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Oxidation of unsaturated and aromatic hydrocarbons in atmospheric and combustion processes results in
formation of linear and cyclic unsaturated, oxygenated-hydrocarbon intermediates. The thermochemical
parameters\H3q,s, Sqs and Cpaog(T) for these intermediates are needed to understand their stability and
reaction paths in further oxidation. These properties are not available for a majority of these unsaturated
oxy-hydrocarbons and their corresponding radicals, even via group additivity methods. Enthalpy, entropy,
and heat capacity of a series of 40 oxygenated and non-oxygenated molecules, or radicals corresponding to
hydrogen atom loss from the parent stable molecules are determined in this study. Entefgyit kcal

mol™?) is derived from the density function calculations at the B3LYP/6-311g(d,p) calculated enthalpy of
reaction AHY, ,99 and by use of isodesmic (work) reactions. Estimation of error in enthalpgy;{g), from

use of computational chemistry coupled with work reactions analysis, is presented using comparisons between
the calculated and literature enthalpies of reaction. Entrofgg) (@and heat capacitiesCfsos(T)) were
calculated using the B3LYP/6-311G(d,p) determined frequencies and geometries. Potential barriers for internal
rotors in each molecule were determined and used (in place of torsion frequencies) to calculate contributions

to SandCy(T) from the hindered rotors. Twenty-six groups for use in group additivity (GA) are also developed.

Introduction SCHEME 1
The initial steps in reaction of aromatic, poly-aromatic and < # - o
other cyclic and linear unsaturated hydrocarbons in the atmo- /€= C_ +0,— |H,C=CHOO{ —= ;C—C\H —
sphere or in combustion involve radical formation and then 0.
reaction with molecular oxygen. The subsequent reactions of Ne— e — o DN
- : ) . C-C, H,C=0 + C=0
these peroxy radicals result in unsaturated linear or cyclic, /s H *

oxygenated or multi-oxygenated hydrocarbon intermediates.
Thermochemistry for these unsaturatexkygenated speciesis SCHEME 2
needed to evaluate their stability and likely reaction paths in o,

the environment, in combustion and in other thermal and ?
oxidative processes. +02 — — \0

Carpentel—2 has shown that the important reaction of vinyl
radical with Q has a low barrier to formation of a dioxetane
formyl radical, which then undergoes isomeration to oxetane
oxy radical, then to ¢4,0CH=0 and finally to CHO +
HC=0O (see Scheme 1).

Carpenter has also indicated a similar low barrier in phenyl
leading to ring opening through a 2-oxepinoxy radical inter-
mediate, where ring opening has a low barrier (ca. 20 kcal
mol~1), and results in the formation of an unsaturated dicarbonyl
radical, as shown in Scheme 2.

Though one may readily visualize a series of scis-
sion reactions (unzipping of the above ring opening product

Y(O=COCHCH=CHCH=CH—) to yield CO + HC*=0 +
2CH=CH, the reactions of substituted aromatics and the
reactions of stabilized, unsaturated intermediates wittal
the radical pool are more complex. Figure 1 illustrates one such
reaction path for an unsaturated oxy-aromatic species, a ben-
zofuran carbonyl radical. We estimate that this radical is formed
by reaction of a phenyl radical in dibenzofuran with oxygen.
The thermochemical parameters or groups for use in group
additivity (GA) estimation® are not available for a many of
the unsaturated, oxy-hydrocarbon intermediates in this reaction

path.
* Corresponding author. Phone:49-721-608-2120. Fax+49-721-608- . There are some data on unsaturated é)xygen species in the
4820. E-mail: bockhom@ict.uni-karlsruhe.de. Phone973-596-3459.  literature. The research group of Turetdkas worked on
Fax: + 973-596-3586. E-mail: bozzelli@nijit.edu. enthalpy groups for vinyl alcohols in addition to unsaturated
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Figure 1. Potential energy diagram of the destruction (oxidation) of dibenzofuran radical.

nitrogen and sulfur species. Sumathi and Green have recentlyusing density functional calculations at the B3LYP/6-311G(d,p)
observed the thermochemical properties cfapd s carbon level of theory. Harmonic vibration frequencies and zero-point
groups with multiple bonds to unsaturated carbon groups in their vibration energies (ZPVE) are computed at the same level. Total
modeling of hydrocarbon combustion and developed GA values electronic energies are from the optimized geom&irit The
using G2 and CBS-Q calculatioh3hey compare the data from  B3LYP density functional theo#17 (DFT) is a Hartree-Fock-

the two calculation levels, selected G2 enthalpies as their based methodology. In density functional theory, the exact
recommended values. In a second study they reported aexchange (HF) for a single determinant is replaced by a more
consistent set of 12 Benson groups together with 20 hydrogengeneral expression, the exchange-correlation functional, which

bond increment (HBI) group values for saturated hydrocarbons includes terms accounting for both exchange energy and the
and oxygenated hydrocarbohRecently Janoschek and REssi  electron correlation, which is omitted from Hartreock
have reported thermochemical properties of a set of 32 selectedtheory.

0X¥%?”ate§ hydrocarboE free rﬁdicglsllf@e). os f ber. Appendix | includes comparison and reference data that
Is study estimates thermochemical properties for a numbery, \irate B3LYP/6-11G(d,p) calculations combined with work

of | ur;s?turat%dF_lpxy-hySrocdarb_?hn_s lésmg_ densll(ty fu:l_ctlontal reactions provide enthalpy of formation values on oxygenated
calculations ( ) combined with isodesmic work reactions to hydrocarbons with good accuracy.

determine enthalpy of formation, entropy, and heat capacity L .
values. Enthalpy values for molecules used as reference species ~ Computer code, SMCPS (Statistical Mechanics for Heat

in the work reactions are evaluated from the literature when C@pPacity and Entropy), is used to calculéte- Ho, Cy, S, and
available, but sometimes a reference molecule enthalpy valugZ€ro-point vibrational energy (ZPVE) of molecular species from
is determined from our calculation methods. A method is also COMPputation chemistry results. SMCPsalculates the contri-
presented to estimate the error from the calculations used inPutions from the mass, structure (moments of inertia), and
the work reaction analysis af,Hseg v!brat!on freqqengles for translation, external rotation, and

The molecules in this study are selected to contain a specific Vibration contributions toS;q5 and Cyre(T). The method of
group needed in the unsaturated oxygenated intermediate<calculation is based on principles of statistical mechanics.
resulting from aromatic species decomposition. We develop the Contributions from symmetry, number of optical isomers, and
thermochemical properties for the molecules containing the unpaired electrons are included.
target groups and then use the thermochemistry along known The SMCPS code is coupled to the Rot&tot° code, which
groups to calculate new groups for use in group additivity on is used for determining enthalpy, entropy and heat capacity
large molecules system, where direct calculation techniques arecontributions from internal rotors.
not as feasible. o _ 1. Enthalpy of Formation A;HS., Total energies at 298 K

Values of group contributions to enthalpiesHzee entro- are calculated for each species (given in Supporting Information,
pies, Sog and heat capacitieSyra0¢(T) are developed for some  Taple SM1) to obtain the enthalpy change across the work
26 molecules and 14 radical species in this class of molecules.;qactions. The total energies were corrected by zero-point
vibration energies (ZPVE), which are scaled by 0.97, as
recommended by Scott and RaddmThermal correction,

All calculations are performed using the Gaussian 98 program 0—298.15 K, was calculated to estimaigH3., at 298.15 K22
suitel®-12 Structural parameters for all molecules are optimized Standard enthalpies of formationH3,g), for the oxygenated

Methodology
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and non-oxygenated hydrocarbons were calculated, using the 2. Enthalpies of formation (AH3,9 Evaluated enthalpy

isodesmic work reactions described below. values for standard reference species used in the work reactions

2. Entropy (S5, Heat Capacities Cyroog(T), and Hin- are listed in Table 1 along with literature references. The prop-
dered Rotation Contribution to Thermodynamic Param- 2-enoic acid radical C#+=CHC(O)=0 is used for illustration
eters. EntropiesS}yg and heat capacitie€ynos(T) are calcu-  With the isodesmic reactions:

lated using the harmonic-oscillator approximation for vibrations,
on the basis of frequencies and moments of inertia of the R'—C(O)=0 + R—OH— R'—C(OHF=0O + RO
optimized B3LYP/6-311G(d,p) structures. Torsional frequencies
are not included in the contributions to entropy and heat Where R= CHz—, CH;CH,—, and HC{O)— and R =
capacities; instead, they are replaced with values from a separat@HZ:CH_- ) ) ) )
analysis on each internal rotor analysis. 2-F_>ropenyl radical CH+=C*CHjs is estimated according to the
Potential barriers for internal rotations about the-C reactions below:
C—OH, C-0, C—CH=0, G—C, G—Cqy, C4—0O, C—OH, .
Cq—CH=0, G;—C, G—Cq, C—O, G—CH=0, and G-CH- CH,=C-CH; + R— CH,=CHCH; + R
(=0) bonds in the stable molecules are determined at the
B3LYP/6-31G(d,p) calculation level. The same level cal- Where R= CH;=CH, and GHs. ) ,
culations were also performed for radicals about-ROH, ~ 2H-Pyran, Y(GHe0), is estimated with the following reac-
C—C=0, RC—C=0, C—C(0")=0, CG;—C'R, RG—CH=0, tions:
Cq—C=0, G;,—C=0, and RG-C*(=0). A technique for the
calculation of the thermodynam(ic fL)lnctions fr%m hindered Y (CsHeO) + CH;— CH;=CHCH=0 + CH,CH=CH,
rotations with arbitrary potentials is used to calculate the
hindered internal rotor contributions &jqg and Cpos(T).2372°
This method employs expansion of the hindrance potential in
the Fourier series, calculation of the Hamiltonian matrix on the
basis of wave functions of free internal rotation, and subsequen
calculation of energy levels by direct diagonalization of the
Hamiltonian matrix. In this work, a truncated Fourier series is
used to represent the torsional potential calculated at the discret
torsional angles.

Y(C4Hg0) + CH, — Furan (Y(GH,0) + CH,CH,)

A{H34 Of the target compounds are estimated by using up to
tfive isodesmic reaction schemes for each stable molecule or
radical. The density functional energl, the ZPVE and the
thermal correction to 298.15 K are calculated for each molecule
and AHZ oq¢ calculated. Thermal corrections account for
translation, external rotation, and vibrations, and include the
torsion frequencies, for all molecules in the work reaction. This
. I provides consistency in the working reaction, as all species in

V(@) =2+ z g cos(ip) + Zbi sin(i®) 0 the reaction do not have detailed analysis for the internal rotors.
Selection of the work reaction with similar internal rotors on
wherei = 1-7. both sides allows for cancellation of this error.

The values of the coefficientsq, a, anda,) are calculated The evaluated literature enthalpy;H349) for each reference
to provide the minimum and maximum of the torsional potentials species (Table 1) in the reaction along with the calculated
with allowance of shift of the theoretical extreme angular AH ,9giS then used to calculat®H3qg of the target species.
positions. Further descriptions of this method to calculate  The isodesmic reactions used to determixelsy, and the
contributions from the internal rotors are reported by Lay et corresponding\Hy, ,qgVvalues for each reaction are illustrated
al26 A Fortran program, “Rotator” is used for calculation of in Table 2 for the linear, unsaturated oxygenated hydrocarbons
the energy levels, the partition coefficient, and the correspondingand in Table 3 for aromatic and related unsaturated oxy-
contributions to(T) andC,(T). The Rotator program takes into  hydrocarbons. The isodesmic work reactions for radical species
account the entropy of mixing and the optical isomer corrections from Tables 2 and 3 corresponding to loss of H atoms from a
for systems, where isomers are connected by a hindered rotorcarbon, carbonyl, or a hydroxyoxygen site along with the

Contributions t0S}4g and Cpi208(T) from translation, scaled calculatedA;H344 values are listed in Table 4. The first column
vibration frequencies, and external rotation (TVR) of each Of Tables 2-4 also lists the target group to be estimated using
species considered in this study are obtained using the rigid-the enthalpy of the calculated species. Fourteen unsaturated C
rotor—harmonic-oscillator approximation for the frequencies Ce Species are listed in Table 2; they all contain an oxygenate
along with moments of inertia based on the optimized B3LYP/ functionality (alcohol, peroxide, and aldehyde). There is one
6-311G(d,p) structures. EntropieS, and heat capacities —Non-oxygenated species, @HCHCH(CH)CH=CH;, in Table
Cor208(T) are calculated using the SMCPBSode (Statistical 2. Table 3 lists nine unsaturated oxygenated species; all of which
Mechanics for Heat Capacity and Entropy), which is also used contain a phenyl group.
to calculateH — Ho and the zero-point vibration energy (ZPVE) The several work reaction calculations for each species show

of molecular species. Symmetry, number of optical isomers, good precision, which provides an internal data check.
and unpaired electrons are included. The calculated data are used to estimate corresponding

R—H bond dissociation enthalpies (BDE) at 298 K. The first
column of Table 4 lists the BDE group identifying the parent
and radical.

1. Geometries and Vibration Frequencies.Optimized Several of our previous papers on thermochemistry of
geometries at the B3LYP/6-311G(d,p) density function calcula- oxygenated hydrocarbotis2° show good agreement between
tion level for the oxygenated and non-oxygenated species areenthalpy from density functional calculations on stable mol-
listed in Table SM2 of the Supporting Information. Vibration ecules and radicals with enthalpies calculated using higher level
frequencies and moments of inertia for the studied molecules methods. We have recently compared enthalpy of these oxygen-
and radicals are listed in Tables SM3 and SM4 of the Supporting ated hydrocarbons and radicals using the G3MP2B3 composite
Information. method, with results from B3LYP/6-311g(d,p) density functional

Results and Discussions
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TABLE 1: Enthalpies of Formation for Reference Species Used in Work Reactions
species A{H3qg (kcal mol?) group additivity source

CH, —17.89+ 0.07 49
CH3CHs —20.24+ 0.12 —20.40 50
CH,=CH, 12.55+ 0.1 12.52 49
CH3;CH=CH, 4.88+ 0.16 4.65 51
HC=CH 54.194+0.19 53.86 49
CH;C=CH 44.324+ 0.21 44.28 52
CH=CCH,CH3 39.48+ 0.21 39.55 53
CH,=CHCH,CH,CHs; —5.33+0.31 —5.04 54
CH,=CHCH,CH=CH, 25.41+0.31 25.41 55
CH,=CHCH,CHj3 —0.154+0.19 —-0.11 49
CH,=CHCH=CH, 26+ 0.19 26 52
CH3CH,CHs —24.82+0.14 —25.33 50
CH,=CHCH=CHCH=CH, 40.1+ 0.6 39.48 56
CH3;CH=CHCH; —1.834+0.30 —-3.22 53
CsHe 19.82+0.12 19.8 57
CsHsCHj3 11.95+ 0.15 11.81 53
CsHsCH,CH;3 7.124+0.20 6.95 53
CgHsCH=CH;, 35.11+0.24 35.11 58
Y(CsHe) 31.89 31.89 59
(6{0) —26.41+ 0.041 60
CH,=0 —-27.7 49
CHzCH=0 —40.80+ 0.35 —39.18 61
CH3CH,CH=0 —45.09+ 0.18 —44.50 49
CH,=CHC(=O0O)OH —80.51+ 0.55 —79.62 62
CH3;CH,C(=O)OH —108.4+ 0.5 —108.6 54
CHa(OH), —-91.03 therm
OHCH=0 —90.54+ 0.4/-90.49 —90.20 63/64
CH;sC(=0)OH —103.26 —103.28 54
CH30H —48.08+ 0.05 —47.9 65
CH3CH,OH —56.23+ 0.12 —56.2 63
CH;OCH; —43.99+ 0.12 —43.2 66
CHsCH,OCH; —51.73+0.16 —51.5 63
CH;OCH=0 —84.97/-83.39+ 1.19 —84.29 67/this work
CH,=CHCH,0OH —29.55+ 0.35 —29.81 68
CH,=C(CH;)OH —42.1 —38 69
CH,=C(OH)CH=CH, -18+1 -18.04 70
CH,=CHOH —29.84+ 2.0 —31.44 71
CsHsOH —23.03+0.14 —22.8 72
CgHsCH,OH —22.6+0.72 —22.65 73
CsHsOCH; —17.27+0.93 63
CsHsOCH=0 —51.55+ 0.74/-51.49+ 0.26 74/this work
furan —8.29 75
furan—CH=0 —36.1 36.89 76
Y(CsHsO) —1.37+£0.23 —-1.6 this work

3 34.82+ 0.2 49
CH3CHy* 28.4+ 0.5 28.6 77
CH,=CH"* 71.0+1.0 71.62 77
CH,=CHCH* 40.9+ 0.7 40.75 77
CH,=C'CH; 58.42+ 0.16 61.55 this work
CeHs® 81+2 77
HC=C* 133.0+ 2.0 77
CH3Or 4.14+1.0 77
CH;C=0 —-2.9+0.7 -2.13 77
CH~=CHO 4,44+ 0.31 4.46 30
CH,"OH -2+1 77
CH=0 10.40 49
CHyCH=0 3.52+0.38 4.47 27
CH,=CHC(O)=0 —22.47 —-21.71 this work
Y(CsHs) 62 61.59 78

calculated valued The result for 27 oxygenated and non-

the reported errors. We choose not to take the square root of

oxygenated stable species and 12 radicals show a deviationthe sum of squared errors, because these reported errors may

between G3MP2B3 and B3LYP methods undx5 kcal mof?!
for nine species, eighteen species differ by less tharkcal
mol~?1, and eleven species differ by about 1.5 kcal mMoThe

not include unknown and non random errors.
The error resulting from the B3LYP/6-311g(d,p) work
reaction computation method, where the total energy includes

eleven radicals derived from the above-oxygenated hydrocarbonszero-point vibration energy (ZPVE) and the thermal energy, is
also show good agreement between G3MP2B3 and B3LYP estimated by comparing the calculated enthalpy of reaction for
a series of work reactions witlAHy, .9 from accepted

methods.

Error Analysis. We estimate error limits on the target

literature data. The reactions are chosen to be representative of

A{H3qg by considering the errors reported for the reference species in this study. The enthalpigsH(,, .09 for a series of
species in the work reactions plus the error due to the calculation27 work reactions, where each species in the reaction has a
method. For the reference species we add the absolute value ofiterature value, are determined and compared to the experi-
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TABLE 2: Calculated A{H3qq for Linear Species in kcal mof! and Reference Reactions

groups to be calculated reaction series A{H3qg (kcal mol) error limit?
CH;=CHCH(CH=0)CH=0 + CH3:CH; — CO + CH,=0 + CH;=CHCH,CH:CHj —40.38 +2.14
C/CD/CO/CO/H  CH;=CHCH(CH=0)CH=0 + CH;CHz — 2CH,=0 + CH,=CHCH,CH=CH, —40.08 +21
CH;=CHCH(CH=0)CH=0 + CH; — CO + CH;=0 CH,=CHCH,CHj3 —38.93 +1.97
CH;=CHCH(CH=0)CH=0 + CH; — CO + CH3CH=0 + CH;=CHCH; —38.85 +2.27
av—39.56+ 0.78
C/CD/COICT/H  CH;~CHCH(CH=0)C=CH + CH3CH; — CO + CH=CH + CH,=CHCH,CH,CHj3 45.07 +1.77
CHz=CHCH(CH=0)C=CH + CH; — CO + CH;C=CH + CH;=CHCH; 45.39 +1.59
av45.23+ 0.22
C/CO/O2/H CH(OH),CH=0 + CH; — 2CH;OH + CO —119.4 +1.54
CH(OH),CH=0 + CH3CH3 — CH3;CH,OH + CH;OH + CO 118.77 + 1.66
av—119.08+ 0.44
CH3C(OH),CH=0 + 2CH,; — CH3CH,CH=0 + 2CH;OH —131.55 +2.73
C/C/CO/02 CH3C(OH),CH=0 — CH3;C(=0)OH + CH,=0 —129.08 +2.08
CH3C(OH),CH=0 + 2CH3CH3 — CH3CH,CH=0 + 2CH;CH:OH —131.09 +2.97
av—130.57+ 1.31
CH;=CHCH(CH=0)CH=CH; + CH,CH; — CH;=CHCH=0 + CH,;=CHCH,CH=CH, —1.74 +3.43
C/CD2/CO/H CHz=CHCH(CH=0)CH=CH; + 2CH; — CH3CH=0 + 2CH,=CHCH; —0.049 +2.66
CH;=CHCH(CH=0)CH=CH; + CH; — CH;CH=0 + CH,=CHCH,CH=CH; —0.69 +2.36
av—0.83+0.85
C/ICD2/02 CH;=CHC(OH).CH=CH; + CH; — 2CH,=CHCH,OH —61.01 +1.96
CHz=CHC(OH),CH=CH; + 2CH; — CH,(OH), + 2CH,=CHCH; —61.59 +1.31
av—61.30+ 0.41
CD/O2 CHy=C(OH), + CH; — CHy(OH), + CH;=CH, —74.42 +1.6
CHz=C(OH); + CH,CH; — 2CH,=CHOH —73.49 +5.53
av—73.95+ 0.65
CHz=CHCH,CH=0 + CH; — CH;=CHCH; + CH3CH=0 —19.96 +21
C/CD/CO/H2 CH;=CHCH,CH=0 + CH; — CH;=CHCH,CH; + CH,=0 —20.04 +1.78
CHz=CHCH,CH=0 + CH;=CH, — CH,=CHCH; + CH;=CHCH=0 —21.01 +2.73
CH>=CHCH,CH=0 + CH3;CHz — CH,=CHCH,CH,CH3 + CH,=0 —21.19 +1.95
av—20.62+ 0.74
CH;=CHCH(CH3)CH=CH, + CH,CH; — CH,=CHCH; + CH,=CHCH,CH=CH; 17.75 +1.55
C/CD,/C/H CH;=CHCH(CH3)CH=CH; + CH3;CHz; — CH;CH,CH; + CH,=CHCH,CH=CH, 18.10 +1.55
CH;=CHCH(CH3)CH=CH; + CH; — CH3CHs + CH;=CHCH,CH=CH, 18.09 +1.48
av17.98+ 0.20
CH;=C(CH=0)CH=CH; + CH,CH; — CH,=CHCH=0 + CH,=CHCH=CH, —2.93 +2.67
CD/CD/CO CHz=C(CH=0)CH=CH; + CH3CH3; — CH;CH;CH=CH, + CH,=CHCH=0 —2.83 +2.59
CH;=C(CH=0)CH=CH; + CH; — CH3CH=0 + CH;=CHCH=CH; —1.93 +1.94
av—2.56+ 0.55
CD/COICT CH;=C(CH=0)C=CH + CH3;CH3z — CH3CH,C=CH + CH;=CHCH=0 38.33 +3.15
CHz=C(CH=0)C=CH + CH,CH, — CH,=C(CH=0)CH=CH, + CH=CH 40.04 +2.73
av39.18+ 1.21
CH;=CHCH(OH)CH=CH; + CH; — CH;=CHCH,OH + CH;CH=CH, —13.18 +2.14
C/CD2/H/O CHz=CHCH(OH)CH=CH; + CH;=0 — CH;=CHCH,OH + CH;=CHCH=0 —12.25 +2.86
CH,=CHCH(OH)CH=CH, + CH3;CHz — CH,=CHCH,OH + CH,=CHCH,CHs —11.63 +2.22
av—12.35+0.78
CH>=CHOCH=CH, + CH; —CH3;CH=0 + CH;CH=CH, —6.19 +1.64
0O/CD2 CH2CH;=CHOCH=CH; + CH,;=0 — CH;=CHOH + CH,=CHCH=0 —6.45 +4.04
CH;=CHOCH=CH; + CH3;CHz — CH,=CHOH + CH,=CHCH,CHj3 —5.83 +3.4
av—6.15+0.31
CH2=CHCH=0 + CH3CH; — CH;=CHCH,CH; + CH,=0 —18.03 +2.04
CO/CD/H CH2=CHCH=0 + CH;=CH; — CH;=CHCH=CH; + CH,=0 —18.16 +2.02
CH2=CHCH=0 + CH; — CH;=CHCH; + CH,=0 —19.75 +1.96

av—18.654+ 0.95

a Sum of reported errors for each of the standard species (when available), plus absolute average error from work reactions calculation method
(see Table in Appendix ).

mental enthalpy of reactioAH;, ,4s (See Appendix Il). The from the calculated vibration frequencies along with moments
difference AH?, sodcal) — AHG, ,od€Xp) on these work reac-  of inertia (Table SM3 of supporting material) and are based on
tions provides a reasonable evaluation of the error of the the B3LYP/6-311G(d,p) geometries and frequencies. The con-
calculation method. The mean absolute average from the 27tributions from translation, vibrations, and external rotations
calculated difference values for B3LYP computation method (TVR) are given in Table 5. TVR represents the sum of these
(0.78 kcal mot?) is considered as the error in the calculation contributions toS},g and Cyiaee(T). The frequencies represent-

method for this study. ing internal rotor torsions are not included in TVR. Instead, a
A hypothetical standard deviatio, determined for each ~ more exact contribution from hindered rotations is calculated.
method for the differencesAHs,, ,odcal) — AHS,, ,0deXP), The final standard entropies also include corrections for

using 27 different work reactions are given in Appendix Il. We rotational conformers. This correction is usually calculated by
note that each reaction is different, and we do not wish to imply the following formula for 1 mol of mixturé:
that thisS, be used to represent an error bound. ASiing = _Rzni In(n,)
3. Entropy (S}g9 and Heat Capacities Cprog(T)). The S)gg
andCyreg(T) for the target molecules and radicals are obtained wheren; is the equilibrium mole fraction of thigh form. ASyixing
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TABLE 3: Calculated A{H34q for Phenyl Containing Species in kcal mot! and Reference Reactions

groups to be calculated reactions series AfH3eg (kcal mol) error limit®
CsHsC(OH)CHs + CHs — CgHsCH,CHs + CH2(OH), —80.10 + 1.86
c/cICBIO2 CeHsC(OH),CH3 + 2CH; — CeHsCHs + CHo(OH), + CHsCHs —78.95 +£20
av—79.52+ 0.81
CeHsC(CHp)CH=CH; + CH,CH, — CsHsCH=CH, + CH,=CHCH=CH, 53.62 +2.03
CD/CB/CD CsHsC(CH2)CH=CH, + CH3CH; — CsHs CH,CH3 + CH,~CHCH=CH, 52.70 +1.96
CeHsC(CHp)CH=CH; + CH; — C¢HsCH=CH, + CH;CH=CH, 52.20 +1.94
av52.84+0.72
C/CB/C2/CO CsHsC(CHz),CH=0 + 2CH; — CgHsCHz + CH3CH=0 + CH3;CH,CHs —21.33 +2.76
C5H5C(CH3)2CH=O + CH3CH3+ CH4—’ C5H5CH2CH3 + CH3CH=O + CH3CH2CH3 —22.59 + 2.96
av—21.96+ 0.98
CB/CO CeHsCH=0 — CgHs + CO —7.27 +11
CeHsCH=0 + CH3CHz — CsHgs + CH3sCH,CH=0 —7.66 + 1.47
av—7.46+0.27
CH3CgH4CH=0 — CgHsCHz + CO —15.78 +1.3
CB/CO CH3C6H4CH=O + CH3CH3_> CeHe + CH3CH2CH3 + CO —16.32 +1.75
CH3CsH4CH=0 + CH; — CgHs + CH:CHz + CO —16.53 + 1.68
CH3C6H4CH=O + CH3CH3 - C6H5CH=O + CHgCHzCHg —16.84 +1.75
av—16.37+ 0.44
CsHsC(=CH,)CH=0 + CH; — C¢HsCHz+ CO + CH,=CH, 12.48 +1.83
CD/CBI/CO CeHsC(=CH2)CH=0 + CH; — C¢Hgs + CO + CH,=CHCH; 11.34 + 1.86
CsHsC(=CH2)CH=0 — C¢HsCH=CH, + CO 12.14 + 1.53
av11.98+ 0.58
O/CB/CO CeHsOCH=0 + CH3CH3; — CgHsOH + CH3:CH,CH=0 —51.68 +1.48
CeHsOCH=0 — CgHsOH + CO —51.30 +1.11
av—51.49+ 0.26
CsHsC(=CH2)CHj3 + 2CH;CH;z; — CgHg + CH3CH,CH,CH=CH, 28.37 +2.07
CeHsC(=CH,)CH3 + CH; — C¢Hg + CH,=CHCH,CHjs 29.82 +1.67
CD/C/CB CﬁHsC(=CH2)CH3 + CHa—’ C5H5CH=CH2 + CchHg 29.01 +1.72
CeHsC(=CH,)CH3 + CH; — C¢HsCH; + CH;CH=CH; 29.01 +1.67
CﬁHsC(=CH2)CH3 + CH3CH3_> C6H5CH=CH2 + CH3CH2CH3 29.02 +1.79
av29.05+ 0.51
CeHsC(=CH2)OH + CH3CH3 - CeHsCHgCH:«; + CH2=CHOH —8.49 + 3.89
CD/CB/O CsHsC(=CH2)OH + CH3CHz — CgHsCH=CH, + CHsCH,OH —8.71 + 2.05
CGH5C(=CH2)OH + CH4_> CGHGCH3 + CH2=CHOH —7.23 + 3.79
av—=8.144+0.79

a Sum of reported errors for each of the standard species (when available), plus absolute average error from work reactions calculation method
(see Table in Appendix II).
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Figure 3. Potential barriers for internal rotations aboutC, and C—
Cq bonds in CH—CgH4,CH=0 and GHsC(—CHz)=CH..
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Figure 2. Potential barriers for internal rotations about-C bonds

QH(::Ggf_i((ZE'é) Eﬁ'isc%ﬂfégig3) ZCHZ0, CH=CHCHECHy)- using these potentials and the calculated structure in Rotator

code described in the computation section.
represents the entropy of mixing of rotational conformations  The potential energy as function of dihedral angle is
or optical conformations. Entropy contributions from conformers determined by scanning individual torsion angles fromt®
resulting from intramolecular rotations are included in the 360" at 15 intervals and allowing the remaining molecular
entropy contribution calculated by the Rotator code. The energy structural parameters to be optimized. The optimized structure
levels for the internal rotor are calculated and the partition of each species is described in Table SM2 of the Supporting
function corresponding to the rotor is determined and used in Information. Data on the maxima rotational barriers in each of

the calculation of the rotation entropy. the internal rotors are summarized in Table 6.

The overall determinedS)y; and Cpeg(T) are used to Data on the rotation barriers and total energies for each
determine the entropy and heat capacity of new groups for useinternal rotor, both the stable molecules and radicals, are
in group additivity (GA). included in Tables SM526, of the Supporting Information.

4. Rotational Barriers. Potential barriers versus torsion angle The lines in Figures 212 are the results of the Fourier
for internal rotation in all species listed in Tables-2 are expansion fit to the data. Values for the coefficients of the
calculated at the B3LYP/6-31G(d,p) level. Entropy and heat Fourier expansiorg andb; in eq |, are obtained from the fitting
capacity contributions from the internal rotors are estimated program in Sigma Plot version 2.0, and then used in “Rotator”
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TABLE 4: Calculated A{H3,¢ Radical Groups and Bond Energies in kcal mot? and Reference Reactions

Bond Energy e Qe 0 Error
Neane Reactions Series A Y H g Limit®
Furan -8.29
FURANI1 Furanjl + CH;CH; — Furan + CH;CH» 61.15 + 1.68
Furanjl + CgHg —» Furan + CgHse 60.86 +4.18
@ Furanjl + CH,CH; — Furan + CH,CHs 61.11 +2.16
«  Furanjl + CH;CH=0 — Furan-CH=0 + CH;e 63.59 +2.61
Y Average 61.67 + 1.28
FURANI2  Furanj2+ CH;CH; — Furan + CH;CHoe 61.27 = 1.68
\  Furanj2+ CgH,  — Furan + CgHje 60.99 +4.18
J/ \} Furanj2 + CH,CH; — Furan + CH,CHe 61.24 +3.16
o Furanj2 + CH;CH=0 — Furan-CH=0 + CH;e 63.72 +2.61
Average 61.80 = 1.28
Y(C,H=0 + 2CH, — CH,=CHCH=0 + CH,=CH, + CH;CH=CH, -4.80 +235
¥(C;Hy)=0 + CH,CH, — CiHy+ CH;CH=0 -4.79 + 1.45
Y(C6J)*O Average 4 80 + 0,007
Y(C;H;*)=0+2CH,  — CH,=CHCH=0 + CH,CH,+ CH,=CHCH,e 13.43 £333
Q Y(C,;,H,-')=0 + C[IECI ]2 — Y(C(J[ ]6}=0 t C”gc[ Ie 12.51 +2132
o, Y(CiH;2)=0 + CH;CH; - — Y(Cillg)=0 + CH;CHye 1255 184
Y(C,H;+)=0 + CH, — CgHg + CHyOo 12.61 +2.41
Average 13 774 0.44
Y(C5)COJ*O
Y(CsHy)C(OH)=0 + 2CH,  — Y(CsH) + CH;0H + CH,CH=0 -33.54 +2.67
‘o, #° Y(C;H3)C(OH)=0 + CH;CH; — Y(C;sHg) + CH;CH,C(=0)OH -52.08 +243
? Average -52.81 + 1.03
¥(CsHy)C(02)=0 5.1 Ref. 79
CH;,CH=0 7465027
CﬁHjC.=0 + CHd — C(,H_iCH:O + CH]' 30.21 + 2.84
PhCI*0  CellsCo=0 + CH,4 — CgHg+ CH;Co=0 28.46 +3.09
CsH;Ce=0 + CH, — C4Hy + CO + CHgye 31.72 +2.74
CsH;Co=0 + CH,CH,; — CH;CH=0 + CH;CH,e 3111 +3.09
30.75+ 1.42
Y(CsH;0)CH=0 + CH, 5 Y(CSI,0) + CH,CH=0 -26.34 +3.93
Y(C;H;0)CH=0 - Y(CsH0) + CO -22.42 +3.44
Y(CsH;0)CH=0 + CH, — Y(CsH5)OCH=0 -27.04 +3.78
Y(C50)CI*O Average -25.27+ 2.5
Q Y(C;H;0)Co=0 + CH, - Y(CsHg0) + CH;Ce=0 10.10 +295
Y(C;H;0)Co=0 + H, - Y(CsHgO) + CHe=0 9.12 +2.07
*=0 ¥(CsH;0)Co=0 + CH;CH=0  — Y(CsH;0)CH=0 + CH;Ce=0 11.39 +5.50
¥(C;H;:0)Ce=0 + CH;CH; — Y(C;H:0)CH=0 + CH;CH-e 11.63 = 6.07
Average 10.56 + 1.17
Y(CsH;)OCH=0 + CH, — CsHg + CH;0CH=0 -34.96 +2.48
¥(C;H;)OCH=0 + CH;CH; — (CsHg + CO + CH4;CH,OH -34.16 + 1.61
Y(C5 :,( ](|r{)Y(C5H5)0CH:0+ CI ]4 — Cq] ](, + CO + C] [30” ‘3488 = o ]40
Average -34.67 £+ 0.44
&0 Y(CH)OC=0 + CH, - Y(CsHs*) + Y(C5)OCH=0 8.19 +2.46
Y(CjHj)OC‘ =0 + (.:H4 - Y(C5H5’)+ (.:H",OH +CO 9.13 +2.19
Q Y(CsH;)OC»=0 + CH;CH; — Y(CsHs*) + CO + CH;CH,OH 9.84 +2.34
Y(CsH;)OC*=0 + CH,CH, — Y(CsHs*) + CO + CH;CH=0 10.98 +2.55
Average 9.54 £ 1.17
CH;O0CH=0 + CH;CH; — CH;OCH,CH; + CH,=0 -83.63 +2.23
CH,0CH=0 + CH, — CH;0CH; + CH#~0 -84.45 +2.14
CH;OCH=0 — CH;0H + CO -82.09 +1.95
COCJ*O Average -83.39 % 1.19
CH;0Ce=0 + CH;CH; — CH;0CH=0 + CH;CH,» -41.31 +3.28
CH;0Cs=0 + CH, — CH;0H + CH;Ce=0 -42.59 +223
CH;0Ce=0 + CH, — CH;0CH=0 + CH;» -42.20 -

Average -42.03 + 0.65
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TABLE 4 (Continued)

Sebbar et al.

Bonﬂ;::rgy Reactions Series L\_;'H ;?93 [I::i:ﬁtra
CH,=CHCH=0 -18.65 £ 0.95
CH,=CeCH=0 + CH,CH; — CH~=CHCH=0 + CH;CH,e 41.99 +2.48
CH=CeCH=0 + CH-CH, — CH~=CHCH=0 + CH,CHe 41.96 +2.96

C*CJC*() CH=CeCH=0 + CH, — CH,=CHe + CH;CH=0 42.12 +2.33
CH;=CsCH=0 + CH;CH=0 — CH;=CHCH=0 + CH;Ces=0 41.76 +291
CH;=CsCH=0 + CH, — CH,=CHCH; + CHe=0 42.03 + 1.14

Average 41.97+0.13
CH;=CHC-»=0 + CH; —» CH,CHCH=0 + CHje 19.7 +1.70

C*CC)*0O CHy=CHC+=0 + CH;CH; — CH,CHCH=0 + CH;CH» 20.61 +2.05

CH,=CHC+=0 + CH;CH=0 — CH,=CHCH=0 + CH;Ces=0 20.37 +3.25
Average 20.22 + 0.47

CH,=CHCH(CH=0)C+ CH 45.23£0.22

CH,=CHC+(CH=0)C* CH + CH;CH; - CH;CH,» + CH~CHCH(CH=0)C=CH 62.68 +1.85

VCIC*OCHC CH,=CHCe(CH=0)C+ CH + CH;CH; -» CH-,=0 + CH=Ce + CH,=CHCH,CH=CH, 62.80 +3.46

CH,=CHCs(CH=0)C* CH + CH, — CO + CH=Ce + CH7=CHCH,CHj; 62.94 +3.32
Average 62.80£0.13

CH(OH),CH=0 -119.08 £ 0.44

Ce(OH),CH=0 + CH;CH; — CH;CH,0H + CO + CH,»OH -96.15 +3.13

O*CCHOH)2C(0OH),CH=0 + CH, — CH;0H + CO + CH,eOH -96.79 +3.31
Ce(OH),CH=0 + CH, — CH(OH),CH=0 + CH;e -96.25 +2.75
Ce(OH),CH=0 + CH, — CH;0H + CH70 + CHe=0 -93.93 +2.27

Average  -95.78 + 1.26
CH,=CHCH(CH=0)CH=0 -39.56 £ 0.78
CH,=CHC+(CH=0)CH=0 + (CH;CH; - CHe=0 + CH,=0 + CH,=CHCH,CH=CH, -19.25 +2.10

VCI(C*0)2 CH=CHCeo(CH=0)CH=0 + CH;CH; - CH;CHy» + CH,=CHCH(CH=0)CH=0 -19.62 +2.96
CH,=CHCes(CH=0)CH=0 + CH, — CHe=0 + CO + CH,=CHCH,CHj; -18.11 + 1.97
CH,=CHCe+(CH=0)CH=0 + CH,CH,; - CHe=0 + CO + CH,=CHCH,CH=CH, -20.24 +2.12

Average  -18.99+0.78

a Sum of reported errors for each of the standard species (when available), plus absolute average error from work reactions calculation method

(see Table in Appendix II).

[ —&— CH =C(--OH)CH=CH, —#— C H C(--OH)=CH,
[ —&— CH =C(--OH), —&— CH =C(--OH)CH=0

Rotational Barrier in kcal/mol
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0 50

Figure 4. Potential barriers for internal rotations aboyt©H bonds
in CH2=C(_OH)CH=CH2, CH2=C(_OH)2, CeHsC(_OH)=CH2, and
CH,=C(—OH)CH=0.

to calculate the contribution of internal rotors &g, and
Cy°(T) (0.1 = T/K = 5000). The Rotator program takes into
account the entropy of mixing and the optical isomer corrections.
The coefficientsg andb; in eq |, are listed for each species in
Table SM2729 in the Supporting Information.

4.1. Rotational Barriers for Stable Speci@&me representa-
tive potential energy curves for the above rotors are illustrated
in Figures 2-12; all remaining potential energy curves are
illustrated in the Supporting Information.

Methyl—Carbon Rotations. A potential energy diagram
(ZPVE and thermal corrections included) for four methyl radi-
cal rotations, where the methyl is bonded to a substituted

sp® carbon: GHsC(OH)—CHs, CeHsC(—CHs),CH=0,
CH;=CHCH(—CHz)CH=CH,, and CH—C(OH)CH=0 s
shown in Figure 2. These-8CHjz rotor potentials are all similar,
with 3-fold symmetry and barriers ranging between 2.6 and 3.7
kcal mol! (Table 6). The two molecules in this set containing
a CH=0 group bonded to the %garbon show slightly lower
barriers, 2.8 and 2.6 kcal mdl versus the OH or vinyl
substituents.

Rotation barriers about£-CH; and G—CHs; bonds show
3-fold symmetry with low barriers, £-CHs; has a 1.98 kcal
mol~! barrier, in GHsC(—CH3)=CH,). The G—CHs is almost
a free rotor, barrier of 0.06 kcal mdlin p-CHz—CgH,CH=0
(Figure 3).

Hydroxyl Rotations. Rotation barriers about the -RCH
bond are shown in Figures SM1 and SM2. The-RUH barriers
in CH(—OH),CH=0, CH;C(—OH),CH=0, CH~=CHC(—OH),-
CH=CH,, and GHsC(—OH),CHs; species, all with two hy-
droxyl groups on the carbon (Figure 3), are about one to two
kcal mol~! higher than barriers in molecules that do not have a
second hydroxyl group. ClHCHCH(OH)CH=CH, and
CeHsCH,—OH (Figure SM2) have barriers of 3.44 and 2.26
respectively.

Figure 4 illustrates rotation about 4€OH bonds in
CH,;=C(—OH)CH=CH,;, CH,=C(—OH),, and GHs-
C(—OH)=CH,. The data show similar, 2-fold, symmetric
potentials with barriers near 4.5 kcal méal The OH rotation
barrier in 2-hydroxypropen-3-al, GHC(—OH)CH=0 has
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TABLE 5: Ideal Gas-Phase Thermodynamic Properties&, A;H5gg Sg and Cp(300-1500 K)
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species

Cy(T) [cal (molt K~1)]

AH3og (kcal molY) Siog (cal moF* K1) 300 K 400 K 500 K 600K 800K 1000 K 1500 K

CeH 5C (C Fh)zc H=0

(1p
9y

C6H5C(=CH2)CH=O

1y
@y

C6H5C(=CH2)CH=CH2

1y
@y

CeHsC(=C Hz)c H3
@y
(6

CeHsC(=CH,)OH
(1P
@r

CsHsC(OH),CHs

CeHsCH=O
ar@r

C6H50CH=0
(1P
@ar

C H3C(;H 4C H=0
@y
@r

CGH5C H=CH2
@ar@y

CsHsCH,OH

CH,~C(OH),
(ay
(2r

CH2=C(OH)CH=CH2

CH,=CHCH(OH)CH=CH,

1y
@r

TVRY
IR®

total
TVRd
IR®

total
TVRM
IR®

total
TVRM
IR®

total
TVRd
IR®

total
TVRd
IR®

total
TVR
IR®
total
NIST
TVR
IR®

total
TVRY
IR®

total
TVRd
IR®
total
NIST
TVRd
IR®

total
TVRd
IR®

total
TVRY
IR®

total
TVRd
IR®

total
TVRM
IR®

total
TVRM
IR®
IR®

total

C,—C
c—C
c—C
C—CH=0

Co—Cu
C—CH=0

Co—Cy
Ci—Cy

Cyr—Cy
Cq—OH

C,—C
C—OH
C—OH
c—C

C,—CH=0

C—0O
O—CH=0

C—Cy
C—CH=0

Co—Cy

C,—C
C—OH

C—OH
C—0OH
C—CH=0

c—C
C—OH
C—OH
C—CH=0

Cq—OH
Cq—OH

Cq—OH
Ci—Cq

C
C—C
C—OH

—21.96

11.98

52.84

29.05

—8.14

—79.52

—7.46

—8.90

—51.49

—16.37

35.11

—22.60

119.08

—130.57

—73.95

—18.0

—12.35

83.07
7.57
4.52
4.52
5.64

105.32

85.24
7.24
4.08
96.56

84.37
6.68
4.76
95.81

77.99
7.45
4.86
90.3

79.21
6.72
2.64

88.57

79.49
6.57
2.06
2.06
4.21

94.39

75.04

4.64
79.68

80.19

35.78 48.35
233 2.03
2.09 2.06
2.09 2.06
3.23 277
45.52 57.27

3141 41.74
2.30 2.07
3.02 3.05
36.73 46.86

33.47 45.13
311 2.77
3.44 3.38
40.02 51.28

30.48 41.33
163 156
2.07 1.88
34.18 44.77

29.09 39.04
223 211
2.68 2.45
34 43.6

32.03 43.26
229 234
311 3.19
3.11 3.19
2.04 215
42.58 54.13

2458 32.61
2.00 2.03
26.58 34.64

26.84 35.01

26.17 34.80
148 1.46
247 227
30.12 38.53

28.75 38.03
0.99 0.99
2.00 2.03
31.74 41.05

26.90 36.21
181 187
28.71 38.08
28.90 38.19

25.72 34.70
220 1.98
231 216
30.23 38.84
15.31 19.16
152 1.67
152 1.67
3.03 3.59
21.38 26.09
19.76 25.09
239 261
198 2.03
198 2.03
196 1.99
28.07 33.75
14.62 18.19
254 256
254 256

59.29 68.33
181 164
193 1.78
193 1.78
235 2.03
67.31 75.56

50.48 57.54
184 1.66
297 2.88
55.29 62.08

54.95 62.88
2.37 2.05
3.12 2.82
60.44 67.75

50.58 58.14
147 1.39
168 153
53.73 61.06

47.28 53.85
196 181
225 2.08
51.49 57.74
52.69 60.28
229 218
292 259
292 259
211 201
62.93 69.65
39.48 45.05
2.06 2.08
41.54 47.13

41.92 47.47

42.08 47.94
142 137
212 2.05
45.62 51.36

46.10 52.77
0.99 0.99
2.06 2.08
49.15 55.84

44.11 50.50
189 186
46.00 52.36
46.03 52.34

42.45 48.76
178 161
192 1.72
46.15 52.09
2252 25.30
177 181
177 181
356 3.24
29.62 32.16
29.72 33.5
2.64 2.56
2.07 2.06
2.07 2.06
188 1.75
38.38 41.98
21.11 23.43
246 2.32
246 232

82.00
1.43
1.55
1.55
1.64
88.17

67.95
1.42
2.66
72.03

74.60
1.64
231
78.55

69.43
1.27
1.33
72.03

61.69
61.66
58.10

1.45
60.95
29.49

1.79

1.79

35.59
39.38
2.25
1.95
1.95
1.53
47.06
26.86
2.02
2.02
30.9
37.98

2.74
42.71
47.37

154

154

51.97

91.68 106.05
1.30 1.15
1.39 1.19
1.39 1.19
142 01.19
97.18 110.77
75.15 85.62
1.28 1.13
2.42 1.92
78.85 88.67
82.78 94.93
1.42 1.18
1.95 1.48
86.15 97.59
77.40 89.30
1.19 1.09
1.22 1.10
79.81 91.49
70.05 79.88
1.42 121
1.61 1.33
73.08 82.42
79.22  90.92
1.72 1.40
1.73 1.34
1.73 1.34
1.59 131
85.99 96.31
58.87 66.99
2.17 2.04
61.04 69.03
60.95 68.67
62.31 70.68
1.20 111
1.99 1.82
65.5 73.61
69.79  80.03
0.99 0.99
2.17 2.04
72.95 83.06
66.54 76.30
1.61 1.37
68.15 77.67
68.16 77.72
64.62 74.28
1.27 1.13
1.29 1.13
67.18 76.54
3247 37.04
1.70 1.46
1.70 1.46
2.02 1.44
37.89 414
43.60 50.14
1.96 151
1.79 1.49
1.79 1.49
1.38 1.19
50.52 55.82
29.35 33.38
1.78 1.42
1.78 1.42
3291 36.22
42.03 48.36
1.70 1.34
2.34 1.70
46.07 51.4
52.87 61.39
1.36 1.17
1.36 1.17
1.34 1.15
56.93 64.88
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species

Co(T) [cal (molt K™)]

AH3gg (kcal molt) Soq (cal moFt K1) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

CH2=CHOCH=CH2
(1p
@y

CH,~CHCH,CH=0
y
r

CH,—CHCH(CH;)CH=CH
1y
©x

CH,~CHCH(CH=0)CH=CHj
ay
2y

CH,=CHCH(CH=0)CH=0
(p
2y

CH,=C(CH=0)CH=CH,
(xr
1y

CH;—CHC(OH)CH—=CH,

(1P
2y

CH,=CHCH=0
2y (2r
(YCsHs)C(OHy=0
(p

2y
(YCsHs)OCH=0

(YCsHsO)CH=0
0 (1)

Y(CeHe)=0 (1P (1)°
Furan (1% (1)

CH;0CH=0
(1P
@r

CH,=CHCH(CH=0)C=CH
(1P @y

CH,=C(CH=0)C=CH (1) (1)°

Furanj1 (1% (1)°
Furanj2 (1% (1)°
CH;0C=0
P @y

CH;=C'CH=0
ay@r

CH,~CHC=0
@y @r

TVRY
IR®

total
TVRd
IR&¢  C4C

total
TVRY
IR&  C4—C

total
TVRY
IR®

total
TVRd
IR&¢  CqC

C—CH=0
total
TVRd
IR®  CyqCqy
Cq—CH=0
total
TVRd
IR&¢  C4—C
Cq—C
C—OH
C—OH
total
TVRd
IR®  Cyq—
total
NISTf
TVRd
IR®

CH=0

Cc—C=0
CO—OH
total
TVRd
IRE C—O
O—CH=0
total
TVRY
IR®
total
TVRd
TVRY
NIST!
TVRY
IR®

C—CH=0

Cc-0
O—CH=0
total

NIST'

TVR?

TVRY
TVRd

TVRY

TVRd

IR¢ C—O

O—C=0

total

TVRd

IR®  Cg—

total

TVRY

IR Cy—

total

CH=0

C=0

—6.15

—20.62

17.98

—0.83

—39.56

—2.56

—61.30

—18.65

—52.81

—34.67
—25.27
—4.88

—8.29

—83.39
—84.97
45.23
39.18

61.67
61.80

—42.02

41.97

20.22

66.86
5.84
5.84

78.54

68.61
5.47
5.73

79.81

73.27
6.54
6.54
4.28

90.63

76.77

85 96
77.54
66.46

61.26
5.69
2.80

69.75

75.71

72.41
66.42
66.25
62.43
5.06
4.14
71.43
68.62

no rotor
68.62
66.46

no rotor
66.46

18.07 23.50 28.15 31.97
200 203 200 1.92
2.00 2.03 200 192
22.07 27.56 32.15 35.81
17.40 22.60 27.26 31.21
211 176 154 140
191 1.63 1.46 1.35

21.42 25.99 30.26 33.96 39.79

23.25 31.14
214 1091
214 1091
209 214
29.62 37.1
24.23 31.68
1.99
1.99

38.20 44.17
1.71 155
1.71 1.55
2.05 1.92

38.22 43.66
1.48 1.36
1.48 1.36
1.64 1.50
42.82 47.88
33.87 38.46
1.74 1.56
1.78 1.67
1.78 1.67
28 31 34 13 39.17 43.36
19.10 25.25 30.61 35.07
241 220 205 192
2.80 3.15 325 3.20
24.31 30.6 35.91 40.19
24.53 32.11 38.43 43.52
282 260 238 218
2.82 260 238 218
240 3.00 3.20 3.12
240 3.00 3.20 3.12
34.97 43.31 49.59 54.12
14.14 17.69 20.88 23.59
2.83 3.07 3.08 297
16.97 20.76 23.96 26.56

37.77
1.73
1.73
41.23

37.33
1.24
1.22

53.45
1.35
1.35
1.67

43.67 49.19 57.82

52.01
1.21
1.21
1.32
55.75
45.49
1.35
1.47
1.47
49.78
41.84
1.70
2.92
46.46
51.09
1.86
1.86
2.65
2.65
60.11
27.80
2.62
30.42

17.11 20.97 24.21 26.87 30.81

24.22 32.49 39.27 44.60
126 1.17 1.12 1.08
130 1.86 229 262
26.78 35.52 42.68 48.3
24.06 32.05 38.79 44.19
2.84 247 217 193
333 3.16 291 273
30.23 37.68 43.87 48.85
26.11 33.99 40.64 46.03
241 268 276 2.69
28.52 36.67 43.40 48.72
24.44 31.82 38.08 43.15
15.75 21.19 25.71 29.26
15.74 21.22 25.77 29.34
12.42 15.51 18.54 21.23
1.03 1.01 1.00 1.00
162 191 228 2.63
15.07 18.43 21.82 24.86
15.44 18.54 21.58 24.27
23.23 29.61 34.91 39.24

19.82 24.55 28.37 31.47
15.40 20.15 24.04 27.08
15.23 19.98 23.89 26.95
12.09 14.59 17.01 19.15
0.99 0.99 0.99 0.99
211 212 216 221
15.17 17.69 20.16 22.35
16.38 19.21 21.70 23.82

16.38 19.21 21.70 23.82 27.12

15.70 18.68 21.27 23.42

52.26
1.05
2.99
56.3

52.05
1.61
2.54
56.2

53.95
2.39
56.34
50.65

34.32

34.44

25.52
0.99
3.12
29.63

28.56
45.82

36.17
31.36
31.26
22.54
0.99
2.29
25.81
27.12

26.74

41.99
1.57
1.57
45.13

41.79
1.15
1.15
44.09

60.27
1.24
1.24
1.49
64.24

58.03
1.14
1.14
1.22
61.53

50.49
1.24
1.34
1.34
54.41

46.66
1.53
2.60
50.79

56.52
1.64
1.64
2.21
2.21

0.99
2.29
28.29
29.51

29.51
29.15

15.70 18.68 21.27 23.42 26.74 29.15

48.49
1.31
131
51.11

48.53
1.07
1.07
50.67

70.82
111
111
1.25
74.29

67.13
1.06
1.06
1.10
70.35

57.89
111
1.17
1.17
61.34

53.89
1.29
1.99
57.17

65.00
1.34
1.34
1.59
1.59
70.86

35.48
1.72
37.2

37.38

65.12
1.01
2.87
69.00

65.27
1.20
2.15
68.62

67.29
1.57
68.86
63.50

42.81

42.94

33.43
0.99
3.04
37.46

36.44
57.75

44.67
38.29
38.25
28.77
0.99

31.73
33.08

33.08
32.79

32.79
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TABLE 5 (Continued)
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Co(T) [cal (molt K~3)]

species A{H3qg (kcal mol?) Syg(cal molt K1) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
CH=CHC(CH=0)CH=0 TVRY 80.50 25.00 30.81 35.84 40.02 46.32 50.74 57.20
(1P )y IR®  C—C 4.48 200 205 207 209 213 216 2.18

C—CH=0 no rotor

total —18.99 84.98 27.00 32.86 37.91 42.11 4845 5290 59.38

C(OH),CH=0 TVR? 67.80 14.19 17.59 20.50 22.85 26.33 28.75 32.42
(1P IR®  C—-OH 1.69 250 282 288 281 253 223 1.70
1y C—COH 1.69 250 282 288 281 253 223 1.70
C—CH=0 2.08 196 209 218 228 252 277 3.11

total —95.78 73.26 21.15 25.32 28.44 30.75 33.91 3598 38.93

(YCsHs)C(O)=0 TVR? 80.42 25.88 33.49 39.70 4455 5146 56.10 62.78
(1P IR® C—C=0 6.70 221 211 198 1.86 164 149 1.27
total 5.10 87.12 28.09 35.60 41.68 46.41 53.10 57.59 64.05

(YCsHs5)OC=0 TVR? 77.66 23.90 31.72 38.35 43.62 51.01 55.74 62.06
1y IR&  C—O 7.66 188 157 139 128 116 1.10 1.04
(1) O0—C=0 4.27 237 229 227 229 234 234 2.11

total 9.54 89.59 28.15 35.58 42.01 47.19 5451 59.18 65.21

(YCsHs0)C=0 TVR? 80.47 26.06 33.35 39.34 44.10 51.02 55.75 62.60
(1P @)y IR&  C—C=0 5.22 286 274 254 232 194 167 1.33

total 10.56 85.69 28.92 36.09 41.88 46.42 52.96 57.42 63.93

Y(CeHs)=0 (L) (1)° TVR 12.77 75.26 23.06 30.25 36.19 40.91 47.68 52.27 58.89
HsC=0 TVR? 77.82 24.27 31.70 37.93 42.93 50.22 55.18 62.31
(1P (2) IR®  C,—C=0 5.22 213 222 224 218 1.98 1.77 143

total 30.75 83.04 26.4 33.92 40.17 45.11 52.20 56.95 63.74

CH;=CHC(CH=0)C=CH TVR! 62.80 84.41 28.31 34.23 39.05 42.94 48.76 52.90 59.10

@y @y

aThermodynamic properties are referred to a standard state of an

ideal gas at Datinal isomers numbef.Symmetry numberd The sum

of contributions from translations, external rotations and vibratid@antribution from internal rotation about the corresponding bohllsp://

webbook.nist.gov/chemistryd.Ref 79.

—e— CH,=CH--OCH=CH,
—=—Y(CH)--OCH=0

Rotational Barrier in kcal/mol

300

100 150 200 250
C--O/Cd--O Torsion Angle in Degree

Figure 5. Potential barriers for internal rotations about<® bonds
in CH;=CH—OCH=CH, and C-0O bonds in Y(GHs)—OCH=O0.

L e LA e e T L e

—+—Y(CHO0)-CH=0 —=%—C H C(CH,)--CH=0

7
6
5
4
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2

Rotational Barrier in kcal/mol

Ll N
100 150 200 250
C--CH=0 Torsion Angle in Degree

Figure 6. Potential barriers for internal rotations about-CH=0
bonds in Y(GHs0),—CH=0 and GHsC(CHs),—CH=O0.

a similar potential shape, but with a high barrier, 10.7 kcal
mol1,

Methyl—Ether—Oxygen Rotations. CEHOCH=0 has a
typical “CH3” symmetric 3-fold symmetry and almost no barrier,
0.24 kcal mot? (Figure SM3).

C—0C, G—0C, and G—OC rotors show a 2-fold potential
with barriers between 3.7 (GHCH—OCH=CH,) and 3.25 for

P B L Ll

50 300 350

(Y(CsHs)—OCH=0) (Figure SM3 and Figure 5). (Es—
OCH=O0) rotation has a 2.72 kcal mdl barrier, as shown in
Figure SM4.

Carbon (sp)—Carbonyl Rotations. Figures SM5 and SM6 and
Figure 6 illustrate potential energy diagrams for -RCH=0
barriers in seven carbonyl molecules. The rotation barriers for
a substituted sicarbon-carbonyl bond are similar at 2.53, 2.24,
and 2.91 kcal mot! in CH;=CHCH,—CH=0, CH,=CHCH-
(CH=CH,;)—CH=0, and CH=CHCH(CH=0)—CH=0, re-
spectively (Figure SM5). Barriers about C(QHCH=O
increase slightly to 4.21 kcal mol for CH(OH),—CH=0 and
5.05 kcal mot? for CH3C(OH),—CH=0 (Figure SM®).

When the carbonyl is bonded to a cyclic moiety ¥z0)—
CH=0 and GHsC(CHs),—CH=O (Figure 6) the barriers
are 5.46 and 3.35 kcal mdi, respectively. The (§Hs)—
C(OH)=0 rotation has a significantly lower barrier at 1.12 kcal
mol~%, shown in Figure SM7, where OH replaces the H atom
in the “C—CH=0" group.

Vinyl Carbon—Carbon (sp) Rotations. Rotation about vinyl
C4q—CCH=0 bonds is illustrated in Figures SM8 and SM9 and
Figure 7, where the barriers are moderately low and range from
1.96 to 2.6 kcal malt. The molecules are: GHCH—CH,-
CH=0, CH,~=CH—CH(CH=0)CH=0, CH,=CH—C(CHy)-
CH=CH,, and CH=CH—C(CH=0)CH=CH, (also see Table
6). Figure 7 shows that the barrier about a viny—C(OH),
increases with the substitution of OH group(s); 3.46 kcalthol
in CH,=CH—C(OH)CH=CH, and it goes higher to 4.84 kcal
mol~t in CH;=CH—C(OH),CH=CH,.

C=C—C=C Rotations. The &EC—C=C rotation barriers in
CH2=C_(CH=O)C|'|=CH2, C6H5CH(:CH2)_CH:CH2, and
CH;=C—(OH)CH=CH, are in the range 4:06.1 kcal mot™.
The species with an OH group on one vinyl carbon has the
higher rotation barrier (Figure SM10).

Carbon Double BongCarbonyl Rotations (EC—CH=0).
Potential barriers for internal rotations about=C—CH=0
bonds (Figure 8) in Cl+=CH—CH=0, CH,=CHC(=CH,)—
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TABLE 6: Maxima Rotational Barrier (298 K) (kcal mol 1)

Sebbar et al.

Cy—CH=0
C—C G—Cy

CG—O0 C—C=0 C-C C-OH C—CH=0 CG—C CG—Cy

Ci—OH Ci—CH=0 O—CH=0

CsHsOCH=0
CeHsC(CO)=CH,
CeHsC(OH),CHs
C6H5C(=C Hz)C H=C Hz
CeHsC(CHs),.CH=0
CGH 5C H=0
CeHsC=0
C5H5C(=C Hz)o H
CeHsC(=CH,)CHs
CeHsCH.OH

CGH 5C H=C H2

C H3CsH 4C H=0

2.72

2.55
4.72 3.71
3.02
2.99 2.66

4.52

3.30

2.21
2.46

4.42

0.06 10.31

9.59
8.29

4.36

5.97
3.35

4.49
1.97

2.26

C—CH=0

C—OH C—CH=0 C—C(OHF=O C4—C

C—C C—OH C—C=0 C—C(0)=0

C—CH=0
Cs—CH=0 O—CH=0
CiC CiCy COH C—C=0 O0—-C=0 GO C—O

(OH),CHCH=0
(OH),C'CH=0
CH,=CHCH(CH=0)CH=0
CH,=CHC(CH=0)CH=0
CH;C(OH),CH=0
CH,=CHCH(CHO)CH=CH;,
CH;=CHC(OH)CH=CH,
CH,=CHCH=0
CH;=C'CH=0
CH,~CHC=0
CH~C(OH).
CH,=CHCH(CH)CH=CH,
CH;=C(CHO)CH=CH,
CH2=CHOCH=CH2
CH,=C(OH)CH=0
CH;=CHCH(OH)CH=CH,
CH,=C(OH)CH=CH,
CH;=CHCH,CH=0
Y(CsHs)C(OH)=0
Y(CsHs)OCH=0
Y(CsHs)OC=0
Y(CsHsO)CH=0
Y(CsHs0)C=0
CH3OCH=0

CH;OC=0

CH=0, GsHsC(=CH,)—CH=0, and CH=C(OH)—CH=0
show relatively high barriers. The barrier in HCH—
CH=0 is 6.4 kcal mot?!; barriers in CH=CHCECH,)—
CH=0 and GHsC(=CH,)—CH=0 are 8 and 8.3 kcal mo},
respectively. The barrier in GHC(OH)—CH=0, which
contains an OH group on the olefin, is 16.5; this is ca. 11 kcal
mol~? higher than the rotation aboutC—CH=0.

Phenyt-Carbon Rotations. Rotation barriers about carbon-
(sp’)—phenyl bonds, &—C (Figure SM11), vary from 2.4 for
CgHs—CH,OH, 3.0 for GHs—C(CH3),CH=0, to 4.7 kcal
mol~? for CsHs—C(OH)CHs.

Styrene, Substituted Styrenes. The carbphenyt—carbon
double bond, Gi—Cy, rotation barriers vary from 2.21 to 4.42
kcal molt. The highest internal rotation aboupic-Cyq is in
styrene, GHs—CH=CH,, at 4.42 kcal mol?, followed by 3.3
in CeHs—C(=CHy)OH. The methyl-substituted styrengtz—
C(=CH)CHjs has a 2.2 kcal mot barrier. GHs—C(=CH,)-
CH=0 and GHs—C(=CH,)CH=CH, have barriers of 2.5 and

5.44 4.21
6.1 33.4
291
no rotor
5.05
2.24

2.8 5.68

5.17

3.27

3.44
2.53

112
4.56

5.46
4

2.57
15.2

1.96
4.84
6.44
no rotor
no rotor
4.56
2.5
4.03 7.99
3.7
10.7 16.5
3.46
6.1 4.32
2.19

13.53

10.58
9.6

3.25
1.58

14
9.2

CH=0, andp-CH3CgHs;—CH=0. Both show 2-fold symmetry,
and both have barriers at ca. 10 kcal ol

Ether Oxyger-Carbonyl Rotations. Figure 10 illustrates
internal rotation potentials for ROCH=O bonds in CHO—
CH=0, GHsO0—CH=0, Y(CsHs)O—CH=0, and Y(GHs)—
C(OH)=0. The barriers are high due to resonance with the
carbonyl group or with spbonds in the ring. Barriers are 9.6
kcal mol for CgHsO—CH=0, 10.6 kcal mot? for Y(CsHs)O—
CH=0, and 13.5 and 14 kcal n1dl for Y(CsHs)—C(OH)=0O
and CHO—CH=O0, respectively.

4.2. Rotational Barriers Inolving Radicals Potential energy
curves for internal rotation in the radicals are illustrated in
Figures 11 and 12 and in Figures SM13, SM14, and SM15
SM18 of the Supporting Information. The maximum barrier for
each system is also listed in Table 6.

RO—Carbonyl Radical. The internal rotation barriers about
RO—C*=0 in CH;O0—C*=0 and Y(GHs)O—C*=0 are shown

0.24
0.02

3 kcal mol %, respectively (Figure 9). The data suggest a stronger In Figure 11. The potential diagram shows 2-fold symmetry over

coupling of the styrene vinyl with the aromatic ring relative to 360" rotation for each system, with barriers of 9.2 and 9.6 kcal

the methyl or carbonyl substituted vinyl groups. The 4.42 barrier Mol™* respectively. The barrier about RE&*=0 bonds for

for styrene is in good agreement with the experimental results these radicals is lower than the corresponding barrier of their

of Lewis and Zuc2 and other values referenced in their article. 'espective parent molecules (14 and 10.58 kcal®ol
Phenyt-Carbonyl Rotations. Figure SM12 shows potential These ether link rotors that involve a carbonyl carbon; C

barriers for internal rotation aboutpG-CH=0 in CeHs— OC=0 for Y(CsHs5)—OC=0 and CH—OC=0, both have
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038
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Rotational Barrier in kcal/mol

Figure 7. Potential barriers for internal rotations about€C bonds
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in CH;=CH—C(OH)CH=CH, and CH=CH—C(OH),CH=CH,.
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Rotational Barrier in kcal/mol
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Figure 8. Potential barriers for internal rotations about«CH=0
bonds in CH=CH—CH=0, CH,~=CHC(=CH,)-CH=0, GHsC-
(=CH,)—CH=0, and CH=C(OH)}—CH=0.

Rotational Barrier in kcal/mol

Figure 9. Potential barriers for internal rotations abowt€C,4 bonds

—4— C_H--CH=CH, —e— C_H--C(=CH )CH=CH,
—8—CH-~C(=CH)OH  —4— CH--C(=CH,)CH=0
—&— C_H_~-C(=CH,)CH,

50 100 150 200 250 300 350
Cb--Cd Torsion Angle in Degree

in CsHs—CH=CH,, CgHs—C(=CH,)OH, CsHs—C(=CHz)CH=CH,
and GHs—C(=CH,)CH=0.

low barriers than the parent species, 1.58 and 0.02 kcal'mol

respectively (Figures SM13 and SM14).

The G—C=0 and Gyz—C*=O0 rotation barriers are similar
for CgHs—C*=0 and Y(GHs0)—C*=0, with higher barriers
or 4.0 and 4.4 kcal mol, respectively (Figure 12), about-1.5
kcal mol! lower than the barrier in the respective parent.

Carbonyt-Methyl Radicals. @OH),CH=O0 has three internal
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Figure 10. Potential barriers for internal rotations about-OH=0
bonds in CHO—CH=0, GHsO—CH=0, Y(CsHs)O—CH=0, and
Y(CsHs)C(OH)=O0.
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Figure 11. Potential barriers for internal rotations about-O=0O
bonds in CHO—C=0 and Y(GHs)O—C=0.
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Figure 12. Potential barriers for internal rotations aboyt—C=0/
C—C=0 bonds in Y(GHs0)—C=0 and GHs—C=O0.

Carbor-Double Bond-Carbonyl Radicals. The radical
CH,=CHC(CH=0)CH=0 appears to have significant reso-
nance through the molecule. The &HCH—C(CH=0),
internal rotation barrier for the radical is 15.2 kcal miglFigure
SM18), which is some 12 kcal mdi more than with the parent.
That is, while the two €C=0 rotors do not exist for the
radical. While rotating, the radical dissociates Vig acission
reaction, to form a stable molecule gHCHC(CH=0)=C=
O + H. The internal rotation barrier appears to be higher than

rotors, two hydroxy about the radical site and one carbonyl the H atom elimination barrier.

group rotor, C—CH=0. The rotation barrier about*€OH is
6.1 kcal mot? and differs by only 0.5 kcal mot from the
parent molecule. The rotation barrier about-CH=0 has a
surprisingly high value of 33.4 kcal mol, whereas only 4.2
kcal mol!is needed to rotate aboutH=0 (Figures SM15

5. Group Additivity Values. Group additivity is an inex-
pensive and often an accurate calculation technique to estimate
the thermodynamic properties for larger molecules; it is
extensively employed for hydrocarbons and oxygenated hydro-
carbons’® The GA method serves as a valuable estimation

and SM16). This rotation results in reaction, which we discuss technique for many scientists and engineers whose work
further in the bond energy section below.

Carbon-Carboxy Radicals. Y (§Hs)C(O)=0 contains only
one rotor, C-C(0O")=0 with 4.56 kcal mot? rotational barrier,
some 3.5 kcal mott higher than for the parent (Figure SM17).

involves thermodynamic characterization of elementary and
overall reaction processes. Group additivity calculations can be
performed using the “THERM” cod¥®;3>which is inexpensive

in computation time and accurate for hydrocarb&s.



2246 J. Phys. Chem. A, Vol. 109, No. 10, 2005 Sebbar et al.

In this work, we calculate enthalpy, entropy, and heat capacity = 5.2. EntropyAll values are intrinsic; that is the entropy group
(Cp(T)) values for 26 groups in unsaturated oxygenated hydro- values exclude contributions to symmetry and optical isomer
carbons; the groups are listed in Table 7. The target groups innumber in the parent molecule. The entroj8j, of each
this study were identified in our estimation of decomposition group, is derived from the calculated entropy of the stable
and oxidation paths for polynuclear aromatic hydrocarbons, molecules listed in Tables 2 and 3. As noted in the text, the
dibenzo-dioxins and -furans; one oxidation sequence requiring entropy incorporates contributions from the species structure,
groups from this study is illustrated in Figure 1. The target vipration frequencies, internal rotors, symmetry, number of
groups are those needed to estimate molecules in these oxidatiogptica| isomers, and number of conformers contributing. Our
and pyrolysis reaction paths. Appendix | references some recentinternal rotor treatment also includes contributions to entropy
work on group additivity. and heat capacity from rotational conforméts.

We develop fifteen new groups, listed in the first column of S . )
Scheme 3, all based on unsaturated, oxygenated species with S2es Of O/G/CO calculation is determined from (eq 2):

one exception: the C/CD2/C/H group, which has no oxygen.

Eleven additional groups involve a phenyl ring carbon (CB for Sgd(CsHsOCH=0) = (S;g(Ci/H)) x 5+ Su(C,/O) +
carbon benzene). The phenyl groups are listed in column 2 of 3 (CO/H/0)+ S34(O/CB/CO)+ RIn(Ol) — RIn(o) (2)
Scheme 3. Enthalpy for species, where limited or no data were

found in the literature, was calculated. Each group is estimated

from only one molecule system. whereR= 1.987 cal mof* K™, Ol stands for number of optical
isomer when greater than 1, andis the symmetry number.
SCHEME 3: Groups Developed The calculated entropies for the 26 developed groups are
phenyl containing groups summarized in Table 9.
C/CDICO/COM C/CBICIO2 Entropy for radical speciesinclude the above pllR la(2)
C/CDICOI/CT/H CD/CB/CD term for the electronic degeneracy of the unpaired electron spin
C/CO/O2/H C/CB/C2/CO states.
gggcz%%le gg;gg,co Entropy values are listed in Table 5 along with the appropriate
CI/CD2/02 O/CB/CO symmetry number of the parent molecules and the total number
CD/O2 CD/C/CB of optical isomers, when there is more than one.
gg;gg/,g? gg;gg;a 5.3. Heat Capacity god T). Terms for use in group additivity
CI/CD2/H/O CO/CB/H to estimate heat capaci@oe(T) values, are determined similar
C/CD/CO/H2 C/CB/H2/O to that described above for the enthalpy in reaction 1. The results
O/CD2 are given is Table 9 for temperatures from 300 to 1500 K. In
gg;gg,/g an example, the heat capaci®yqg(T) of O/CB/CO is deter-
C/CD2/C/H mined as follows:

Green and Sumathi have reported values for the C/CD2/C/H C . (T)(C;HsOCH=0) = C oi208(T)(Cy/H) x 5+
group as derived from G2 calculation on (GHCH),CHCH,- P CorpoT)(C/O) + Copee THCOIHIO)+
CHs. The enthalpy estimated by Green and Sumathi for this pf298 pf298

group is found to be-1.10 kcal mot?, which is in good Cii20s(T)(O/CBICO) (3)
agreement with our value at1.52 kcal motl. The entropy
and heat capacity (300 K) differences between the two studies
are higher at 3.4 and 0.65 cal mélK~1 respectively. The

thermodynamic values of Green and Sumathi are listed in Table "crement (HBI) ValuesA method to estimate thermochemical
9 for comparison with our calculated values. properties for radicals from the corresponding properties of the

5.1. Enthalpies of FormationA groups’ enthalpy is deter- ~ Parent using hydrogen bond increment (HBI) groups, is
mined using the calculated heat of formation of the stable described by Lay et & and by Sun and Bozzefil. The method
molecule containing that group and use of the literature data US€s the bond energy (298 K) corresponding to loss of a
on group additivity values for the remaining groups in the hydrogen on the radical site, central atom for the enthalpy term,
molecules. the difference between the radical and the parent for the heat

An example of group additivity calculation fax,HS,g of the capacity Cy(T)) term, and the intrinsic entropy difference
0I/G,/CO group is calculated on the following basis (eq 1): ~ between the radical and parent for tBgs term. HBI group

values for entropy an€,(T) are added to the corresponding
AH3So(CsH;OCH=0) = (A;H344(C/H)) x 5+ thermochemical properties (intrinsic) of the parent molecule to
AHZHC/O) + AHZ COIHIO) + AH,g(O/CBI/CO) (1) obtain the corresponding, intrinsic property of the radical.

Thirteen new (HBI) increment groups for estimation of radical
species thermochemistry and bond dissociation enthalpy (BDE)
at 298 K are developed in this study.

5.4. Carbonr-Hydrogen Bond Energies and Hydrogen Bond

where the calculated heat of formation ofHsOCH=O0 is
—51.49 kcal mot?! (Table 3) and the reference group values

are listed in Table 8. The enthalpy AH5g9), entropy &,9, and heat capacities
(Cpr0g(T)), values are derived as follows:
AfH3gO/ICBICO) = (—51.49)— (3.3 x 5) — (=0.9) - A hydrogen atom bond increment (HBI) group fAfHSg,

(—32.1)= —34.99 kcal mol* reflects the enthalpy change due to logsadH atom from a

stable parent molecule in the form of the-R bond energy
All other groups enthalpies are estimated the same way and(BDE), which is defined as the enthalpy of reaction for a simple
listed in Table 9. carbon-hydrogen dissociation reaction. As an example for the
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TABLE 7: Groups Identification in Calculated Species e
species to be caled O/C/H CO/CB/H CD/H2 CB/H CB/CO CB/O CB/C CB/CD CO/CD/H CD/CD/H CO/C/H CO/H/O C/CD/H3 O/CD/H CIC/H3 C/CB/H§
CeHsOCH=0 O/CB/CO * * * -
CéHsC(CH=0)=CH,  CD/CB/CO * * * * &
CeHsC(OH),CHs CICBIC/O2 * * * * 5
CeHsC(=CH,)CH=CH, CD/CB/CD * * * * o
CeHsC(CHs),CH=0 CICBIC2/CO * * * * @)
CeH:CH=0 CB/CO * * S
CHsCeH,CH=0 * * * * 5}
CeHsC(=CH,)OH CDICB/O * * 3
CeHsC(=CH,) CHs CD/C/CB * * * * <
CeHsCH=CH, CD/CB/H * * * E
CeHsCH=0 CO/CB/H * * o
CeHsCH;OH CI/CB/H2/0 * * *
species tobecaled O/C/H CO/C/H CD/H2 C/C/H3 CD/CO/H O/CD/H CD/CD/H CO/CD/H CD/H/O CD/C/H CT/C CT/H CT/CD
CH(OH),CH=0 CI/CO/O2/H * *
CH,=CHCH,CH=0 C/CD/CO/H2 * *
CH,=CHCH(CH=0)CH=0O  C/CDI/CO/CO/H * *
CHsC(OH),CH=0 CICICO/02 * * *
CH,=CHCH(CH=0)CH=CH, C/CD2/CO/H * *
CH,=CHC(OH)CH=CH, C/CD2/02 * *
CH,=CHCH=0 CO/CD/H * *
CH;=C(OH), CD/02 * *
CH,=CHCH(CHs)CH=CH, CICD2/C/H * * *
CH;=C(CH=0)CH=CH;, CD/CD/CO * * *
CH,=CHOCH=CH, 0/CD2 * *
CH;=CHCH(OH)CH=CH, CI/CD2/HIO * * *
CH,=C(OH)CH=CH CD/CD/O * * *
CH,CHCH(CO)CCH C/CD/COICT/H * * * * *
CH,=C(CH=0)C° CH CD/COICT * * * *

a2 Group which will be calculated in this work.

LvZ@00Z ‘0T "ON ‘60T 'IOA 'V ‘wayd 'sAud °r
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TABLE 8: Group Values

Cy(T) [cal (molt K~1)]
groups AHg,gq (kcal moit) Shog [cal (Mot K™9)] 300K 400K 500 K 600 K 800 K 1000 K 1500 K

CD/H2 6.26 27.61 5.10 6.36 7.51 8.50 10.07 11.27 13.19
CDIC/H 8.59 7.97 4.16 5.03 5.81 6.50 7.65 8.45 9.62
C/CD/HP —10.20 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
CICIH? —10.20 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
CD/CD/H 6.74 6.38 4.46 5.79 6.75 7.42 8.35 9.11 10.09
O/CD/H —46.30 25.34 4.68 6.02 7.02 7.72 8.22 8.38 8.59
O/CIH —37.90 29.07 4.30 4.50 4.82 5.23 6.02 6.61 7.44
CD/HIOP 8.60 6.20 4.75 6.46 7.64 8.35 9.10 9.56 10.46
CB/OP —0.90 —10.20 3.90 5.30 6.20 6.60 6.90 6.90 7.07
CB/HP 3.30 11.53 3.24 4.40 5.46 6.30 7.54 8.41 9.73
CB/C 5.51 —7.69 2.67 3.14 3.68 4.15 4.96 5.44 5.98
cB/CDH 5.69 —7.80 3.59 3.97 4.38 4.72 5.28 5.61 5.75
CD/CO/H 4.32 6.38 4.46 5.79 6.75 7.42 8.35 9.11 10.09
CO/H/IO —32.10 34.90 7.03 7.87 8.82 9.68 11.20 12.20

Co/CIH —29.10 34.90 7.03 7.87 8.82 9.68 11.20 12.20

CD/CO/C 5.13 —14.60 4.40 5.37 5.93 6.18 6.50 6.62 6.72
CT/Hd 26.93 24.70 5.28 5.99 6.49 6.87 7.47 7.96 8.85
CTIC 27.55 6.35 3.13 3.48 3.81 4.09 4.60 4.92 6.35
CT/CD? 28.20 6.43 2.57 3.54 3.50 4.92 5.34 5.50 5.80

2 Chen and Bozzelf®  Bensort: also used by Holme%, Turecek® and Coher§! ¢ Bozzelli et alf? ¢ Stein and FahtStein and Fah# € Based
on Bozzelli data.

TABLE 9: Thermodynamic Data Calculation for New Groups Using Group Additivity

Cy(T) [cal (mol* K~1)]

groups AHSgg (kcal mof?)  Diffa Shgg[cal (moF*K™1)] 300K 400K 500K 600K 800K 1000K 1500 K
C/CO/O2/H —14.18 —0.53 —14.14 6.04 9.48 11.37 1216 12.38 12.39 26.19
C/CD/CO/CO/H 3.79 1.2 —9.95 5.55 8.06 9.63 10.76 11.93 12.85 41.56
C/CICO/02 —15.47 1.07 —38.54 6.01 8.88 1043 10.98 10.77 10.31 23.35
C/CD2/H/O —4.15 0.64 —12.57 2.35 4.8 5.92 6.28 6 5.67 5.88
C/CD/CO/H2 —6.37 —0.3 —-1.79 9.08 11.65 13.87 15.74 185 20.61 37.47
C/CD2/COH —1.43 —0.04 —8.81 4.74 6.23 7.36 8.17 9.01 9.63 23.91
C/CD2/02 —15.20 —0.62 —39.25 783 1151 1329 13.62 12.55 11.34 9.74
C/CDI/CO/CT/H 5.0 1.66 —25.82 —-0.9 1.94 3.9 5.38 7.2 8.6 23.61
CD/O2 12.41 —0.04 —9.22 3.56 3.37 3.64 4.69 5.35 5.76 6.31
C/CB/H2/O 6.71 7.62 7.03 8.98 10.32 11.17 12.14 12.87 14.01
C/CBI/C/O2 —15.53 0.46 —41.24 8.89 11.88 1281 1259 11.23 10.06 8.55
C/CB/C2/CO 5.53 —37.15 7.22 8.34 8.61 8.49 7.89 7.39 19.98
CD/CB/CO 12.76 1.37 —15.48 7.21 8.76 9.45 9.62 9.42 9.11 8.13
CD/CB/O 7.98 —0.79 —14.25 3.52 4.23 4.8 5.5 5.65 5.85 6.0
CD/CD/CO 7.37 —0.56 —13.16 5.03 6.57 7.55 8.12 8.56 8.57 8.06
CD/CD/O 9 —12.92 3.85 4.66 5.31 6.09 6.49 6.45 6.37
CD/COICT 7.02 0.17 —22.74 2.29 3.12 4.25 3.51 3.91 4.35 4.63
CB/CO 4.35 —0.17 —6.56 5.39 6.64 7.40 7.76 8.03 8.14 7.66
CO/CD/H —29.23 —0.89 35.10 7.55 8.82 9.95 1095 12.39 13.13 14.1
CO/CB/H —29.23 31.46 4.58 5.54 6.62 7.67 9.38 10.47 12.2
O/CB/CO —34.99 1.05 7.64 3.84 5.25 5.88 6.16 6.11 6.97 19.07
0O/CD2 —35.87 —0.92 11.18 291 3.24 3.61 3.97 4.39 4.33 4.35
CD/CB/H 6.66 5.47 4.01 5.66 6.84 7.62 8.61 9.23 10.13
C/CD2/C/H —1.52 1.68 —9.60 4.89 6.46 7.61 8.38 9.3 9.87 10.59

—-1.10 —13.03 5.28 6.54 7.6F 8.48 9.45 10.1&8 11.24
Cb/C/CB 10.80 1.25 —14.28 3.15 441 5.14 5.51 5.82 5.86 5.87
CD/CB/CD 11.35 1.37 —15.78 5.52 6.56 6.95 7.04 6.9 6.51 6.06

a Diff is the difference between values from DFT calculatiensvalues from G3MP2B3 calculations reported in ref 31 see text (discussion of
the results, enthalpyy.AH3s and C, are based on CO/CD/H.From Green et al.

reaction CH=CHCH=0 — CH,=CHC=0 + H, we have simple difference in the correspondi@yreg(T) properties:

Conog(T)(radical)= Cqq(T)(parent)—

A{H3ggradical)+ AHZqq(H) — AiHogd(parent)= HBI Cypa05(T)(radical)

AHL 20 BDE) = ZAH(products)— XAH(reactants)
The entropy (298 K) HBI group$s,s can be written as

[Sodradical)]= [SeqparentBqs + RIn Uparen] +
HBI Sigradical)— RIn 0,4y + RIN(2)

BDE(CH,~CHC(=0)—H) = AH, 05=
52.1+ (20.22)— (—18.65)= 90.97 kcal mol*

Heat capacity Cprog(T), is determined more directly; it is a o is the symmetry. Electronic degenera&if(2)) of the radical
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TABLE 10: Thermodynamic Properties for Bond Dissociation Energy

Cy(T) [cal (molt K~4)]
species A{H3gg (kcal moll)  Diffa  Shgg[cal (mol?K )] 300K 400K 500K 600K 800K 1000K 1500 K

C*CJC*O 112.72 0.79 1.76 2.58 3.55 4.25 4.74 5.29 5.6 6.01
O*CCJ(OH) 75.4 0.84 5.69 0.53 1.04 14 1.57 1.79 1.98 2.5
VCJIC*OC#C 69.67 0.39 —0.88 0.62 1.19 1.72 2.19 2.98 3.6 4.6
VCJ(C*O), 72.67 —0.06 15.22 5.02 5.11 5.12 5.14 5.19 5.24 5.31
FURANJ1 122.06 —0.06 0.21 0.52 121 1.82 2.31 3.06 3.63 4.56
FURANJ2 122.19 —0.49 0.04 0.35 1.04 1.67 2.18 2.96 3.56 4.52
C*CCJ*O 90.97 —1.05 2.58 3.2 4.04 4.66 5.11 5.65 5.95 6.29
PhCJ*O 90.31 —0.44 0.9 —0.17 0.32 0.94 1.54 2.56 3.33 4.46
Y(C6J)*O 69.75 0.31 2.28 1.38 1.57 1.89 2.24 2.97 3.6 4.61
Y(C5)COJ*O 110.01 —1.49 1.34 0.64 1.88 2.98 3.87 5.19 6.01 6.96
Y(C50)CJ*O 87.93 —0.58 0.27 —-0.4 0.58 1.53 2.32 3.38 4.03 4.88
Y(C5)0CJ*O 96.31 —1.39 —0.94 1.73 1.94 1.83 1.72 1.79 2.21 3.44
CocJ+Oo 95.05 0.79 —2.28 0.23 1.03 1.91 2.72 4.06 4.76 5.65

a Diff is the difference between values from DFT calculatiensalues from G3MP2B3 calculations reported in ref 31 see text (discussion of
the results, enthalpy).

electronic state is included in HBI group. The entropy value bond increases significantly, % kcal moll, relative to
also includes correction for spin degeneracy of the electron andnormal aldehyde%’ The COCJ*O bond energy is 95.05 in the
loss of the optical isomer, when appropriate (example: loss of CH;OCH=0 to CH;OC=0, whereas Y(C5)OCJ*O) (Y(EC-
H in ROOH, hydroperoxides). C=CCH—)OC=0) from Y(CHs)OC—H=0O (Y(C=CC=
The following notation is used to describe the structures and CCH—)OCH=O0) is even higher at 96.31 kcal mdl
bond sites: * is for double bond, J is for radical site on a central The secondary vinylic carberhydrogen bond in 2-pro-
atom, # for triple bond, Ph for phenyl 8s—), V for vinyl penal-2-yl radical, C*CJC*O, resulting from the dissociation
(CH,=CH-) and Y designates start of a cyclic structure. of CH,=C—H(CH=0) has a bond of 112.72 kcal mél This
Thermochemical properties for the HBI groups are listed in BDE is similar to the primary vinyl bond energy of ethylene
Table 10. The descriptive string represents the radical structureC=C—H,3° 111.2 kcal mot?, and 7 kcal mot! stronger than
with a J at theradical site. An example is loss of a hydrogen the secondary vinyl €H bond in propené? 105.6 kcal mot?;
atom from the secondary vinylic carbon in gHCHCH=O0, the 2-propenyl radical is estimated in this study (see text above
represented by C*CJC*O (GHC'CH=0). The calculated BE = and Table 1). The carbonyl group appears to withdraw electrons
structures (Table 10) are represented in Table 4 with the from the adjacent vinyl carbons and therefore increase the
corresponding parent and radical. dissociation energy of the4-H bond. Separate calculations
The unpaired electrons on several of the carbonyl radicals by G3MP2B3 method support this valéfe.
(CJ*0) in this study have the possibility for resonance over- The C—H bond strength in the acetaldehyde methyl group,
lap with adjacent unsaturated carbons. Two of these reso-CH;CH=O to CH,*CH=0 + H of 96.4 kcal mot? 27 shows
nance systems are the C*CCJ*O group (dissociation of resonance stabilization of the methyl radical with the carbonyl
CH;=CHCH=0 to CH=CHC=0 + H) and the PhCJ*O of ca. 4.5 kcal moti! relative to the 101.1 value of ethane.
group (GHsC(=0O)—H). One involves a vinyl and the second The C—H bond energy in the CHgroup bonded to the
has a phenyl ring bonded to the CJ*O. The bond dissociation carbonyl further decreases when replacing one hydrogen on the
energies of these two groups are effectively identical at 90.97 methyl by an OH, where the dissociation energy for,(IhH)-
and 90.31 kcal mal. A third is the Y(C50)CJ*O radical from  CH=0 to CH(OH)CH=0 + H¥ s reported as 91 kcal nol.
Y (CsHsO)C(=0)—H has slightly lower bond energy, 87.81 kcal We note a surprisingly large decrease of the dihydroxy carbon
mol~%, implying the ring oxygen in this structure involves more C—H bond energy in CH(OHLCH=0 to C(OH),CH=0 + H.
overlap and results in a more stabilized (resonant) structure with This decrease may be due to the electronegative OH groups
the carbonyl radical relative to the olefin or phenyl ring. and a resulting conjugation. The derived bond dissociation
Comparison of these bond energies with those of formalde- energy, (O*CCJ(OH)2) has a value of 75.4 kcal mowhich
hyde and acetaldehyde shows that the bond energies are similaappears abnormally low. We have looked at the structure of
to more common carbonyl radicals. The bond energy 6+ the corresponding radical, *@©H),CH=0, as given by the
O to HC=0 + H is 90.20 kcal mot! and CCJ*O (from Ch- density functional calculations shown in Figure 13. The
CH=0 to CHC*=0 + H) determined by Gutma# of 89.0 geometry of the radical, which is fully optimized, shows a
kcal mol* and more recently by Lee and Bozz#1189.82 kcall significant shortening of the €C and the two €O bond
mol~1. The values determined from the density function distances. That suggests resonance in the tw®@nd C-C
calculations in this study suggest that there is little resonancebonds. The similar bond length in the twe-© bond (1.33 A)
overlap of the unpaired electrons on the carbonyl radicals with also suggests ©C—O resonance. The geometries of the
the adjacent unsaturated vinyl or phenyl groups. The slight molecule CH(OH)CH=0 and the radical @OH),CH=0 are
increase in the bond energy, ca. 1 kcal Mpinay even indicate  given in the Supporting Information.
withdrawal of the electron from the stabilized carbonyl to the  The Y(C5)COJ*O radical from dissociation of Y£Bs)-
unsaturated sites being a de-stabilizing effect. Higher level C(OHF=O [Y(C=CC=CCH—)C(=0)OH] to Y(C=CC=
calculations or calculations with a larger basis set may show CCH—)C(=0)CO + H), where the carboxyl group is attached
more insight; with multiple configuration interaction calculations to an a sp carbon, has a BE of 110.01 kcal mél The bond
the most appropriate; but are beyond the scope of this study.dissociation energy value of benzoic acid reported by Blarfksby
There are several other formyl radical groups in this study. at 111 kcal mot! is slightly higher. A second comparison acid
Two groups have the CJ*O group attached to an ether oxy- O—H bond occurs in the dissociation of prop-2-enoic acid,
gen link, where the other ether bond is to & sprbon. Our CH,=CHC(O—H)=0 to CH~=CHC(O)=0, where we find
data show that the ether linked carbonyl radical,-RTJ*O 110.14 kcal mot?, in agreement with the three values above.
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1.330

Figure 13. Dissociation of CH(OHCH=0 to C(OH),CH=0.

TABLE 11: Enthalpies of Formation (kcal mol 1)

specie’ B3LYP/6-31G(d,p) CBS-Q
C(OO)H,CHO —21.26+ 0.47 —21.01+0.24
C(OOH)H.C-O —20.33+ 0.09 —19.64+ 0.04
C(OOH)H.CHO —56.02 —56.19
CH;C(=0)O0OH —83.21 —84.80
C'H,C(=0)OOH —32.67 —32.95
CH;C(=0)0C0 —37.52 —38.57
specied B3LYP/6-31G(d) B3LYP/6-31%++G(3df,2p) CBS-Q//B3LYP/6-31G(d,p)
(CHjz)sCCH,O0H —57.28 —56.91 —58.60
(CH3)sCCH,0O —26.54 —26.51 —27.61
(CH;"), (CH3;)CCH,O0H —8.60 —8.43 —9.43
(CH3)sCCH=0O —59.92 —59.28 —58.74
CH,=C(CH;)CH,O0H —20.04 —19.85 -22.35

aReference 27 and 28 Reference 47.

TABLE 12: Calculated Enthalpies of Formation (A;H3.g (kcal mol™t), 298 K) for Ethers and the Corresponding Radicald

/IB3LYP/6-31G(d,p) /IMP2/631G(d,p)
G3MP2 CBSQ B3LYP/6-31£G(3df,2p) G3MP2 CBSQ MP2/6-331G(2df,2p)
CHsCH,OCHs —52.28 —52.32 —52.04 —52.31 —52.35 —52.32
(CHa),CHOCH; ~60.04 —60.23 ~59.54 —60.37 ~60.26 —60.44
(CHz):COCHs ~67.93 ~68.04 —66.51 ~68.02 —68.10 —68.06
C'H.CH,OCHs -1.76 -1.77 -1.70 -1.71 -1.71 ~1.64
C'H,CH(CHs)OCHs ~10.03 -10.27 -9.70 —10.30 -10.27 -10.28
C'Ho(CHs),COCH; -17.91 ~18.05 -16.83 ~17.94 ~18.07 -17.83
CHsCH,OCH, -8.02 —8.06 ~7.89 -8.02 —8.06 -8.01
(CH3),CHOCH -16.71 ~16.86 ~16.37 ~17.02 ~16.89 -17.11
(CH3):COCH. —24.60 —24.87 —23.46 —24.68 —24.95 —24.70
CHsC"HOCHs —9.17 —9.49 -9.86 —9.12 —9.42 -8.89
(CH3),C'OCHs ~16.87 ~17.46 —18.09 ~17.20 ~17.51 ~16.83

a Reference 29.

The cyclic group Y(C6J)*O, where the carbonyl group is Cpyog(T) are determined for 28 species and 12 radicals. Group
adjacent to the Spradical, is derived from the dissociation of  additivity parameters are determined for 26 groups and for 13
Y (CgHg)=0 to Y(CsHs")=0 (Y(C=CCC=CC—)=0) + H at hydrogen bond increment groups. Energies are determined for
69.75 kcal mot!. VCIC*OC#C derived from Cp=CHCH- 13 C—H or O—H bonds in unsaturated oxygenated hydrocar-
(CH=0)C=CH to CH=CHC(CH=0)C=CH + H is 69.67 bons.
kcal moi~t; both have the same bond energy about 69.7 kcal
mol~! due to the double allylic resonance and the resonance Appendix I: Justification for Use of B3LYP Calculations
with the carbonyl group. To Determine Enthalpy

The VCJ(C*0)2 group resulting from G+ CHCH(CH=O)2 B3LYP/6-311G(d,p) is commonly used for enthalpies, struc-
to CW:C*HC(CH=O)2 + H has resonance with two carbonyl ;.o optimization, and force constant calculatfér* The
groups C*O and results in a low-tH bond energy of 72.7 5 0jations in this study for energies are at this same level,

1
keal mo_r. N . but improved accuracy is achieved by combination of the
Furanjl (the radical is on the first carbon after oxygen) and g3, yp cajculation with isodesmic work reactions chosen for

Furam? (the rasdu:al is on the second carbon after oxygen) haveg,or cancellation using similarity in bond environment on both
very high BDE's, 122.0 kcal mot. sides of the reaction, whenever possible. We justify the
combined use of B3LYP/6-311g(d,p) and working reactions for
energy determination on the oxygenated species in this study,
Thermodynamic propertiesA{H5q5, Siog and Cprog(T)), through comparisons between DFT values and higher level
bond energies, barriers to internal rotations, and groups for groupcalculations in several previous publicaticig546
additivity of a series of oxygenated and non-oxygenated species Sun and Bozzellf report comparisons on enthalpy of
are reported. Thermochemical propertigsHSqs Sog and formation data for a number of hydroperoxides and their

Summary
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TABLE 13: Work Reaction Computations
work reactions

AH?xn,ZQB(t:aI)_ A|_|FJ><n,298(e><p): Xeal = Xexp

R1: CHCH,OH + CH3;CH,CH; — CH3;CH,CH,OH + CH3CHjz -0.5

R2: CH3CH20H + CH3CH=CH2_’ CH2=CH2 + CH3CHQCH20H 004
R3: CHC(=0)CH; + CH3;CH,CHz; — CH3;CH,C(=0)CH; + CH;CHjs 0.39
R4: CH,CH,CH=0 + CH3CH,OH — CH3CH=0 + CH3zCH;CH,OH —0.05
R5: CHCH=0 + CH3CHz; — CH3CH,CH=0 + CH, -0.25
R6: GHsOH + CH3;0CH; — CH3;0H + CgHsOCHs 1.38
R7: CHCH; + CH,;=CH; — CH3CHs + CH,=CH* 0.03
R8: GHs® + CH3CH;3; — CsHg + CH3CHy* -0.27
R9: GHs® + CH,=CH, — CgHgs + CH,=CH" -0.24
R10: GHs® + CH3CHz — CsHg + CH3CHy 0.25
R11: CHC=0 + CH;CHz — CH;CH=0 + CH;CH -0.23
R12: CHOOCH;+ CH3O® — CH;00O + CH;OCH; 1.15
R13: CHOOCH; + CH3;CH,O* — CH3;00 + CH3;CH,OCHs 0.72
R14: CHCH,OO + CH;OH— CH;00 + CH3;CH,OH -0.71
R15: CH=0 + CH3;0CH; — CH3;CH=0 + CH3O* —-0.78
R16: CH*CH=0 + CH;OCH; — CH,:OCH; + CH;CH=0 1.0

R17: CH=0 + CH;O* — CH=0 + CH;OH 2.0

R18: CH=CHOOH + CH;CH,O* — CH,=CHOCO + CH3;CH,OH 1.75
R19: CH=CHO + CH,~=CHOOH— CH,=CHOO + CH,=CHOH 1.85
R20: CH=CHCH,OO + CH;OH — CH;00 + CH,=CHCH,OH —0.99
R21: GHs + CH3;0CH; — CsHsOCH; + CH3* -0.22
R22: GHs® + CH3OH — CgHsOH+ CH3® —-1.60
R23: GHsO® + CH3;0CH; — CsHsOCH; + CH30* —0.52
R24: GHsO® + CH3;CH,OH — CgHsOH + CH3;CH,O* —1.56
R25: GHsO* + CH,=CHOH— C¢HsOH + CH,=CHCO —-0.51
R26: GHsO* + CH,=CHOCH; — CeHsOCH; + CH,=CHO 0.35
R27: CH=CHO + CsHs00H— CsHs0O + CH,=CHOH 1.7

Average Absolute deviatiorr (|R1 + |R2| + ... + |R27)/27 0.78
S= [Z(Xeal — Xexp)?(N — 1)]¥? 1.01

corresponding radicals, whereas enthalpy values by B3 and CBSC—C,, and C-C4 bonds in CH—CgH,CH=0 and GHs-
methods for hydroperoxide substituted aldehydes and radicalsC(—CHgz)=CH,. SM7: Total Energy and Internal Rotation

are reported by Lee et 8128 Data are illustrated in Table 11

Barriers about €0OH bonds in CH=CHC(—OH)CH=CH, and

and Table 12. The data show good agreement between theCgHsCH,—OH and CG-O bonds in CH—OCH=0. SM8: Total
B3LYP and the higher level calculations through a range of Energy and Internal Rotation Barriers about-GH bonds in
ether species with a number of high-level calculation methods. CH(—OH),CH=0, CH:C(—OH),CH=0, CH,=CHC(—OH),-
A recent study by Chen et al. on oxygenated hydrocarbons, CH=CH, and GHsC(—OH),CHs. SM9: Total Energy and
ethers, and radicals also shows very good agreement betweennternal Rotation Barriers abouty€OH bonds in CH=

B3 and several G3 and CBS composite mettidds.

The use of working reactions with similar bonding environ-

C(—OH)CH=CH,, CH,=C(—OH),, CsHsC(—OH)=CH, and
CH,=C(—OH)CH=0. SM10: Total Energy and Internal Rota-

ment near each atom on both sides of the equations leads tajon Barriers about ¢-O bonds in CH=CH—OCH=CH, and
good cancellation of errors and further increases our accéfacy. C—O bonds in Y(GHs)—OCH=0 and G—0 bonds in GHs—
Redfern et al. have compared the deviation of enthalpies of OCH=0. SM11: Total Energy and Internal Rotation Bar-

formation from experimental data for @ C,¢ n-alkanes using

riers about €&CH=O bonds in CH=CHCH,—CH=0,

the B3LYP method? They show that use of a bond isodesmic  CH,=CHCH(CH=CH,)—CH=0 and CH=CHCH(CH=0)—
working reaction or a homodesmic working reaction with CH=0. SM12 Total Energy and Internal Rotation Barriers
B3LYP calculations significantly improves the absolute accuracy apout G-CH=0 bonds in CH(OH)—CH=0 and CHC(OH),—

in the calculations.

Appendix Il

CH=0. SM13: Total Energy and Internal Rotation Barriers
about C-CH=0 bonds in Y(GHsO)—CH=0 and GHs-
C(CHg)>—CH=0 and about €C(OH)O bonds in Y(GHs)—

Table 13 presents data on the determination of the error C(OH)=0O.SM14: Total Energy and Internal Rotation Barriers
resulting from the computation methods using work reactions @bout G—C bonds in CH=CH—CH,CH=0 and CH=CH—

with all species having known;H34g values.

Supporting Information Available: SM1 gives the total

CH(CH=0)CH=0.SM15: Total Energy and Internal Rotation
Barriers about ¢-C bonds in CHF=CH—C(CHs;)CH=CH, and
CH,=CH—C(CH=0)CH=CH,. SM16:. Total Energy and

energies at 298 K (in hartrees) based on optimized geometries!nternal Rotation Barriers abouts€C bonds in CH=CH—
SM2 gives the geometry parameters for unsaturated oxygenatedcH(OH)CH=CH, and CH=CH—C(OH),CH=CH,. SM17:

hydrocarbons and radicalSM3 lists the vibration frequencies

Total Energy and Internal Rotation Barriers aboyt-C4 bonds

calculated for all stables and radical species at the B3LYP/ in CgHsCH(=CHz)—CH=CH,, CH;=C—(CH=0)CH=CH;
6-311G(d,p) level of theory and based on optimized geom- and CH=C(OH)—CH=CH,. SM18: Total Energy and Internal

etries at the same level of theor$M4 lists the moment of

Rotation Barriers about £ CH=0O bonds in CH=CH—

inertia for the studied unsaturated oxygenated hydrocarbonsCH=0, CH,=CHC(=CH,)—CH=0, CsHsC(=CH,)—CH=0

and radicalsSM5: Total Energy and Internal Rotation Bar-
riers about €-C bonds in GHsC(OH),—CHs, CsHsC(—CHz)2-
CH=0, CH~=CHCH(—CH3)CH=CH, and CH—C(OH)-

and CH=C(OH)}—CH=0. SM19: Total Energy and Internal
Rotation Barriers about y=-C bonds in G@Hs—CH,OH,
CeHs—C(OH),CH3 and GHs—C(CH;z),CH=0. SM20: Total

CH=0. SM6: Total Energy and Internal Rotation Barriers about Energy and Internal Rotation Barriers aboyt«CH=0O bonds
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in CgHs—CH=0, and CHC¢H,—CH=0. SM21: Total Energy
and Internal Rotation Barriers about-€Cq bonds in GHs—
CH=CH,, CgHs—C(=CH,)OH, GHs—C(=CH,)CH=CH, and
CeHs—C(=CH,)CH=0. SM22: Total Energy and Internal
Rotation Barriers about ©CH=0O bonds in CHO—CH=0,
CeHs0—CH=0, Y(CsHs5)O—CH=0 and Y(GHs)C(OH)=0.
SM23: Total Energy and Internal Rotation Barriers about
C—0O and O-C=0 bonds in CH—0OC=0. SM24: Total
Energy and Internal Rotation Barriers aboyt~C* bonds in
CH,=CHC(CH=0)CH=0, C—0OH bond in C(OH),CH=0
and C—CH=0 bond in C(OH),CH=0. SM25: Total Energy
and Internal Rotation Barriers about€(O)=0 in (YCsHs)—
C(O)=0, C-0 and G-C=0 bonds in (YGHs)O—C=0.
SM26. Total Energy and Internal Rotation Barriers about
C—C=0 in (YCsH50)C=0, and G—C*=0 bonds in GHs-
C=0. SM27—29: Coefficient of Truncated Fourier Series.
Representation Expansions for Internal Rotation Poteftials

SM30: Thermochemical Properties for species in this study.

Fig SM1-SM18: Potential barriers for internal rotations in

stable molecules and radicals. This material is available free of

charge via the Internet at http://pubs.acs.org.
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