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Ab Initio Calculations of Carbon-Containing Species and Comparison with Group

Additivity Results. Part II. C4 Species

Alexander Burcat*

Faculty of Aerospace Engineering, Technion, Israel Institute of Technology, Haifa 32000, Israel

The thermochemistry of 34 C, compounds and radicals related to combustion processes have been calculated
using the ab initio G3B3 method. The results have been compared to group additivity results and literature
values if available. Three different group additivity programs were used, and results concerning the comparison

are given.

Introduction

This is the second in a series of papers where molecules and
radicals of C; to Cg species important in combustion reactions
are investigated. The first paper' was dedicated to 26 Cs species.

It became customary by most general thermochemical users
to think that all the thermochemical information and data are
available from experimental sources, or that, in those cases
where no experimental data are available, they can be easily
estimated by group additivity methods, such as those developed
by Sidney Benson® and his students.

The thermochemical data—mainly enthalpies of formation,
Gibbs energies, entropies, heat capacities, and equilibrium
constants—have been published in many compendia in tabulated
forms and also in polynomial forms. During the past 20 years
several estimating programs that use Benson’s group additivity
method have been written® > and extensively used. Internet
databases have also appeared.®’

The C4 molecules and radicals play an important role in the
kinetics of combustion of current automotive and aviation fuels.
In all modeling and simulations of combustion of gasoline,
kerosene, and diesel oils, these species are present in significant
abundances. Since experimental data for the stable C, molecules
and radicals are very scarce or completely nonexistent, most of
the data up to recent times were estimated using the Benson
group additivity method® as available in several popular
programs.® >

The additivity estimates are widely used in programs that
automatically design kinetic combustion schemes. Although very
popular, Benson’s additivity method has significant limitations.
In particular, its accuracy for species where no experimental
values exist is known to be in the range of + (10 to 20)
kJ-mol~!. Its estimates of cyclic compounds are problematic.
The method is not sensitive in many cases to the geometrical
conformation of the estimated species, and therefore, similar
isomers often have the same predicted value, for example, the
two configurations of o-chlorophenol, etc. It cannot always
estimate the neighboring influence of large atoms such as CI,
Br, or O, and there are not enough data to calculate many carbon
compounds including N, F, Cl, Br, S, and other atoms. In the
domain of radicals the accuracy of predictions by the group
additivity method is particularly unclear, and the thermochem-
istry of many crucially important radicals is still being disputed.
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This method sometimes estimates different values for (canonical)
resonance forms that have the same value.

Only relatively recently have high-accuracy ab initio elec-
tronic structure methods become conveniently available in
program suites such as Gaussian'® that can be run on commodity
off-the-shelf computers, thus gradually replacing the group
additivity method.

In the present study, 34 C, compounds and radicals have been
computed. This is part of a big effort to replace low-quality
thermochemical data in a popular database devoted mainly to
species used in combustion processes.® The main “properties”
these species had in common was lack of experimental or
computational spectroscopic information (i.e., vibrations, mo-
ments of inertia, and enthalpies of formation), and these values
were calculated in the database by extrapolating C, additivity
group values, available mainly up to 1000 K. These additivity
group data were in many cases extrapolated themselves from a
more restricted temperature range. Thus, the data of these species
were considered of low reliability, specifically at temperature
ranges pertinent to combustion processes (see ref 8). The species
were recalculated using the composite ab initio G3//B3LYP (also
known as G3B3) method and the results compared with the
former group additivity estimates to assess the strong and the
weak points of the group additivity method.

Ab Initio Calculations and Additivity Estimates

New high-quality and low-error computational methods are
available presently, such as the W2, W3, and W4 methods.
Unfortunately, these methods are available in their inventor’s
laboratory, are presently restricted to MOLPRO packages,'' and
are relatively expensive in computer time and memory. Only a
modified W1 method is implemented in the Gaussian 03
program suite,'” but its results are not necessarily better than
those of other methods probably because it is the predecessor
of the Wn method series. Among the other methods that are
available commercially, the most accurate and time economic
method is G3//B3LYP. To be able to compare data among
themselves, the atomization method was chosen since using
isodesmic or isogyric reactions means using different reactions
for every species. The G3//B3LYP calculations were performed
following the scheme of Baboul et al.'? and using the Gaussian
03 program suite. The input to Gaussian was prepared using
Chem3D'? to draw the species. The Chem3D structure was
sequentially relaxed to a minimum energy conformation by

© 2009 American Chemical Society

Published on Web 04/23/2009



1830 Journal of Chemical & Engineering Data, Vol. 54, No. 6, 2009

Table 1. Experimental Enthalpies of Formation, A¢H®, of the Gas
Atoms and Thermal Energy Contents, H®s15 — H°, of Elements in
their Standard States'-'¢

AH®, H°98.15 — H%
atom kJ-mol™! kJ+mol™!
H 216.035 4.234
C 711.194 1.050
N 470.818 4.335
(0] 246.795 4.340
F 79.38 6.518
Cl 119.621 4.591

molecular mechanics, PM3, and AM1 methods as implemented
in the MOPAC 2000 package.'* These input coordinates were
run with the Gaussian package, where the G3B3 composite
sequence of Baboul et al.'> was called explicitly, rather than
by invoking the built-in G3B3 keyword. Hence, the initial
geometry provided by the MOPAC 2000'* package was
optimized, and the vibrational frequencies were computed at
the B3LYP/6-31G(d) level (and scaled by 0.96). This was
followed by single-point energies at the QCISD(T,E4T)/6-
31G(d), MP4/6-31+G(d), MP4/6-31G(2df,p), and MP2(Full)/
G3Large levels. The Gaussian output was subsequently mined
by a custom-written script, which collects all the relevant
computed quantities, applies the higher level corrections for
paired and unpaired electrons, adds the scaled zero-point energy,
subtracts the relevant atomic energies (corrected using the atomic
higher level corrections and the atomic spin—orbit splittings),
and provides a computational summary that conveniently
includes the final enthalpy of formation of the target species at
0 K and at 298 K. The experimental enthalpies of formation,
AH®, of the gas atoms used by the above-mentioned script
(needed to recover the enthalpy of formation of the target species
at 0 K from the computed atomization enthalpy at 0 K), together
with the “per atom” thermal energy contents, Hyg 15 — H°), of
the elements in their reference states (needed to convert the
enthalpy of formation of the target species from (0 to 298.15)
K) are listed in Table 1.

The transition from A¢H®\ to AfH%,05 15 is performed according
to the following equations:

AH((C,Cly,caled) = 4AH°(C(g).exptl) +
2AH°(Cl(g),exptl) — {4(H°,(C, calcd) +
2H°(Cl, calcd) — H°,(C,Cl,, caled)} (1)

AH® 508 15(C4Clycaled) = AH(CyCly,caled) +
{HC5 5 — H°,}(C,Cl,,caled) —
4{H®95,5 — H° }(C(ref),exptl) —
2{H’595 15 — H}(Cl(ref),exptl) (2)

where H°y(C4Cl,, calcd) is the computed electronic energy of
C,4Cl, with the inclusion of molecular higher level corrections
and the scaled zero-point energy (for molecules) and the atomic
higher level corrections and spin—orbit splittings (for atoms).

The G3B3 method'? gives results which are effectively at
the QCISD(T,Full)/G3Large level (atomization), assuming
that the various contributions are indeed additive. In practical
terms, the estimated uncertainty of the resulting enthalpy of
formation at 298 K is 8 kJ-mol~!, where the latter roughly
approximates the 95 % confidence limit customary in thermo-
chemistry and is estimated by taking twice the value of the mean
absolute error of the method, which is ~4 kJ+mol .

The additivity estimates were quoted using the value ap-
proximations made by Stein’s NIST No. 25 program.’ Where
NIST No. 25 (also known as NIST 94) failed, estimates made

with the THERM program® of Ritter and Bozzelli and with the
Muller et al. THERGAS program® were used. Because the
THERM and THERGAS programs use an input for group data
very similar to or exactly the same as that of NIST 94, it was
not useful to try it in cases where a NIST 94 result was obtained,
because the results are identical. However, because THERGAS
includes slightly improved methods where group data are not
available, it was used in these cases.

Results

The G3B3 enthalpies of formation at 298 K as calculated by
the G3B3 method and the enthalpy of formation at 0 K obtained
from the NASA PAC99 program'” for 34 C, species are listed
in Table 2. In the G3B3 method, the atomic higher level
corrections are fitted and benchmarked'” to experimental values,
most of them obtained at 298.15 K. It was therefore argued
that the values of the enthalpy of formation at 298.15 K should
be preferred over the values at 0 K.

As mentioned earlier, the enthalpy of formation at 0 K was
also calculated by the G3B3 postcalculation script. However,
we preferred to use the values obtained by the NASA PAC99
program to fit with the rest of the data available in the mentioned
thermochemical database.® The differences between the two
values (the G3B3 value and the NASA PAC99 value) is on the
order of up to & 1 kJ-mol™!, considerably lower than the
accuracy of the G3B3 method, which is &= 8 kJ-mol™".

The enthalpies of formation at 298 K from additivity
programs used in the past for these species are also quoted. In
addition, literature values are quoted, if they exist. The original
error estimation of the referred source is given as a £ value.
Most of these are estimations based on Benson’s group additivity
method. When needed, the literature values given at 0 K were
converted to values at 298 K using enthalpy increments
computed with the NASA PAC99 program.'” This program
calculates the conversions as explained above by eqs 1 and 2
from a database for all elements called EFDATA that uses the
same values listed in Table 1. The NASA program'’ is used to
provide data and polynomials for the mentioned combustion
thermochemistry database,® which includes all the thermochemi-
cal information as a function of temperature, i.e., the heat
content, C,, the enthalpy, Hy — Haog, the entropy, S, the Gibbs
energy, G, the enthalpy of formation, A¢H, and the equilibrium
constant, K.. In Table 2 the entropy at 298 K obtained by the
PAC99 program is also listed.

Individual Compounds

C,Cl,, Dichlorodiacetylene, CIC=CC=CCIl, AH°s =
453.6 kJ-mol ™. The enthalpy of formation of this compound is
not mentioned in the literature. The NIST 94> estimate AgH 95 =
363.2 kJ-mol ! is 90 kJ +mol ! below the G3B3-calculated value.

CF», Difluorodiacetylene, FC=CC=CF, AH s = 215.3
kJ-mol . The enthalpy of formation of this compound is not
mentioned in the literature, nor can it be calculated using NIST
94. The value obtained with THERGAS (Yoneda’s method)’
seems completely irrelevant, AgH%03 = 77.72 kJ*mol ™!, ~137
kJ+mol~! below the G3B3 value.

C.H;N,, trans-Dicyanoethylene, t-NCCH=CHCN, Af ;s
= 331 kJ-mol ™. The enthalpy of formation of this compound
was published by Boyd et al.'® as AHC s = (340 % 3)
kJ+mol™!, 9 kJ-mol ™! higher than the G3B3 calculations. The
NIST 942 estimate is AgH%95 = 313.0 kJ-mol ™!, 18 kJ+mol~!
below the G3B3-calculated value.
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Table 2. Enthalpies of Formation, A¢H®,¢5, of the G3B3 Method, the Derived A{H°), the Group Additivity Values at 298 K, the Literature
Values with References, and Entropies Derived from the G3B3 Method

AtH 93 AH® AtHC93(NIST 94) AHC9g(lit.) S08
species kJemol™"  kJ-mol™! kJ-mol™! kJ+mol ™! ref Jemol™!'-K™!
C,Cl,, CIC=CC=CCI 453.6 447.2 363.2 319.21
C,F,, FC=CC=CF 2153 210.2 77.72¢ 294.68
C,H,N,, --NCCH=CHCN 331 334.8 313.0 340 + 3¢ 18¢ 309
C,H3, (E)-*CH=CHC=CH 543.1 545.7 531.0 547.3 at 0 K 19¢ 281.77
547.3 20°¢
549.7 21, G3
527 21, MC
5394 + 8 27a¢
C,H;, CH,=C*C=CH 501.8 502.0 540.06" 497.7 at 0 K 19¢ 305.37
499.15 20°
505.8 21, G3
499.5 21, MC
501.8 £8 27a¢
C,;H,, CH,=CHC=CH 287.9 294.7 289.4 295 at 0 K 19¢ 277.32
295 22¢
305.4 23
315.0at 0 K 244
2833 £+ 8 27a¢
C,H,0, CH;=CHCH=C=0 22.7 32 82.7" 7.6 25¢ 309.17
6.24¢ 16.7 26/
C,Hs, CH,=CHCH=CH* 363.3 373.4 350.7 359.7 21, G3 303.59
3644 + 8 27b¢
C,Hs, CH,=CHC*=CH, 315.2 325.4 345.5" 3133+ 8 27b¢ 290.12
C4H;s, *CH,CH=C=CH, 315.2 325.3 312.2 resonant form of previous species 27b¢
291.3°
C,4Hs, HCC*CHCH; 318.4 327.9 2154 316.53 £ 8 27b¢ 293.84
295.0 +£9.2 28, GA
C,4Hs, CH;CCCH,* 306.085 314.86 305.85 304.5 27b 300.78
293.7 28, GA
C,4Hs, CH;C=CCH; 146.3 159.4 145.3 142.8 +£ 8 27b¢ 291.91
145.1 294
146.3 23/
1458 +£ 0.8 30¢
C,4Hgs, CH,=CHCH=CH, 110.8 125.1 109.1 105.8 + 8 27b¢ 293.33
111.9 £ 1 314
108.8 £ 0.8 294
110.0 £ 0.8 32
C,4Hg, CH,=C=CHCH; 161.3 175.4 162.6 157.3 27b¢ 290.99
162.2 £ 0.6 294
C,4H4Cl,, CHCI=CHCH,CH,Cl —-51.9 —34.6 —54.1 —58.2 33¢ 386.08
C4H4Cl,, CH,=CHCHCICH,CI —53.6 —36.1 —36.8 —69.0 33¢ 379.4
C,4H,0, CH;CH*COCH; —76 —=57.7 —20.6“ 344.66
C,H,0, H,C=C(CH3;)CH,0* 55.7 75.4 51.7¢ 334.26
C,4H30, CH,=C(CH3)CH,OH —161.1 —137.3 —165.6 —159.0 26/ 316.18
C4HgO, trans-2,3-dimethyloxirane —137.7 —113.0 —129.7 26/ 303.78
C4H;g0, ethyloxirane —116 —91.1 —117.2 26/ 316.5
C,Hy, CH;CH,CH,CH,* 81.8 105.9 79.7 66.5 344 307.63
75.3 26/
78.0 35¢
77.8 £ 2.1 36°
C,Hy, CH;CH*CH,CH; 70.2 94.9 65.4 703 + 8 27b¢ 327.42
69.0 + 4.2 374
69.0 + 2 38¢
67.8 + 2.1 36°
C,Hy, CH;CH(CH;)CH,* 73.8 97.9 70.4 703 + 8 27b¢ 304.66
70.0 £ 4.2 374
70.0 + 2 38¢
C4Hy, (CH;);C* 55.0 79.7 50.3 55.3 27¢¢ 323.39
52.04 374
48+ 3 384
C,Hy0O, CH3CH,CH,CH,O* —56.3 —29.0 —58.15 349.13
C,4Ho0, (CH;),CHCH,O* —65.07 —36.7 —67.7 319.04
C,Hy0O, CH;CH(O*)CH,CHj; —69.84 —43.1 =732 327.06
C,4Hy0, (CH;);CO* —86.9 —60.4 —-92.0 —852 £ 8 27b¢ 309.19
C,4Hy0O, C,HsOCH,CH,* —44.09 —18.83 —51.0" 366.75
C,4Ho0, C,HsOCH*CHj3 —74.7 —49.96 —69.3 370.67
C4H 0N, 1,4-piperazine 32.06 70.65 20.0” 25.1 £ 0.8 26/ 301.19
25+6.3 39¢
C,4H,00, C,H5s0C,Hs —254.95 —224.5 —250.0 —2515+04 32 345.73
—252.2 £ 0.79 407

“THERM.* ® THERGAS,” Benson’s method. < THERGAS,®> Yoneda’s method. ¢ Experimental value. ¢ Theoretically calculated value. / Review.
# Original error estimate.
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C,H; (E)-trans-1-Buten-3-yn-1-yl Radical, (E)-*CH=
CHC=CH, A/H°39s = 543.1 kJ-mol ™. The (Z)-cis form has a
very close energy. The C4Hj radicals are very important since
they are precursors of aromatic ring closures and thus formation
of soot compounds largely known as PAHs or are products of
aromatic ring decomposition. There are no direct or indirect
experimental measurements of the heat of formation of C4Hj
radicals, and only calculated values exist basically from Wheeler
etal. ' Klippenstein and Miller,?° and Krokidis et al.>! Wheeler
et al. obtained AH° = 547.3 kJ*mol ! on the basis of
systematic extrapolation of ab initio energies. Klippenstein and
Miller obtained AgH®9g = 547.3 kJ-mol™! using the quartic
configuration interaction of single and double excitations (and
triple excitations added perturbatively) (QCISD(T)) method. In
the older paper of Krokodidis et al., AgH®9s = 549.7 kJ *mol !
for their G3 calculation, while their Monte Carlo calculation
gives AgH%y3 = 527 kJ *mol~'. Comparing these with the G3B3
value positions our value 4 kJ+mol™' below Wheeler’s"
supposed accurate value and Klippenstein’s®® very similar result.
In a very recent publication, Rossi,”’* using the G3MP2B3
method, obtained AfH g = (539.4 & 8) kJ*mol ™!, that is, ~4
kJ+mol~! below the G3B3 value, well within the error limit of
both methods. The NIST 94> value for this radical is AfHog
= 531.0 kJ*mol™!, 12 kJ+mol™' lower than the G3B3 value
and 16 kJ-mol~! lower than the Wheeler calculation.

C.H;, 1-Buten-3-yn-2-yl Radical, CH,=C*C=CH, A/H®5ss
= 501.8 kJ-mol ™. This radical is in resonance with the 1-allenyl
radical CH,=C=C=CH¥*, and they therefore have the same
values. This radical considered together with the former
conformer has as well no experimental determinations. Wheeler
et al.'” give a value of A;H°, = 497.7 kJ+mol~" for their method
(see the previous radical), and Klippenstein and Miller*® have
a value of AgHC9g = 499.15 kJ-mol~". Krokodidis et al.?' give
approximately the same value for their Monte Carlo calculation.
AtH 593 = 499.5 kJ+mol ™!, while their G3 value is AgH%o3 =
505.8 kJ*mol~'. Our value using G3B3 is between (2 and 3)
kJ*mol™' higher than the Wheeler or Klippenstein value.
Recently, Rossi*’® reported his G3MP2B3 value of AHC95 =
501.8 kJ+mol~!. This species could not be calculated by the
NIST 94° program. The THERGAS? value AH s = 540.06
kJ+mol ! is 40 kJ+mol~! above the G3B3 value. However, for
the 1-allenyl resonant form, it calculated AH%9s = 578.9
kJ+mol™!, i.e., 77 kJ+mol~! above the G3B3 value.

C4H4, 1-Buten-3-yne, CH2=CHCECH, AjHozyg = 287.9
kJ-mol™!. This stable molecule has some old experimental heat
of formation values. Roth et al.?? found A¢H%0s = 295 kJ+mol ™!,
Stull et al.> preferred AjH®05 = 305.4 kJ+mol ™", and Thornberg*
gave AiHy = 315.0 kJ+mol™". The calculation of Wheeler' for
C4H, gives AH®y = 295 kJ+mol ™!, just 0.3 kJ*mol ™! above the
G3B3-calculated value at 0 K. Recently, Rossi*’® reported a
G3MP2B3 value of AiH s = 283.3 kI*mol !, 4.5 kJ*mol ! below
the G3B3 value. The NIST 94 AHCo5 = 289.4 kJ+mol ™" is just
1.5 kJ-mol ™! above the G3B3 value.

C.H,0, Vinylketene, CH;y=CHCH=C=0, Af°,95 = 22.7
kJ+-mol™!. This compound was published by Zhong and
Bozzelli,”® and they propose an unacceptable value of AgH g
= 7.6 kJ-mol™!, 15 kJ-mol~! below the G3B3 calculation,
while Lias et al.?® give AjH%03 = 16.7 kJ-mol~!, 6 kJ mol ™!
below the G3B3 calculation. It is inferred therefore that any
group additivity that Zhong and Bozzeli*® have estimated
on the basis of this calculation may be wrong. The compound
could not be calculated using NIST 94.> The THERGAS”
estimate was AgH%o3 = 88.7 kJ*mol~!, 66 kJ+mol~! above
the G3B3 value.

C,Hs, 1,3-Butadien-1-yl Radical, CH,—CHCH=CH?%,
AH®9s = 363.3 kJ-mol™!. Krokidis and Frenklach®' have
calculated using the G3 method AgH®5s = 359.7 kJ*mol ™!, just
3.6 kJ-mol~! below the G3B3 calculation. Janoschek and
Ross>’® using the G3MP2B3 method obtained a value very
similar to ours, AH%9s = 364.4 kJ+mol~!. The NIST 943
estimate is AfH%9s = 350.7 kJ+mol™!, 13.4 kJ+mol~' below
the G3B3 value. At the same time THERGAS® estimated
AfH0293 =291.3 kJ‘mOlil.

C.Hs, 1,3-Butadien-2-yl Radical, CH,=CHC*=CH,,
A9 = 3152 kJ *mol . This radical isomer was published
by Janoschek and Rossi?’® using the G3MP2B3 method and
resulted in AfH%95 = 313.3 kJ+mol~'. This radical cannot be
estimated using NIST 94.> The THERGAS? estimated value is
AtH 93 = 345.5 kI*mol ™!, about 30 kJ +mol ™' above the G3B3
value.

C/Hs, 1,2-Butadien-4-yl Radical, *CH,CH=C=CH,,
A9 = 315.2 kJ *mol~!. The G3B3 results are exactly like
those of the previous 1,3-butadien-2-yl radical because these
two radicals are in resonance. NIST 94° gives a value for this
species, and the estimate is ApH 93 = 312.2 kJ-mol™!, 3
kJ-mol~! below the G3B3-calculated value.

C4H5, I-Butyn-Z-yl Radical, HCEC*CHCH3, AfHozgg =
318.4 kJ-mol ™. This radical was published by McMillan and
Golden,”® AiH®9 = (295.0 + 9.2) kJ*mol™!, 23 kJ-mol !
below the G3B3 value, and by Janoschek and Rossi,>’> AfH%s
= 316.5 kJ-mol !, just 2 kJ +mol~! below the G3B3 value. The
molecule could not be estimated by NIST 94° and THERGAS.®

C4H5, 2-Butyn-1-yl Radical, CH3CECCH2*, AfHozy,g =
306.1 kJ-mol™". This radical was published by McMillan and
Golden,?® AiH®5 = 293.7 kJ*mol ™!, ~12 kJ+mol ! below the
estimated value. The given value is a transition-state calculation
by the G3B3 method, because no minimum was detected, but
the G3MP2B3 method used by Janoschek and Rossi*’® yielded
AfHozgg = 304.5 kJ'mol_l. The NIST 943 value is AfHozgg =
305.9 kJ+mol ™.

C.Hg, 2-Butyne (Dimethylacetylene), CH;C=CCHj3, Ad°9s
= 146.3 kJ -mol .. The enthalpy of formation of dimethylacety-
lene was first published by Prosen et al.?® as AHCo5 = 145.1
kJ-mol~!, and then Stull, Westrum, and Sinke*’ published
A¢H%g = 146.3 kJ+-mol™!, exactly the same as the G3B3-
calculated value. The similar G3MP2B3 method used by
Janoschek and Rossi?”" gave AfH0z = 142.8 kJ*mol~!, and
the ATcT? value is given as AgH 93 = (145.8 £ 0.8) kJ*mol ..
The NIST 94° estimate is AH%o3 = 145.3 kJ-mol™".

C4H6, 1,3-Butadiene, CH2=CHCH=CH2, AfHozgg =110.8
kJ-mol™!. The enthalpy of formation of 1,3-butadiene was
published by Prosen and Rossini in 1946,>' AHC9s = (111.9
+ 1) kJ*mol™", and then by Prosen et al.,>> AfH%y5 = (108.8
+ 0.8) kI*mol™". It is also given by Pedley and Rylance®” as
AH93 = (110.0 & 0) kJ-mol~". Janoschek and Rossi>’® used
G3MP2B3 values and obtained AH%93 = 105.8 kJ+mol~!. The
NIST 942 estimate is AfH%o3 = 109.1 kJ-mol~!, about 1.5
kJ-mol~! below the G3B3 value.

C.H, 1,2-Butadiene, CH,=C=CHCH;, A9 = 161.3
kJ-mol™L. This species was published by Prosen, Maron, and
Rossini in 1951%° as AHC0s = (162.2 £ 0.6) kJ-mol ™!, just
0.9 kJ-mol™' above the G3B3 calculation. Janoschek and
Rossi*’ using the G3MP2B3 method obtained AfHCo5 = 157.3
kJ+mol~'. The NIST 943 estimate is AiH95 = 192.6 kJ+mol !,
~31 kJ-mol ™! above the G3B3 value.

C,HsCl,, 1,4-Dichloro-1-butene, CHCI=CHCH,CH,CI,
AH 95 = —51.9 kJ *mol™L. There are no thermochemical
publications regarding this compound except for the group



additivity estimation made by Weismann and Benson® with
AtH%5 = —58.2 kJ*mol ™!, 6.3 kI-mol~! lower than the G3B3-
calculated value.

C,HCl,, 3,4-Dichloro-1-butene, CH,—CHCHCICH,CI,
AH 95 = —53.6 kJ emol™!. There are no thermochemical
publications regarding this compound except for the group
additivity estimation made by Weismann and Benson®® with
AiH 5 = —60.0 kJ*mol !, 6.4 kJ-mol ! lower than the G3B3-
calculated value.

C,H;0, 2-Butanon-3-yl Radical, CH;CH*COCH;3, AdH®59s
= —76. kJ-mol ™. This radical is not mentioned in the literature.
It was calculated using the THERM* program, and the result is
AH%95 = —20.6 kJ*mol ™!, about 55 kJ+mol ' above the G3B3
value.

C,H;0, 2-Methylallyloxy Radical, H,C=C(CH;)CH,0%,
AHH® 95 = 55.7 kJ-mol . This radical is not mentioned in the
literature. It was calculated using the THERM* program, and
the result is AgHg = 51 kI*mol ™!, 4 kJ+mol ! below the G3B3
value.

C.HO, 2-Methylallyl Alcohol, CH,=C(CH;)CH,0H,
A9 = —161.1 kJ *mol~'. This compound was published
by Lias et al.%® as AgH%5 = —159.0 kJ+mol~'. The NIST 94°
estimate is AfH 93 = —165.6 kJ*mol~!, ~4.5 kJ*mol~! below
the G3B3 calculation.

C.H;0, trans-2,3-Dimethyloxirane, AH®ys = —137.7
kJ-mol™L. Dimethyloxirane (dimethylethylene oxide) was es-
timated and published by Lias et al.>® as AgH o = —129.7
kJ+mol~!, ~8 kJ+mol~! above the G3B3 value. This compound
cannot be estimated by the group additivity method because of
the oxirane ring.

C.H;0, Ethyloxirane, AfH0s = —116.0 kJ *mol~. Ethy-
loxirane (ethylethylene oxide) was estimated and published by Lias
et al.?® as AgH o3 = —117.2 kJ*mol™!, just 1.2 kJ+mol~" below
the G3B3-calculated value. This compound cannot be estimated
by the group additivity method because of the oxirane ring.

C4H9, n-Butyl Radical, CH3CH2CH2CH2*, AfHozy,g = 81.8
kJ-mol™L. This is the simplest butyl radical. Its thermochemistry
was first published by TRC* in 1984 with AHC = 66.5
kJ-mol~!. Lias et al.?® estimated it as AiH o3 = 75.3 kJ-mol ..
Kromkin et al.*® estimates AgH%95 = 78.0 kJ+mol~". Luo® quotes
AH05 = (77.8 & 2.1) kJ *mol~". The NIST 94> estimate is AdH 505
=79.7 kJ*mol™!, ~2 kJ*mol~! below the G3B3 calculation.

C,Hy, sec-Butyl Radical (Butan-2-yl Radical), CH;-
CH*CH,CHj;, AjH 395 = 70.2 kJ-mol ™. The secondary butyl
radical was estimated by W. Tsang®’ on the basis of his kinetic
measurements as AgH%qg = (69.0 = 4.2) kJ*mol™' In 1996,*® he
repeated this estimate with a lower error bar of & 2 kJ+mol ™.
Kromkin et al.*® give the same value. Janoschek and Rossi*’® using
the G3MP2B3 method obtained AiHC5 = 70.3 kJ+mol~'. Luo®®
quotes AgHCos = (67.8 & 2.1) kJ+mol~". The NIST 94° estimate
is AfH%93 = 654 kJ-mol™!, ~5 kJ+mol™' below the G3B3
calculation.

C,Hy, Isobutyl Radical (2-Methylpropan-1-yl Radical),
CH;CH(CH;)CH*, A5 = 73.8 kJ-mol~!. The isobutyl
radical was estimated by W. Tsang®” on the basis of his kinetic
measurements as AfH%93 = (70.0 + 4.2) kJ+mol~". In 1996,%% he
repeated this estimate with a lower error bar of 4 2 kJ-mol .
Janoschek and Rossi*’® using G3MP2B3 found AgHs = 70.3
kJ+mol~!. The NIST 94° estimate is AgH95 = 70.4 kJ+-mol !,
~3.5 kJ*mol~! below the G3B3 calculation.

C4H9, tert-Butyl Radical (CH3)3C*, AfHozyg = 55.0
kJ-mol™!. The tert-butyl radical was estimated by W. Tsang®’
on the basis of his kinetic measurements as AiH%93 = 52.4
kJ-mol™". In 1996, he changed this estimate to AfH%g = (48
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+ 3) kJ-mol~". Janoschek and Rossi>’® using the similar
G3MP2B3 method found A¢H%03 = 55.3 kJ*mol~!. The NIST
943 estimate is AfH%o03 = 50.3 kJ+mol™!, 4.7 kJ-mol~! below
the G3B3 calculation.

C,H,0, n-Butoxy Radical, CH;CH,CH,CH,0%, AjH®95 =
—56.3 kJ-mol L. The n-butoxy radical is not mentioned in the
thermochemical literature. The NIST 942 estimate is AH 5 =
—58.15 kJ*mol ™!, ~2 kJ*mol~! below the G3B3 calculation.

C.H,0, Isobutoxy Radical, (CH;),CHCH,0%, AH®»s =
—65.1 kJ-mol ™. The isobutoxy radical is not mentioned in the
thermochemical literature. The NIST 942 estimate is AH 5 =
—67.7 kJ-mol !, about 2.5 kJ-mol ! below the G3B3 calculation.

C,H,0, sec-Butoxy Radical, CH;CH(O*)CH,CH;3, Ad°59s
= —68.8 kJ-mol™!. The sec-butoxy radical is not mentioned
in the thermochemical literature. The NIST 94° estimate is
AH°3 = —73.2 kJ*mol™!, 4.4 kJ+mol™' below the G3B3
calculation.

C,H,0, tert-Butoxyl Radical (CH3);CO%*, AdH®39s = —86.92
kJ-mol . The tert-butoxy radical was calculated by Janoschek
and Rossi?’? using the similar G3AMP2B3 method, and AiH®5og
= —85.2 kJ*mol™!' was obtained. The NIST 94> estimate is
AtH 295 = —92.0 kJ+mol ™!, about 5 kJ+mol~! below the G3B3
calculation.

C,H,0, Diethyl Ether a-Radical (2-Ethoxyethyl Radical),
C2H50CH2CH2*, AfHozgg = —44.098 kJ'molfl. This radical
is not mentioned in the literature and could not be estimated by
NIST 94° as opposed to the other radical; see below. The
THERGAS® estimated value is AfH°s = (—51.0 + 0.4)
kJ+mol™!, 7 kJ-mol~! below the G3B3 value.

C,H,0, Diethyl Ether f-Radical (1-Ethoxyethyl Radical),
CH;0CH*CH;, AfH 395 = —74.7 kJ-mol .. This radical is
also not mentioned in the literature, but it could be estimated
by NIST 94,% giving AsH%9s = —69.3 kJ+mol~!, 5.4 kJ+mol™'
above the G3B3 value.

C.H 4N, 1,4-Piperazine, AfH°,95 = 32.06 kJ «mol . This
compound was estimated by group additivity with THERGAS’
and resulted in AfH%9g = 20.0 kJ*mol™', 12 kJ+mol~' lower
than the G3B3 value. It was published by An and Zhang et al.
in 1981°° as A{H%9s = (25 % 6.3) kJ*mol ™' and by Lias et al.
in 1988° as AHC95 = (25.1 £ 0.8) kJ*mol~', both 7 kJ *mol !
lower than our calculation.

C4H100, Dlethyl Ether, C2H50C2H5, AfHozgg = —254.95
kJ-mol™’. This compound was estimated by NIST 94° as
A¢H%9g = —250.0 kJ-mol~!. The experimental value was
obtained by Pilcher and Skinner*® as AjH%05 = (—252.2 & 0.8)
kJ-mol ™! and estimated by Pedley and Rylance’? as AfH%o5 =
(—251.5 & 0.4) kI*mol .

Discussion

One of the problems when dealing with comparison of ab
initio calculations with the group additivity method is the error
attributed to each method. The error of the G3B3 method is
approximately £ 8 kJ-mol™'. This value is based on a
benchmark that includes mainly small molecules and radicals.
It is argued that this error may be bigger when the size of the
molecules increases as in the present study. Therefore, this paper
should serve as an additional benchmark for the method
comparing it to Benson’s additivity or other methods or
experimental values that will become available. The present
study shows that & 8 kJ+mol™! is reasonable even at higher
molecular sizes.

In recent publications Rossi*’* and Janoschek and Rossi
have reported calculations of several of the listed species using
the G3AMP2B3 method, which is of the same family as the G3B3
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method used in this study (uses the same scaling factor of 0.96).
The differences as expected are in the range of £ (1 to 5)
kJ+mol~!. The G3MP2B3 method contains one inferior step
compared to the G3B3 method, but on the basis of the present
study it is not possible to say which of the methods gives results
closer to the experimental values since the experimental values
themselves (if they exist) are not very accurate.

Another point of reference should be the dichlorodiacetylene
and difluorodiacetylene molecules listed at the top of the C,4
compound list. In the first molecule a 90 kJ-mol ! difference
is observed between the NIST 94° estimate and the G3B3
method value. This discrepancy is expected because the data
available to the NIST 94° program for the strained molecule
have a high uncertainty connected to them. It is enough to see
that in the case of C,Cl,, dichloroacetylene, the JANAF'® value,
AtH%05 = (209.6 & 42) kJ*mol !, has a 42 kJ+mol ! error while
the newer estimate of Manion*! also has a large uncertainty
value, AiH%9s = (226.6 £ 14) kJ-mol™!. In the case of
difluorodiacetylene, NIST 942 has no estimate and THERGAS”
cannot estimate a value using the Benson method. It can
calculate a Yoneda®? estimate 137 kJ-mol~' lower than the
G3B3 calculation. This value is completely erroneous since the
Yoneda method included in THERGAS replaces the CI atoms
in the molecule with CHj groups (according to the THERGAS
manual). Thus, the estimation methods of THERGAS by which
it differs from NIST 94 and specifically Yoneda’s method** are
not good.

When checking the 34 results, one notices that 2 were
calculated by Weisman and Benson™’ (the two C4HCl, isomers)
but their values are different from estimates obtained with NIST
94. Nine species could not be estimated using NIST 94,* and
seven were calculated using the THERM* and THERGAS?®
programs. The oxirane species could not be calculated with any
of the programs. On one hand, these seven species are not
enough to compare the two competitors*® with the NIST 94
program, but on the other hand, since all three programs use
the same additivity groups, it is clear that they should give
exactly the same results as NIST 94 where this program does
work.

The NIST 947 estimates were modestly consistent with the
G3B3 results, with an average difference of 112.2| kJ+mol~". It
is remarked that 18 out of 24 estimates were lower than the
G3B3 estimates. Only two species (C4H¢Cl,) were calculated
using THERM.* The result for one radical is 4 kJ-mol~! lower
than the G3B3 result, but the second is 56 kJ+mol~' higher.
The results with THERGAS® gave an average of 147.4/ kJ+mol ™'
where two out of the six values are lower than the G3B3
estimate.

The calculations using THERM* are the most prone to
subjective errors, because THERM—as opposed to the other two
group additivity programs—does not analyze the molecule to
find the group contributions. Rather, it allows complete freedom
(and hence potentially a high degree of arbitrariness) in
specifying the groups involved, and thus, the results are not
necessarily unique. On the other hand, it includes groups for
ring stabilization and additional groups developed by Bozzelli
and his students. Unfortunately, the values of these groups are
being changed and there is no text to describe the symbols used
in some of the groups. The radicals in THERM are calculated
by assuming a breakage of a H bond from the parent molecule,
as opposed to radical group contributions in the NIST program.
The programs that automatically assign the group contributions,
such as NIST 94 and THERGAS, give results accurate on
average to 12.5 kJ-mol ! for NIST 94. This is still an acceptable

accuracy for most combustion kinetics applications. However,
problems arise when the leading program, NIST 94,% cannot
provide an estimate. Only in a very limited number of such
cases THERGAS® can help, and this help is not clear. For
example, when dealing with resonant species, the programs have
no means to identify resonance, and therefore assign very
different heat of formations to different resonant forms. Two
examples are listed in this study: the resonance of the C4Hj
species, CH,=C*C=CH == CH,=C=C=CH?*, where THER-
GAS® estimated values of AH%9 = (540.06 and 578.9)
kJ+mol ™!, respectively (see Table 2 and the section “Individual
Compounds”), and the case of the CsHs species,
CH,=CHC*=CH, = *CH,CH=C=CH,, for which THER-
GAS® estimated AH®o3 = (345.5 and 293.1) kJ-mol™',
respectively. At the same time NIST 94° could estimate only
one or neither of the resonant forms, and its estimate was within
3 kJ+mol~! of the G3B3 calculation.

As mentioned, the estimates using THERM critically hinge
on the level of expertise of the user, because the program does
not analyze the molecule and/or restrict the user’s actions,
making it extremely uncertain to use by nonspecialists.

Though the group additivity method is in many respects
becoming anachronistic as the ab initio computing capabilities
constantly expand toward larger and larger species, the main
impetus to still use additivity schemes is the possibility to
automatically build kinetic schemes for the reactions of big
molecules. However, given the inherent uncertainty of extrapo-
lation toward large species where few data exist, this is exactly
the area where the additivity method should not be used in an
indiscriminate manner.

The thermochemistry of the 34 species reported in this paper
is available on the Web® in standard NASA seven- term
polynomial form, together with the full set of calculated
vibrations, moments of inertia, and internal moments of inertia
as well as estimated internal rotation barriers. The polynomials
were calculated using the Gordon and McBride NASA pro-
gram.'”” Nonscaled B3LYP/6-31G(d) vibrations were used
(because they fit better the experimental IR peak positions than
the scaled ones). Additionally, the calculated moments of inertia
and reduced moments of internal rotation as well as estimated
rotation barrier energies were used. The enthalpy of formation
at 298 K calculated by the B3LYP method (Table 2) was
included in the calculation.
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