic
Reactions (IR; see Table 3), and Isodesmic Bond Separation Reactions (BS; see Tabke 5)

AHZ¥G2) AHZ¥(CBS-Q)
species AE IR BS AE IR BS
(HCCXCH (1) 172.8 173.9 174.0 170.1 171.4 166.9
CH,=CHCH(CH); (2) 128.0 128.8 128.9 1235 123.7 120.7
(HCC)CHCH,CH; (3) 95.1 96.0 96.0 89.5 90.5 87.6
(CH;=CH)sCH (4) 44.8 45.1 45.0 45.1 43.3 43.3
(CH,=CH),CHCCH 6) 85.7 86.2 86.3 85.1 84.3 82.8
(C2H3),CHCH,CHs (6) 13.5 13.6 13.7 135 12.4 12,5
(HCC)(GH3)CHEt (7) 47.1 47.6 47.6 45.0 44.9 435
HCCCH,CH=CH; (8) 65.6 65.9 66.0 66.2 66.0 64.6
(HCC)CH; (9) 107.7 108.3 108.4 106.8 107.7 104.7
CH,=C(CCH)CH; (10) 60.1 60.4 60.5 58.2 58.0 56.5
CH,=C(CCH)(GH3) (11) 82.7 83.1 83.2 80.3 79.3 77.9
CH,=C(CCH), (12) 126.8 127.5 127.6 122.7 122.8 119.8
CH,=C(C:H)(MeC=CHy) (13) 74.9 75.2 75.5 72.9 71.8 70.6
CHsCH=C(C,H)(CzH3) (14) 74.0 74.4 74.6 65.3 64.3 63.0
CHsCH=C(C;H), (15) 118.5 119.1 119.3 109.6 109.7 106.9

a AHZ]IR) is the average over all of the isodesmic reactions considered.

TABLE 7: Estimated GAVs for the New Groups as Derived from G2 Calculations on Single Molecules Containing the Group

Co(T)
groups H(298) S(298) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
Groups Centered on 3garbons in Conjugated pi Systems
{Cd/ICt/G 8.11 —13.02 3.44 4.39 4.96 5.35 5.90 6.19 6.53
{Cd/Ct/ICg 7.54 —14.65 3.89 5.26 5.98 6.37 6.67 6.78 6.89
{Cd/Ct2 8.81 —13.51 3.23 4.59 5.41 5.93 6.48 6.74 7.02
{Cd/Cd/IG 8.88 —14.6 4.40 5.37 5.93 6.18 6.50 6.62 6.72
Groups Centered on Secondary §arbons
{CICt2/HZ -0.82 10.04 4.00 6.07 7.71 9.03 10.88 12.30 12.48
{CICt/Cd/HZ —3.49 9.31 4.40 6.33 7.90 9.16 10.93 12.29 13.43
{CICtCIHZ —4.73 10.30 4.95 6.56 7.93 9.08 10.86 12.19 14.20
{C/Cd/C/H3Z —4.76 9.80 5.12 6.86 8.32 9.49 11.22 12.48 14.36
Groups Centered on Tertiary*parbons

{CICt3/H; 10.11 —10.46 3.03 5.27 6.78 7.88 9.14 10.08 8.47
{CICt2/Cd/H} 4.73 —11.46 3.58 5.68 7.11 8.12 9.27 10.13 9.44
{CICt2/CIH 1.72 —-11.61 3.27 5.32 6.90 8.03 9.33 10.21 9.38
{Cicuc2H —-1.72 —-11.19 3.99 5.61 6.85 7.78 9.10 9.90 11.12
{C/Cd3/H 0.41 —-11.82 4.51 5.96 7.13 7.98 9.06 9.90 11.23
{Cicd/Cc2/h8 —1.48 —11.69 4.16 5.91 7.34 8.19 9.46 10.19 11.28
{CI/Cd2/Cct/H 1.88 —13.75 6.68 7.85 8.62 9.16 9.81 10.42 10.49
{CI/cucCd/iC/H} —6.90 —13.48 5.55 7.21 8.39 9.17 10.00 10.61 10.51
{CI/cd2/C/h —1.10 —13.03 5.28 6.54 7.67 8.48 9.45 10.18 11.24
{CIC3/H; —1.90 —12.07 4.54 6.00 7.17 8.05 9.31 10.05 11.17

a AHf298 are given in kcal/mol$°® andC,(T)’s are in cal/mol K. The GAVs in bold face are similar groups developed previously by Benson. The
first three GAVs in the table are obtained using the Stein and Fahr values fé€thHed, group, see text.

As can be seen from Table 7, the rule of similar groups also +10.11 kcal/mol and follow the order
works pretty well with the secondary group€/Ct2/HZ and
{CICt/Cd/HZ. Except for the enthalpy, their GAVs are very {C/Ct/Cd/C/H < {C/C3/H; < {C/C2/Cd/H} <

close to the similar known groug</Ct/C/H2 and{C/Cd/C/ {C/C2/Ct/H < {C/Cd2/C/H < {C/Cd3/H <
H2}. Moreover, the G2 and CBS-Q values are in good {Ci/ct2/C/i < {C/Cd2/cyy <{C/Ct2/Cd/¥ <
agreement for the secondary groups. The enthalpy GAVs of (CICt3IH

secondary groups also exhibit some order on successive

replacement of an $garbon substituent by Spnd sp carbons:  gimilar to the secondary groups, tertiary groups also exhibit
(l) {C/CZ/HZ < {C/C/Cd/Ha < {C/C/Ct/Ha’ (from Ben- some order viz.

son’s table);
(i) {C/CdIC/HZ < {CI/Cd2/HZ < {C/Cd/Ct/H2} (com- {CIC3/H < {C/C2/Cd/H} < {C/C2/Ct/H
bined with Benson’s table); , {(CICd2/CIH < {CICd3/H < {CI/Cd2/Cth
(i) {C/C2/H2 < {C/Cd2/HZ < {CICt2/H2} (combined
with Benson’s table). All in all, the computed values for the {CICt2/C/H < {CICt2/Cd/H < {C/Ct3/H}
secondary groups look very reasonable and consistent. {CIC3/H < {CICd3/H < {CICt3/H}

Most of the tertiary groups with 2 or 3 sp carbon substituents
have entropies and heat capacities that are similar tq @ie which is probably due to the difference in the relative bond
Ct/C2/H group of Benson. However, the computed enthalpies strengths of &C, C—Cd, and C-Ct bonds. Though seven of
of the tertiary groups vary over a broad range fret6.90 to the 10 tertiary groups have enthalpies in the range 2fo +2
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kcal/mol, the enthalpies ofC/Ct/Cd/C/H (—6.90), {C/Ct3/ Most of the new group values fit in well with known trends
H} (10.11), and{ C/Ct2/Cd/H (4.73) lie significantly outside among thermochemical group values, and are in reasonable
this range. The enthalpy value for the mixed grq@/Ct/Cd/ agreement with estimates made using rules of thumb. A few
C/H} does not lie on the trend lines established by all of the groups have substantially different values. The new group values
other tertiary carbon groups and should be reexamined in thegreatly extend the range of hydrocarbons that can be included
future. The computed low temperature heat capacities for thein detailed kinetic models of pyrolysis and combustion.
mixed group and fof C/Cd2/Ct/H are also anomalously large.
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