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Thermochemistry of radicals is not as extensively tabulated as that of stable molecular species, even when
group additivity schemes are applied. When these radicals contain oxygen or nitrogen atoms, the availability
of radical groups is even more limited. Many oxygen- and nitrogen-containing radicals and molecules are
present in the atmosphere, and thermochemistry is a valuable component of the development of atmospheric
models with predictive capabilities. This paper presents quantum chemical calculations using G3//B3LYP
that have been performed to obtain heats of formation, entropies, and heat capacities as a function of the
temperature of radicals and molecules from which group additivity values were obtained. Isodesmic and
homodesmotic reactions were used to obtain improved estimates of the heats of formation. Thermodynamic
property estimates were corrected to account for internal rotations. A total of 323 molecules were studied
from which a total of 122 different groups, 21 gauche and cis corrections, and 5 secondary corrections were

regressed.

1. Introduction

Ozone formation in the troposphere has been a stubborn and
persistent problem in urban areas. Interactions of volatile organic
compounds (VOCs) and nitrogen oxides (NO,) in the atmo-
sphere lead to many radical and molecular species, and the
reactivity of many of these species is unknown. To develop
accurate atmospheric models that include quantitative estimates
of the reactivity of many different species, rate coefficients must
be specified. Structure/reactivity relationships are used to fill
gaps in experimental databases for rate coefficients, and these
correlations often relate thermodynamic properties to rate
coefficients. Thus, thermochemical properties for all species
must be available.

Group additivity has been traditionally used to obtain
thermodynamic property estimates for species that have no
experimental thermochemical data available.! The approach
involves decomposing a molecule into its constituent groups
and then summing the contributions of the group to a particular
property to obtain the value for the molecule. This technique
has been shown to be very accurate for heats of formation of
organic compounds, oxygen-containing organic compounds,>
and organic radicals.>®

Recently, high-level quantum chemical calculations have
found increased use because of their high accuracy in predicting
thermodynamic properties.>’~'® However, it is often prohibitive
to carry out an ab initio quantum chemical calculation for every
molecule in a large molecule set because of the high compu-
tational cost. An alternative is to perform a small number of
calculations for a select set of molecules and generalize these
values using a group additivity scheme. This approach has been
used recently by numerous researchers, including Lay and
Bozzelli,> Marsi et al.,> Sebbar et al.,'® Sumathi and Green,'%%
Swihart and Girshick,® Wong et al.,’ and Sabbe et al.,'?! who
have filled in missing group values for a diverse range of
compounds including alkyl peroxides and trioxides, alkyl

* To whom correspondence should be addressed. Phone: (847) 491-5351.
E-mail: broadbelt@northwestern.edu.

10.1021/jp809361y CCC: $40.75

radicals, large polyunsaturated hydrocarbons, ketenes, and
silicon—hydrogen compounds.

Most atmospheric models have used lumped structure models
that do not require properties of specific molecules as part of
the network generation process.”? 2 However, explicit auto-
mated mechanism generation has proven valuable for a wide
range of different chemistries,”> 2’ and we are currently
undertaking the effort to develop mechanistic models of
atmospheric chemistry. Preliminary analysis of atmospheric
mechanisms has revealed that the number of species that can
be generated is on the order of 10° for even simple systems
such as ethane—air—NO,. Other research has also shown that
atmospheric models of octane can have as many as 2.5 million
species.” Thus, while high-level quantum chemical calculations
are becoming more tractable, calculation of properties for this
number of molecules is still prohibitive, and an approach such
as group additivity is still extremely valuable.

In this work, quantum chemical calculations were conducted
using Gaussian-3 (G3), a high-level composite method,” with
geometries based on density functional theory (DFT) using the
B3LYP functional. Although G3 has been traditionally applied
using MP2 for geometry optimization,®® a review article by
Henry and Radom recommends using DFT to obtain geometries
for radicals because of its lower sensitivity to spin contamina-
tion.?” On the basis of the thermodynamic properties obtained,
group additivity values for 122 groups, 21 gauche and cis
corrections, and 5 secondary corrections were regressed.

2. Computational Methods

Quantum chemical calculations were performed using Gauss-
ian-3 theory with geometries from B3LYP with the 6-31G(d)
basis set (G3//B3LYP)?! (a variation of G3* using B3LYP
density functional theory to perform geometry optimizations
rather than second-order Mgller—Plesset perturbation theory
(MP2)) using the Gaussian 98 software package.’> Geometry
optimization to obtain a minimum-energy structure was carried
out, followed by a frequency calculation to obtain thermody-
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namic data. All G3//B3LYP calculations were tested for wave
function stability. In the G3//B3LYP method, vibrational
frequencies are scaled by 0.96 to obtain the energy reported.
The DFT methods use scaling factors ranging from 0.96 to 0.98,
and during the development of the G3//B3LYP method, a factor
of 0.96 was chosen by Baboul et al.*! Thus, all properties
reported here, including standard entropy and heat capacities,
were estimated from the vibrational frequencies scaled by the
same scaling factor of 0.96.

In the calculation of thermodynamic properties, low frequen-
cies were treated using the internal rotor (IR) model instead of
the conventional harmonic oscillator (HO) model. Such treat-
ment has been applied widely in the calculation of thermody-
namic properties and kinetic parameters.*33~#! The conventional
form of the partition function is shown in eq 1 as the product
of electronic (Q.), translational (Q,,), external rotational (Q,),
and vibrational (Q,) partition functions.

Q= 00,00, &)

In this research, the low frequencies which are mainly composed
of rotational motions were separated from the vibrational
partition function (Q,) and treated separately using the internal
rotor model (Qiy0)- The remaining vibrational motions were
still treated using the harmonic oscillator model (Q.i,). The total
partition function is revised as shown in eq 2.

Q = QthrQeribQint,rot (2)

Because each low frequency may have rotational components
from multiple rotation tops, it is infeasible to use the rotational
partition function based on a single rotation top to substitute
the harmonic oscillator contribution from a low frequency in a
one-to-one correspondence. In this research, we calculated the
partition function for each rotation based on the rotational energy
barrier as shown in eq 3 and then substituted the product of the
partition functions of low frequencies, the number of which
equals the number of rotational tops.

1 €
Qir,m - U_ Z exp(_ kB_T) (3)

m

In eq 3, 0,, is the symmetry number of the mth internal rotation,
kg is Boltzmann’s constant (1.3806 x 1072 J K™!), and ¢; are
the energy levels of the internal rotation, which were calculated
by solving a one-dimensional Schrodinger equation using the
Fourier Grid Hamiltonian (FGH) method*

R &
=Y+ VO = W 4)
2’ (@) (

e

where A is Planck’s constant divided by 27, W is the wave
function, 6 is the torsional angle, and /.4 is the reduced moment
of inertia, which was defined as I*? in accordance with the
systematic classification of moments of inertia by East et al.¥
V(6) was determined from relaxed potential energy scans
calculated using unrestricted B3LYP/6-31G(d) using the key-
word “modredundant” and intervals of 30°; thus, a total 12
optimized conformations from 0 to 360° were obtained for each
rotor. These one-dimensional scans were also used to ensure
that the optimized geometry used in the G3//B3LYP energy
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evaluation was the lowest-energy conformer. Although one-
dimensional torsional scans do not guarantee that the global
minimum structure is identified, they did often identify lower-
energy conformers. The one-dimensional scans were then
repeated until no structures of lower energy were obtained. V(0)
was expanded using a full Fourier series as in eq 5

V(0) = z [a(1 — cos if) + b, sin if)] 5)
=1

where a; and b; are the coefficients of the expansion. Equation
5 can be written in its matrix product form, and the coefficients
a; and b; can be determined by solving an overdetermined
matrix. In order to ensure that this matrix was overdetermined,
the number of coefficients was less than the number of energy
points during the rotation. For a scan interval of 30°, n was set
equal to 3. This was demonstrated to be a sufficient number of
coefficients to ensure acceptable fits for all potential energy
scans.**%" The calculation of the reduced moment of inertia,
solution of the Fourier coefficients and Schrodinger equation,
calculation of the partition functions, and thermodynamic data
correction were carried out with “calctherm” developed in our
group. 648

In some cases, Gaussian 98 did not identify the external
symmetry number correctly that was used in the statistical
mechanical calculation of the entropy, and therefore, these values
were corrected as in eq 6

298 __ 298
S - Sgaussian

+ Rln(ogaussian) _ Rln(acorrect) (6)

ext ext

where S%3ian is the entropy reported by Gaussian 98, R is the
universal gas constant, &4 is the external symmetry number
used in Gaussian 98, and 08" is the correct external symmetry
number. Furthermore, calculation of entropy values using group
additivity includes a correction of —R In o, in which o is defined

in eq 7 as

0 = 0,

ext

>l<Oim/nopt (7)

where 0, is the external symmetry number, oy, is the internal
rotational symmetry number, and 7, is the number of optical
isomers. Therefore, R In ¢ was added to $**® in eq 6 before
fitting the group additivity values.

Enthalpies can be calculated as the sum of the electronic
energies (E.), zero-point energies (ZPE), and the thermal
corrections (E2%%, E2%%, and E?®) from O to 298 K as shown in
eq 8 below

H =E,+ZPE + E®* + EZ* + E®® + APV (8)

All of the quantities on the right-hand side of eq 8 are obtained
from the quantum chemical calculations.

Three different methods were used to obtain the standard
enthalpy of formation of the species. The method was based
on either atomization energies, isodesmic bond separation
reactions, or isodesmic reactions. The values based on atomi-
zation energies and isodesmic bond separation reactions are
provided for comparison purposes only; all group additivity
values were calculated using enthalpies of formation based on
the more accurate method of isodesmic reactions. The method



5178 J. Phys. Chem. A, Vol. 113, No. 17, 2009

)

\

\ #o-
P4
o
N

o
/////\\\\\////l\\\\N()z

49
Figure 1. Part 1 of 6.

;AL.
jL.

i)
=

f@
F
O

®)

(14)

-
-
e

(20)

(26)

O/

(32

5
\\\CD
,;;;
@]
AN
@]
O gg .
& \
= P ©
@]

jEO.
/
O

o
T

(38)

;Lo.

o]
I
O

“44)

Y—0-
o
ju g

(50)

—
[
=

on.

F

(@]

5@.
S

(@]

&)

\ +/////C)-
P4
o
N

(15)

@n

27)

-
C)/

—_
()
%

=

y

—_
=
W

Z

\

P
‘n
=

—
=
=

—_
(=)
=

Q.

=)
=

(22)

o\%.

S
(2]
=

—_
(%)
=

=

N

P

-

—
=
(=)

=

(46)

.
BS
Be

(52)

OH

P4
o
N

_____4_____(3.
@]
I

T
o

I
O
4¢—\'\9
le]

;L.

o]

an

a7

OH
(23)

OH

(29)

D

O

(35)

41)

\:>>____(>.
P4
o
N

47

(53)

Khan et al.

(6

\\\\()
\,

(12)

jLO.
CD\\\\\

(18)

of-

OH

(24)

30)

b\

a6 ©

-

(42)

<E;;<>.
P4
O
N

(48)

(54)



Radicals and Molecules Relevant to Atmospheric Chemistry

0] 0]
)\ Ho on ” o oH
(55) °

(56) (57) (58)
o} 0 0 o
O O ‘
©n O (62 O (63) O 64
o) 5 5 o
(@] 0 o) 0]
©7) (68) (69) (70)
0 ] . .
OH o o) o) o)
HO 0 oH o o o)
(73) (74) (75} (76)
5 o) o) o
)\ HO OH HO OH HO OH
/\O OH OH O O
_— \/
(79) (80) 81 (82)
HOJ\ o HO).\/
(0]
(853) (86) (87) (88)
: HO - s
" (\ \H/\ \[(\
’ o] (0] o
©On (92) (93) 94)
(@]
‘ | HOY\/
HO ‘ HO
O © 0 o)
o7 (98) (99) (100)

~ NO .
L /\o/ z \/\O/NO2

OH

(103) (104) (105) (106)
Figure 1. Part 2 of 6.

J. Phys. Chem. A, Vol. 113, No. 17, 2009 5179

h) O O
(59)

(60)
0 o}
0

(653) (66}
0 0
./ _/

~

(0] OH HO/\O OH

(71) (72)

o) o}
)\ ~ )\
HO OH o OH
a7 (78)

0
(83) (84)
(89) (90)
: O‘
(0]
(0]
95) (96)
Ho” HO
(0]
(100 (102)
Ho” o \O/LOH
(107) (108)



5180 J. Phys. Chem. A, Vol. 113, No. 17, 2009

Khan et al.
"o \O . k /K
HO \ o
/W /w /T ) ) O o O
(109) (110) (1 112 (113) (114)
: o o o T~
b4 0 HO
. 0 . 0 HO 4 g
HO/\/ \O/\/ Ho HO
O O
(115) (116) (17 (118) 19 (120)
OH
s o} o} 0 o} 0 )\
HO — "o, /\O/ /\/ ./\O/\-/\O
(0]
(120 (122) (123) (124) (125) (126)
o OH OH
,/ ~ o0 o P ~ )\ TN )\ ~
HO (6] O (@]
(127) (128) (129) (130) (131 (132)
OH 1) .
)\ g . Y\ ’ \
HO : O/\ o/\/ O/\/\ o/\/\/ ! Y\/
OH
(133) (134) (135) (136) (137) (138)
O\ '\ (e} . 0\ '\ 1) .
YY Y\/ Y\( \ \o/\ o AN
OH
(139) (140) (141) (142) (143) (144)
\ . /'\/\ . . .
0 )
(145) (146) (147) (148) (149) (150)
. o) o o
- c') o)
\0
(o] (0] (¢}
o] o] 0
O o]
(151 (152) (153) (154) (155) (156)
o (0]
(0] (o} .
o . - e e o)
(0] \/\O \\
o o o o \0
fo) (e] O
(157) (158) (159) (160) (161 (162)

Figure 1. Part 3 of 6.



Radicals and Molecules Relevant to Atmospheric Chemistry J. Phys. Chem. A, Vol. 113, No. 17, 2009 5181

o} o o 5
0N 0 HO/KO \O/Ko /\O/KO © ° o o

(163) (164) (165) (166) (167) (168)
o) o
)Oj\ )‘0 0 0 i )‘O ‘ ’
>< : | . 0 o
0/\0 HO o )ko). \r“\o \H/ W{\
o} o}
(169) (170) (171 (172) (173) (174)
o} o) o
o o =
0 /\ ON\ /\
HO 0 I 0
(6] (0] O\o/\ O\o/\/ \O
o}
(175) (176) a7 (178) (179) (180)
TO
\ N\, \ %\
e} o] o}
/ / / OH 0 OH o]
o) o o e}
(181) (182) (183) (184) (185) (186)
)\ )i \/E 4‘;,\‘0 \—‘»NO
\\ NO
OH o} NO NO OH OH
(187) (188) (189) (190) (9 (192)
NO \_‘»No2 \_PNO2 <—‘;NOZ %
0 OH OH OH o’ ‘o o) o)
(193) (194) (195) (196) (197 (198)
\ OH OH
o) o)
’ ’ 7 e © e
o o o 0 o 0 o}
(199) (200) 01) (202) (203) (204)
OH
/‘\“/ NO \ TO To NO, NO,
o o O oH O o O oH O OH \0
(205) (206) (207) (208) (209) 210)
OH OH
NO, OH
g \ \ e T
OH O oH © 0O 0 OH o
2Ly (212) (213) 214y (215) (216}

Figure 1. Part 4 of 6.



5182 J. Phys. Chem. A, Vol. 113, No. 17, 2009

Khan et al.
NO ~
HO -
NO © NO HO NO HO NO, 0 NO,
217 (218) (219) (220} 221) (222)
OH OH OH OH OH
/E —’—No —’—No \ } NO NO, “*Noz
HO NO OH o) OH OH o}
2 - -
(223) (224) (225) (226) 227) (228)
OH
\—';NOZ ‘K\No Y\NO /Y\NO (\NO2 Y\NOZ
OH 0 o) 0 0 0
(229) (230) 231y (232} (233) (234)
0 o]
~ h N
ﬁ‘/\No2 K\OH YOH (\O
5 0 o} o HO NO \o NO
(235) (236) (237 (238} (239) (240)
0] 0] 0 [e] 0 OH o] OH
NO NO
~o NO  HO NO, o No, o NO, OH OH
241) (242) (243) (244) (245) (246)
o) OH o OH o OH o\ OH
NO \ N NO,
\_‘iNoz >—'— 0, \—’7 Ho/\NO \o/\NO
OH OH OH _—C
247) (248) (249) (250} 251) (252)
OH
/\O/\NO Ho/\No2 \O/\NOQ /\0/\N02 Ho/\OH )\
HO NO
(253) (254) (255) (256) (257 (258)
OH OH OH OH )OH\ OH
\OJ\NO /\O/KNO HO)\NOZ \O)\NOZ /\O NO, HO)\OH
(259) (260) (261) (262) (263) (264)
OH OH OH OH OH
OH \
HO NO HO NO O NO HO NO, HO NO,
™~
(@] OH OH O O OH (@]
— — —
(265) (266) (267) (268) (269) (270)

Figure 1. Part 5 of 6.



Radicals and Molecules Relevant to Atmospheric Chemistry J. Phys. Chem. A, Vol. 113, No. 17, 2009
\ OH OH OH \ OH OH
o} NO; HO OH HO OH o OH o/
0]
o] OH o]
— —~ - ©
@70 (272) 73) 274 75) (276
NO
- /\/
© )LOH )LO/NO )LO/NOZ ° 0/
1M (278) 279 (280) 281y (282)
OH
OH
/ /
/ / ° o
o = o 0 ~ o = OH
OH
(283) (284) (285) (286) (287) (288)
(e} [0} (@] fo) (@]
° |
OH o} o] o] o} 0 o 0
(289) (290) (2913 (292) (293) (294

(0]
0 o 0 o o
. /H\ \/u\ /\J\ )}\ \/U\
NO NO NO NO, NO
(0]

(295) (296) (297) (298) (299) (300)
o 0 o)
i | | i 2
PP S T
NG, | ‘ NO» HO NO,
o] (0] o} (o]
301 (302) (303) (304) (305) (306)

)(L )T\ O O ‘ \’
o NO, o NO, \o)j\ori \O)LO/ LOH LOH

(307) (308) (309) 310) @ID (312)

’k ‘k \’ O 0 O

NO NO> )}\ NO \)L u\
—~ —~ NO N02
0o ° ko/NOZ o o o

G13) (314) 315) (316) G17) (18)
0 o o .
)k _-NO3 \)L NO /\O/ \No/k o) (\O/ o
°© o 2 o~ T>No
(319) (320) 321 (322) (323)

5183

Figure 1. Part 6 of 6. Structures of molecules for which quantum chemical calculations were performed. The numbers associated with each

molecule are used to identify molecules in the tables.



5184 J. Phys. Chem. A, Vol. 113, No. 17, 2009

Khan et al.

TABLE 1: List of All Possible gauche and cis Next-Nearest-Neighbor and Secondary Interactions®

interaction type of interaction type of
number interaction group number interaction group
Next-Nearest-Neighbor Corrections
NNI1 gauche CH;—C—-C—-NO NN42 gauche CH3CH2—C(O)—C—C(O)
NN2 gauche CH;CH,—C—-C—-O NN43 gauche 0—C(0)—C—CH;
NN3 gauche CH;—C(0)—C—OH NN44 gauche C(0)0—C(0)—C—CH;
NN4 gauche CH;—C(0)—C—CH; NN45 gauche CH;—-0—-C—-C(O)H
NNS5 gauche CH3—C(O)—C—CH2 NN46 gauche CH3—O—C—CH2
NN6 gauche CH;—C(0)—C-0O’ NN47 gauche CH;—0—-C—-C(0)
NN7 gauche CH;CH,—C(0)—C—OH NN48 gauche CH;-0-C-0
NN8 gauche CH;CH,—C(0)—C—-0 NN49 gauche CH3CH2—O—C—Q
NN9 gauche CH;—0—C—-OH NN50 gauche HOCH,—0—-C—-C(0)
NN10 gauche CH;—0—C—OCH; NN51 gauche HOCH,—O—C—OH
NNI11 gauche CH;—0—-C— NO, NN52 gauche (HO),CH-0—-C—-OH
NNI12 gauche CH;CH,—O0—-C—-OH NN53 gauche (HO),CH—0—-C—-C(0)
NN13 gauche (CH3);C—0—-C-0 NN54 gauche (HO)(C(0))CH—0—C—OH
NN14 gauche HOCH,—0—C—CH; NNS55 gauche ONO—O—-C—CHjs
NN15 gauche C(O)—O—_C—CH; NN56 gauche OCHQ_OTC_CH:;
NN16 gauche CH;—0—C—CH; NN57 gauche CH;—-0—-C—-OH
NN17 cis CH;—C(0)—C—OH NNS58 gauche CH;—0—C—-O0OCH;
NNI18 cis CH;CH,—C(0)—C—OH NN59 gauche CH;CH,—O—C—OH
NNI19 cis CH;—C~C,—OH NN60 gauche CH;—C—-C4—ONO
NN20 cis CH;—C(0)—C—CH; NN61 gauche H,C~Cy—0—-NO
NN21 cis CH;—C(0)—C(0)—0 NN62 gauche CH;—C&=C,—OH
NN22 gauche CH;—C—C—CH, NN63 cis CH;—C(0)—C—NO,
NN23 gauche CH;—C—C—C(O)H NNo64 cis CH;0-C—-C4=C3H,
NN24 gauche CH3—C—C—QH NN65 cis HO—C—Cd=Cde
NN25 gauche CH;—C—-C-0 NN66 cis HO—-C—-C;=C H(CH;)
NN26 gauche CH;—C—C—NO, NN67 cis CH;—Cd—Q—N (0]
NN27 gauche CH;—C—C—C(CH;)(NO,)(O) NN68 cis CH;—C4=C,;—C(0)OH
NN28 gauche CH;—C—C—OCH, NN69 cis CH;—C~=C;—0CH;
NN29 gauche CH;—C—C—0(C(0))(C(0)) NN70 cis CH;CH,—C(0)—C—NO,
NN30 gauche CH;—C—C—00C(0) NN71 cis CH;CH,—C(0)—C—OH
NN31 gauche CH;CH,—C—C—C(O)H NN72 cis CH;CH,—C(0)—C—CH;
NN32 gauche CH;CH,—C—C—NO, NN73 cis CH;—C(0)—C=CyH,
NN33 gauche CH;CH,—C—C—OH NN74 cis HO—-C(0)-C;~=CH,
NN34 gauche HO—-C—-C-OH NN75 cis CH;CH,—C(0)—C(0)-0
NN35 gauche CH;—C—-C—-OH NN76 cis 0—-C(0)—0—CH;
NN36 gauche CH;CH,—C—C—-OH NN77 cis CH;—-C(0)-0-0
NN37 gauche HO—C—C—CH; NN78 cis CH;CH,—C(0)—0-0
NN38 gauche CH;—C(0)—C—NO NN79 cis (CH3),CH—-C(0)—0—-0
NN39 gauche CH;—C(0)—C—NO, NN80 cis CH;—-0—-C—-OH
NN40 gauche CH;—C(0)—C—C(0) NN81 cis CH;CH,—O—C—OH
NN41 gauche CH;CH,—C(0)—C—NO
Secondary Corrections
SC(a) HO-C—-C=0 SC(e) HO-C—C—-O0O—R
SC(b) HO—C—C=0 SC(f) HO-C—0O—R
SC(c) HO—-C—N=0 SC(g) HO—C—Q—R
SC(d) HO—-C—NOO SC(h) HO-C-0

“NNI—NN21 groups are the only ones that had statistically significant interactions upon regression out of the 81 possible types. The
secondary interactions between the hydrogen atom of a hydroxyl group with (a) carbonyl oxygen bonded to carbon, (b) carbonyl oxygen
bonded to the carbon radical center, (c) N(O) oxygen bonded to carbon, (d) N(O;) oxygen bonded to carbon, (e) the hydroxyl or ether group
bonded to the S-carbon, (f) the hydroxyl or ether group bonded to carbon, (g) the hydroxyl or ether group bonded to the carbon radical center,
and (h) the oxygen radical center bonded to carbon. Secondary corrections (a)—(e) are the only statistically significant corrections.

based on atomization energies estimates the enthalpy of forma-
tion by using experimental and theoretical results for elements
in their standard states. As shown in eq 9, the heat of formation
of C,H,0.N, can be calculated from the atomization energy

AH?,ZQS(CquOcNd) = [aAH?,zt)g(C) + bAHEz%(H) +
CAH55(0) 4 dAH 505(N)—[aH™*(C) + bH**(H) +
cH?}(0) + dH**(N)] + H**(C_H,0.N,) (9)

where the heats of formation of atomic carbon, hydrogen,
oxygen, and nitrogen are the experimental values obtained from

the JANAF tables* (AH 5(C) = 171.21 keal mol ™!, AH;5(H)
= 52.10 kecal mol ™!, AHY,5(0) = 59.43 keal mol ™!, AHY,95(N)
= 112.97 kcal mol™"), and H*®¥C), H**’(H), H**)(0), and
H¥(N) are the atomization enthalpies of atomic carbon,
hydrogen, oxygen, and nitrogen at 298 K, respectively, and
H?C,H,0N,) is the enthalpy of C,H,ON, at the same
temperature. These enthalpies are calculated using eq 8.

The other methods, that is, the methods based on bond
separation reactions and isodesmic reactions, are known to
cancel out consistent errors in a particular quantum chemical
calculation and are thus more accurate than the atomization
energy method. An isodesmic reaction is constructed by writing
a reaction containing the species for which the heat of formation
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TABLE 2: Experimental and Calculated Enthalpies of Formation in kcal mol! at 298 K for Reference Molecules Used in

Isodesmic Reactions®

molecule reference exp calc abs err
C,Hg¢ Pittam and Pilcher —20.04 £ 0.07 —20.03 0.01
C,H, Chase® 12.54 £ 0.07 12.30 0.24
CH, Prosen and Rossini® —17.89 £+ 0.08 —17.89 0.00
HCHO Fletcher and Pilcher’’ —25.95£0.11 —26.89 0.94
CH;O0H Hine and Arata®® —48.00 —48.23 0.23
H,O Cox et al.”? —57.7978 £ 0.0096 —57.60 0.20
H,O Ruscic et al.® —32.45 £ 0.04 —31.99 0.46
H%)I\ZIO Gllllislli(czheetaal.m —18.87 —19.02 0.15
HONO, Dorofeeva et al.? —32.10+0.12 —32.77 0.67
CH;NO Pedley® 16.71 16.98 0.27
CH;NO, Knobel et al.** —19.34+0.3 —18.53 0.77
C,Hs Tsang® 284 £0.5 28.49 0.09
C,H; Pilgrim and Taatjes®®¢’ 70.9 +£0.3 70.29 0.61
CH; Ruscic et al.% 35.06 £ 0.07 34.29 0.77
HC(0) Baulch et al.® 10.3 9.44 0.86
CH;0 Ruscic et al.% 5.02 £ 0.50 4.43 0.59
HOCH, Ruscic et al.® —4.06 +0.17 —4.08 0.02
HOO Ruscic et al.® 2.94 £+ 0.06 3.07 0.13
MAD 0.39
LD, MD 0.00, 0.94
C;3Hg Pittam and Pilcher —25.02 £0.12 —24.84 0.18
CH;CHO Pedley et al.”’ —39.70 £ 0.12 —40.00 0.30
CH;C(O)CH3 Wiberg et al.”! —52.23 £0.14 —52.09 0.14
C,HsOH Green’? —56.23 £0.12 —56.03 0.20
CH;0CH3 Pilcher et al.”? —43.99 +£0.12 —44.39 0.40
CH;00H Khursan and Martemyanov’* —-313+1.2 —30.69 0.62
CH;0NO, Ray and Ogg” —29.2+0.3 —30.56 1.36
C3H; Tsang’® 240 £ 0.5 24.06 0.06
CH;C(0) Ruscic et al.% —2.46 + 0.43 —2.75 0.29
CHsO Burcat and Ruscic”’ —3.254+£0.96 —3.36 0.34
C,H5;00 Blanksby et al.”® —68+23 —5.42 1.38
MAD 0.47
LD, MD 0.11, 1.38

“ Abbreviations: exp = experimental value from literature; calc = value from this study; abs err = Icalc — expl; MAD = mean absolute

deviation; and LD, MD = minimum and maximum deviation.

value is to be estimated from the absolute enthalpy obtained
from quantum mechanics. For example, if the enthalpy of
formation of propane is sought, an isodesmic reaction can be
written, as shown in eq 10

2C,H, — CH, + CH, (10)

This reaction conserves the number of the same types of bonds
in the reactants and products. All of the other reactants and
products in the isodesmic reaction must have experimental
enthalpies of formation, and the unknown heat of formation is
calculated from the heat of reaction obtained from the absolute
enthalpies from quantum chemistry as shown in eq 11

AH; 504(C3Hy) = 2(AH} 105(CHg) — H(C,H) +
(H)(CH,) — AH},05(CH,)) + H*(C;Hy) (11)

Bond separation reactions are a subclass of isodesmic reactions
and use the smallest molecules that contain the desired bond
types. Isodesmic reactions have been shown to give accurate
estimates of enthalpies of formation.>!%20:33:3637.5051 [ this work,
the enthalpies of formation calculated from isodesmic reactions
are used to obtain the group additivity values reported.

A group additivity scheme was developed for AHF, S°, and C,
based on the thermodynamic values obtained from the quantum
chemical calculations. This method followed the development by
Benson and accounts for the interactions between neighboring
atoms. The molecule is assumed to consist of substructural units

called groups, which are defined as a polyvalent atom and all of
its associated ligands. Each of these groups contributes a constant
amount to the thermodynamic property of interest for a particular
molecule. Nonbonded or next-nearest-neighbor (NN) interactions
were also included to account for longer range interactions. These
included gauche and cis corrections and other interactions that were
identified to be present in the species in this study, as discussed in
the following section.

3. Statistical Methods

The group values for groups, NN, and additional interaction
parameters were estimated using the multiple linear regression
(MLR) statistical methodology. In MLR, the simultaneous linear
equations for all of the group values can be represented by
matrix notation, where the solution for the group values is given
by eq 12 as follows

B=XX) Xy (12)

where [ represents the k x 1 vector of k unknown group values
for the thermodynamic properties AHg, S°, and C, from 300 to
1500 K, X is the n x k matrix of the k groups for the n
molecules, and y is the n x 1 matrix of the calculated
thermodynamic properties of n molecules. The two underlying
assumptions of the MLR methodology are normality and
constant variance of the residuals. The first assumption of
normality can be proven by comparing the cumulative distribu-
tion of the residuals to the cumulative normal distribution with
the mean and variance of the residual data. The second
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TABLE 3: Comparison of Calculated (Recommended Values in This Work Based on G3//B3LYP) Enthalpies of Formation in
kcal mol ! at 298 K with Literature (Experimental and Calculated) Values for Molecules Which Had Properties Reported

Previously”
molecule reference method lit calc err
@ Chen and Bozzelli®’ QC —17.74 £ 1.13 —18.43 —0.69
(26) Holmes et al.> exp —23.0+3 —15.53 7.47
(28) Chen and Bozzelli®’ QC —10.06 £ 0.85 -10.15 —0.09
(86) Sumathi and Green'? QC —22.97 —24.68 —1.71
Holmes et al.> exp -256+3 0.92
Tsang” exp 2484+ 1.1 0.12
(87) Sumathi and Green'? QC —17.20 —18.54 —1.34
Chen and Bozzelli*’ QC —17.33 £2.38 —1.21
92) da Silva and Bozzelli'? QC -7.1 -17.39 —0.29
95) da Silva and Bozzelli'? QC —11.5 —-11.90 —0.40
(103) Sumathi and Green'? QC —-12.72 —14.03 —1.31
Holmes et al.>? exp —145+3 0.47
Tsang” exp -153+1 1.27
(112) da Silva and Bozzelli'? QC 3.6 3.35 —0.25
Berkowitz et al.® exp 25+22 0.85
(113) Wenthold and Squires®! exp —59.6 £2.9 —56.86 2.74
Holmes et al.>? exp —61.6+3 4.74
(123) Sumathi and Green'? QC 17.07 15.44 —1.63
(124) Sumathi and Green'? QC —7.47 —7.93 —0.46
Chen and Bozzelli*’ QC —7.93 + 1.81 0.00
Holmes et al.> exp -10.6 £3 2.67
(152) Finlayson-Pitts and Pitts®? exp —49.59 —45.99 3.60
Holmes et al.>? exp —51.7+3 5.71
(162) Holmes et al.> exp —377+3 -30.30 7.40
Schatz et al.% QC —31.1 0.80
(167) Sumathi and Green'? QC —46.50 —46.76 —0.26
(168) Sumathi and Green'? QC —56.41 —56.47 —0.06
(169) Sumathi and Green'? QC —65.98 —65.71 0.27
(173) Finlayson-Pitts and Pitts®? exp —41.11 —39.75 1.36
(176) Sumathi and Green'? QC —41.62 —44.10 —2.48
Holmes et al.>? exp —46.0 +3 1.90
(275) NIST exp —25.43 £0.48 —25.61 —0.18
(278) NIST exp —382+2 —40.18 —1.98
(282) NIST exp —18.0 —15.81 2.19
(283) NIST exp —=79.0+ 1.0 —77.20 1.80
(284) NIST exp —2744+2.6 —26.30 1.10
(286) NIST exp —32.6 —34.95 —2.35
G11) da Silva et al."* QC —29.98 —29.44 0.54
Turecek and Havlas® exp -30.6 1.16
NIST exp —29.8 +2 0.36
NIST exp —265+2 —2.94
(312) Turecek® exp —40.4 —35.47 4.93

“ Abbreviations: lit = value from data in the literature; calc = value from this study; err = calc — lit; exp = experimental result; QC =
quantum chemical calculation; NIST = National Institute of Standards and Technology database.

assumption of constant variance can be tested by plotting the
residuals versus the fitted thermodynamic values. If the vari-
ability in the residuals is roughly constant over the range of
fitted values, then the assumption of constant variance is met.

Once the group values are calculated, inferences can be made
about whether they have a statistically significant effect on the
thermodynamic properties. This can be done by testing the null
hypothesis that a group value is 0 versus the alternative hypothesis
that the group value is not equal to 0. If the null hypothesis is not
rejected, this indicates that the corresponding group is not a useful
predictor of the thermodynamic property and may be removed from
the model. A  test is useful in testing this hypothesis, and the null
hypothesis is rejected if eq 13 is satisfied

B 1B
|tj| = SE(ﬁj)

> by kon (13)

where f3; is the group value for the jth group, SE is the standard
error of the jth group value, and #,—; o is the ¢ value with n — k
degrees of freedom at the a confidence level. In this study, both
80 and 98% confidence levels were used to remove groups that

were deemed insignificant. A group was only removed if it failed
to reject the null hypothesis for AH7, S°, and C, at every
temperature.

4. Results and Discussion

G3//B3LYP calculations were performed for a total of 323
molecules shown in Figure 1 and summarized in Table S1 of
the Supporting Information with their corresponding external
and internal symmetry numbers, optical isomers as defined in
eq 7, and constituent groups and interactions. The interactions
included in this table are gauche, cis, and secondary interactions
as defined in Table 1. The geometries and vibrational frequencies
along with hindered internal rotation results (symmetry number,
reduced moment of inertia, and Fourier series coefficients) are
also provided for each molecule in the Supporting Information.
There were 122 unknown group values, 16 gauche corrections,
5 cis corrections, and 5 secondary corrections that were
estimated from this database of molecules.

Bond separation reactions were then formulated to estimate
the enthalpies of formation for each molecule. The reference
molecules used for bond separation reactions were C,Hg, CoHy,
CH,4, H,C(O), CH30H, H,0, H,0,, HONO, HONO,, CH3;NO,
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TABLE 4: Group Values for Known Groups and gauche Correction Values

Cp (cal (mol—K)™)

group footnote  AHP®¥ (kcal mol™")  §2%K (cal (mol=K)™") 300 K 400K 500K 600K 800K 1000K 1500 K
C—(C)3(H) a —1.65 —11.54 5.57 6.98 8.01 8.77 9.80 10.47 11.43
C—(O)3(0) b —7.03 —34.46 5.08 6.78 7.86 8.39 8.63 8.50 8.05
C—(C)(H), a —4.90 9.53 6.02 7.22 8.39 9.43  11.09 12.34 14.27
C—(C)(H)(O) b —7.42 —12.38 5.03 6.74 8.05 8.97  10.07 10.69 11.39
C—(C)(C)(H), c —4.90 9.42 5.50 6.95 8.25 935 11.07 12.34 14.25
C—(C)(Cy)(H), a —4.52 10.02 5.24 6.77 8.10 9.19 1091 12.17 14.14
C—(C)(CO)(H), de —5.26 9.6 6.2 7.7 8.7 9.5 11.1 12.2 14.2
C—(O)(H)3 a —10.25 30.40 5.96 7.60 9.13 1049 12.72 14.46 17.28
C—(O)(H)(0) b —7.92 9.10 5.37 6.99 8.41 9.58 1135 12.60 14.45
C—(O)(H)3 c —10.08 30.41 6.19 7.84 940 10.79  13.02 14.77 17.58
C—(CO)(H); d —10.31 30.41 6.19 7.84 940 10.79  13.02 14.77 17.58
C—(Cy)(H)3 a —10.25 30.40 5.96 7.60 9.13 1049 12.72 14.46 17.28
C—(H);(0) f —10.00 30.41 6.19 7.84 940 1079  13.02 14.77 17.58
C—(C)(H) a 42.38 13.52 4.43 5.08 5.79 6.45 7.51 8.30 9.45
C—(C)(H), a 40.15 33.22 5.45 6.65 7.67 8.53 9.88 10.94 12.69
Ca—(O)s | a 10.83 —13.36 4.68 5.19 5.53 5.80 6.20 6.46 6.78
Cq—(O)(C) c 10.34 —12.30 4.10 471 5.09 5.36 5.90 6.18 6.40
Cy—(O)(H) a 8.87 7.87 4.41 5.20 5.98 6.68 7.80 8.62 9.84
Cq—(O)(H) c 8.87 797 4.16 5.03 5.81 6.50 7.65 8.45 9.62
Cy—(H), a 6.00 27.67 4.92 6.20 7.35 8.33 9.90 11.10 13.04
Cy—(H)(O) f 8.60 6.2 4.8 6.5 7.6 8.4 9.1 9.6 10.5
CO—(C), fe —31.69 15.01 5.6 6.3 7.1 7.8 8.9 9.6 11.0
CO—(O)(©) ce —314 15.01 5.6 6.3 7.1 7.8 8.9 9.6 11.0
CO—(O)(H) d.e —29.47 34.9 7 7.8 8.8 9.7 11.2 12.2 13.9
CO—(C)(O) b —34.86 15.14 5.52 6.04 6.80 7.64 8.91 9.99 11.54
CO—(CO)(H) g —25.19 21.3 7.22 8.51 9.73 1077  12.24 13.13 14.20
CO—(H)(O) b —32.16 34.93 6.84 7.67 8.81 10.06  11.97 13.32 14.99
O0—(C), b —23.18 9.11 2.86 2.47 2.56 2.79 3.27 3.67 4.10
0—(C)(C) ce —232 8.68 34 3.7 3.7 3.8 44 4.6 4.9
O—(C)(CO) b —43.43 4.93 2.68 3.24 3.77 4.12 4.76 5.09 5.10
O—(C)(H) b —37.86 29.45 4.15 4.20 4.54 4.94 5.67 6.30 7.36
0—(C)(O) h —4.54 8.50 3.20 3.40 3.60 3.80 4.10 4.20 4.20
O0—(C)(CO) ce —23.2 8.68 3.4 3.7 3.7 3.8 4.4 4.6 4.9
0—(C)(H) c.e —37.9 29.07 4.30 4.40 4.82 5.23 6.02 6.61 7.25
O0—(CO)(H) fe —=57.719 24.5 3.8 5 5.8 6.3 7.2 7.8 9.3
alkane gauche a 0.69 —0.17 -022 —-026 —026 —-024 —0.18 —0.13 —0.08
ether gauche c 0.5

“ AHP®K from Sabbe et al.'' and $** and Cj from Sabbe et al.>' » AHF®K, $2%K and C} from Sumathi and Green."> ¢ AHF**K, §?%K and C}
from Benson.! ¢ AHF® from da Silva and Bozzelli'? and $*® and C} from Benson.! ¢ C, at 1500 K extrapolated from fitting the 300—1000 K
C, data to a log function.  AH?*®* from Cohen®® and $*® and Cj from Benson.! ¢ AH?*® from Cohen,* $?*®K from Benson,' and C} estimated
from the heat capacity data for HC(O)C(O)H.?” " AH’®¥ from Sumathi and Green'® and S and C} from Sebbar et al."”

CH;NO,, C,Hs, CoH;, CH;, HC(0), CH;0, HOCH,, and HOO.
The top section of Table 2 lists the enthalpies of formation at
298 K for these reference molecules obtained from G3//B3LYP
calculations using the atomization energy method and shows a
comparison of these values to experimental data. The average
absolute deviation between experimental and calculated heats
of formation was 0.39 kcal mol ™!, with a maximum deviation
of 0.94 kcal mol™! and a minimum deviation of 0.0 kcal mol™".
The bond separation reactions along with the enthalpy of
reaction calculated from the G3 enthalpies for all molecules
are listed in Table S2 of the Supporting Information.

The other reactions listed in Table S2 of the Supporting
Information are isodesmic reactions. Two isodesmic reactions
were designed for each molecule for which the heat of formation
was to be estimated. The reactions in italics indicate those
reactions which are homodesmotic, which means that in addition
to the bond types being conserved overall between reactants
and products, the bond orders of the bonds surrounding each
atom are also conserved. The reference molecules used for
isodesmic reactions included C3;Hg, CH;CHO, CH;C(O)CHs;,
C,HsOH, CH;0CH;, CH;00H, CH;0ONO,, C3;H,, CH;C(O),
C,H;0, and C,Hs00 in addition to all of the reference molecules
used in the bond separation reactions. The bottom section of

Table 2 lists these additional molecules and their experimental
and calculated heats of formation. The average absolute devia-
tion is 0.47 kcal mol~!, with a maximum deviation of 1.38 kcal
mol~! and a minimum deviation of 0.11 kcal mol~". The highest
deviations were found for CH;ONO, and C,Hs00.

The estimated enthalpies of formation for all of the molecules
from the atomization energy, bond separation reaction, and
isodesmic reaction methods are shown in Table S3 of the
Supporting Information. The recommended values for the
enthalpies of formation are an average of the two values obtained
from the isodesmic reactions. At the bottom of each column,
the mean absolute, maximum, and minimum deviations between
the recommended value and the value obtained for a given
method are tabulated. The mean absolute deviations for the
atomization energy (AE) and bond separation (BS) reaction
methods are 0.48 and 0.87 kcal mol™!, respectively. In most
cases, the AE and BS methods predict very similar enthalpies
of formation, but there are cases where the enthalpy predicted
by both of these methods is much more than that obtained from
the isodesmic reactions. Generally, isodesmic reactions are
known to predict the enthalpy of formation more accurately,
and therefore, those values were used in this work to regress
the group additivity values.
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Cp (cal (mol—K)™")

group AHP (keal mol™")  §29%K (cal (mol—K)™") 300K 400K 500K 600K 800K 1000 K 1500 K
C—(O)AC)(CO) -0.05 —-33.83 8.05 9.15 932 9.6 8.97 3.80 8.03
C—(C)A(C)(0) —6.16 ~34.80 7.93 959 1021 1037 1022 9.90 9.31
C—(C)(CO)(O) 11.68 -17.75 964 1182 1285 1335 1355 1351 12.91
C—(C)AC0O)(0) 2.90 0.65 1403 1618 1725 17.81 1825 1829 18.17
C—(C(NO,)(O) —4.19 30.18 1795 2096 2293 2426 2585 2673 27.65
C—(C)x(0)(0) —2.00 ~7.29 949  12.04 1338  14.02 1435 1420 13.71
C—(C)(C)(CO)H) -1.83 ~13.54 772 866 9.6 955 10.12  10.27 10.67
C—(C)(C)(CO)(0) —4.63 ~39.40 893 1154 1234 1237 1170 1097 9.63
C—(C)(C)(H)(O) —7.19 —14.27 789 942 1026 1078 1141 1175 12.24
C—(©O)(C)0), —18.51 —40.12 904  12.66 1400 1414 1317 1201 10.37
C—(C)(CO)A(0) 14.46 —10.21 1258 1448 1469 1450  13.84 1348 12.45
C—(C)(CO)(CO)(H) 8.49 21.79 1511 1641 1721  17.82 1862  19.29 19.83
C—(C)(CO)(CO)(O) 747 —5.31 1600 1874 1974 2008 1995  19.55 18.53
C—(C)(CO)(H)(O) 11.40 13.29 973 11.68 1283  13.62 1455  15.19 15.75
C—(C)(CO)0)(O) -0.93 ~11.19 1039 1344 1495 1565 1578 1539 14.12
C—(O)H)(NO,)(O) —2.60 51.80 1772 2084  23.16 2485 27.04 2834 3001
C—(C)(H)(0)(O) —-2.79 13.50 9.16 1175 1341 1445 1558  16.10 16.68
C—(C)(CO)(H)(O) —4.46 —-17.62 854 1099  12.12 1264 1286  12.79 12.48
C—(C)(H)(O),, ~18.79 —~18.29 779 11.63  13.61 1437 1405  13.57 12.94
C—(CO),(H)(O) 15.04 12.74 1158 13.05  13.68 1408 1453  14.96 15.02
C—(CO)(CO)(H), 5.52 44.46 1447 1615 1737 1840 1997 2126  22.81
C—(CO)(H),(O) | 10.97 35.92 907 1149  13.18 1443 1610  17.28 18.71
C—(CO)(H)(0)(O) 0.86 11.47 1006 1327 1493 1578 1638  16.58 16.56
C—(CO)(H)(0), —237 15.65 1478  17.68 1942 2048 2150  21.80  22.09
C—(H)»(0)(0) —2.55 36.67 901 1149 1330 1464 1650  17.69 19.49
C—(H)(0),(0) -8.15 12.24 1077 1337 1471 1543 1615 1644 1691
C—(0)5(0) -23.31 -10.05 971 1330 1485 1543 1553  15.18 14.53
C—(C)(CO) 31.48 ~12.45 4.13 522 600 637 7.04 7.40 6.75
1C—(C)(0) 33.49 -10.03 4.98 591 634 657 6.77 6.81 7.08
C—(C)(C(0) 20.04 —12.82 6.58 7.95 844 859 8.48 8.36 8.48
C—(C)(CO)(H) 33.44 8.89 5.61 697 785 846 928 9.88 10.03
C—(C)(CO)(0) 22.89 —15.41 4.63 6.11 734 8.14 8.28 8.25 6.90
C—(O)(H)(0)" 33.65 11.22 4.93 6.19 718 791 8.72 9.30 10.10
C—(0)(0), 23.55 -12.23 6.73 8.55 9.19 932 8.83 8.32 8.27
C—(Cy)(H)(0) 21.14 8.92 6.27 7.99 917 991  10.13  10.54 11.39
C—(CO)(H), 34.37 29.02 6.69 8.23 929 1009 1129 1230 13.32
C—(CO)(H)(0) 25.33 5.83 5.47 700 833 9.18 9.82 1040 10.23
C—(CO)(0), 13.93 ~18.69 546 762 926 1006  9.83 9.65 8.38
C—(H),(0)* 33.44 31.14 6.07 734 8.65 966 1078 1177 13.37
C—(H)(0), 26.09 8.89 7.17 8.18 894 930  9.17 9.39 9.99
C—(0)3 13.72 —12.17 6.71 7.91 854 869 794 7.60 7.56
C,—(COY(H) 15.03 39.59 1097 1273 1417 1535  17.08 1827 19.92
C,—(CO) 67.03 4.13 4.15 5.43 607 629 617 6.00 5.63
C,—(0) 60.08 7.41 449 547 5.85 6.03 6.08 6.07 6.32
CO—(C)(Cy) —34.09 17.65 469 495 5.53 6.25 7.69 8.64 9.87
CO—(C)(CO) —18.12 48.14 1231 1382 1531 1655 1808  19.15 20.27
CO—(C)(0) —35.36 40.88 802 922 1040 1137 12,60  13.40 13.56
CO—(C)(CO) —32.34 24.34 5.68 6.91 8.11 908 1032  10.84 11.81
CO—(C)(H) —30.82 35.10 6.73 7.53 8.51 944 1099  12.03 14.31
CO—(C)(0) —33.06 15.06 5.78 640 731 832 982 1073 11.15
CO—(Cy)(0) —33.06 15.06 5.78 640 731 832 98 1073 11.15
CO—(CO)O) —26.17 51.55 9.92  11.01  11.88 1255 1342  14.10 15.11
CO—(CO)(H)* —~16.33 67.65 1403 1577 1726 1850 2038  21.69  23.56
CO—(CO)(0) —17.12 49.61 1391 1580 1726 1847 1987 2052  20.70
CO—(H)(O) —-30.30 60.09 994 1147 1283 1393 1553 1659 18.07
CO—(NO,)(O) —29.60 77.18 1931 2209 2429 2598 2820 2940  30.50
CO—(0)(0) —30.26 41.48 944 1081 1194 12.88  13.87 1437 14.45
0—(C)(Cy) —23.56 10.65 2.83 222 228 250 3.2 3.54 3.70
0—(C)(COY —28.57 42.29 973 1093 1186  12.60 13.65  14.28 14.88
0—(C)(NOy) —14.42 45.19 13.11 1481 1603 1699 1854  19.34 19.74
0—(C)(0)" —-3.13 10.08 592 581 5.45 5.23 5.40 5.48 5.68
0—(Cy)(H) —37.90 29.07 430 440 482 523 6.02 6.61 7.25
0—(CO)(CO) —36.52 36.86 1200 1400 1494 1518 1502  14.54 13.48
0—(CO)O) 571 32.92 8.53 942 999 1021  10.19 9.80 8.73
0—(CO)(H)* —44.10 60.22 1076 1211 1322 1411 1544 1636 17.78
0—(CO)(NO) —-3.25 73.42 1724 1882 2006 21.06 2251 2344  24.62
0—(CO)(0) —4.44 41.06 1039  11.87  12.89  13.61 1450  15.08 15.79
C—(C)x(CO)» 2.27 —33.96 6.99 793 8.09 8.15 8.04 8.08 7.67
C—(C)x(COY(H)? —1.67 —11.81 594 746 841 906 1004  10.60 11.51
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CJ (cal (mol—K)™)

group AHP®K (kcal mol™!)  §2%%K (cal (mol—K)™') 300K 400K 500K 600K 800K 1000 K 1500 K

(—2.73) (—11.54) (4.99)  (6.18) (7.15) (7.85) (8.73) (9.33) (—)
C—(C)(CO)O) —4.58 —37.45 7.37 10.02 11.05 11.32 11.01 10.52 9.44
C—(C),(H)(NO)* 23.08 23.68 12.31 13.71 15.00 16.09 17.67 18.69 20.10
(23.4) (23.1) (11.2) (12.7) (14.0) (15.1) (16.8) (17.9) (19.5)

C—(C)(NO)(O) 17.58 0.19 13.80 15.98 17.01 17.48 17.81 17.86 17.95
C—(C),(NO,)(O) —23.73 —2.59 15.42 18.92 21.20 22.71 24.37 25.01 25.16
C—(C)(CO),(H) 0.66 —12.75 6.69 8.04 8.72 9.22 9.83 10.38 10.58
C—(C)(CO),(0) —0.70 —38.65 7.58 10.10 11.12 11.58 11.65 11.36 9.86
C—(C)(CO)H)(O) —4.89 —16.14 6.96 9.69 11.03 11.66 12.04 12.19 12.07
C—(C)(CO)(NO)(O) 22.44 —4.38 14.40 17.35 18.42 18.74 18.82 18.84 18.46
C—(C)(CO)(NO,)(O) —13.58 —0.35 18.37 21.23 22.14 22.40 2242 22.46 22.75
C—(C)(CO)(0), —13.52 —36.77 7.19 9.94 10.94 11.24 10.99 10.53 9.79
C—(C)(H)(NO)* 20.67 44.56 11.61 13.67 15.53 17.09 19.45 21.11 23.47
(21.4) (44.3) (11.8) (13.6) (15.2) (16.7) (18.9) (20.5) (23.0)

C—(C)H)(NO)(O) 17.61 19.63 13.21 15.95 17.60 18.63 19.85 20.48 21.33
C—(C)(H)(NO)(O) —21.33 21.49 14.95 18.41 20.91 22.68 24.87 26.01 27.24
C—(C)(NO)(O), 8.39 —1.09 15.84 18.70 19.19 18.77 17.76 17.28 17.46
C—(C)(NO»)(0O), —32.24 —4.49 16.88 20.91 23.14 24.45 25.71 25.98 25.68
C—(CO)(H)»(NO) 25.14 42.51 13.93 15.42 16.75 17.94 19.72 21.12 22.76
C—(CO)(H),(NO,) —11.43 46.28 15.39 17.92 20.06 21.83 24.33 26.13 28.25
C—(CO)(H),(0) —5.49 7.36 6.69 9.35 11.02 12.11 13.29 14.00 14.97
C—(CO)(H)(NO)(O) 23.93 15.85 14.59 18.09 19.98 21.00 21.74 21.90 21.75
C—(CO)(H)(NO»)(O) —11.22 20.52 16.12 20.29 22.62 23.95 25.24 25.93 26.69
C—(CO)(NO)(0O), 18.18 —3.25 15.67 19.22 20.15 19.97 19.06 18.48 18.05
C—(CO)(NO,)(0O), —23.85 —5.16 15.74 20.22 22.81 24.38 25.84 26.27 25.16
C—(H),(NO)(O) 17.51 42.55 13.91 16.48 18.28 19.61 21.48 22.65 24.42
C—(H),(NO»)(O) —19.98 44.44 15.08 18.76 21.51 23.55 26.30 27.95 30.17
C—(H),(0), —18.01 2.87 6.96 11.43 14.20 15.60 16.38 16.37 16.47
C—(H)(NO)(0O), 11.91 21.99 15.17 17.66 18.42 18.46 18.40 18.71 20.17
C—(H)(NO,)(0O), —28.77 20.03 16.17 19.98 22.48 24.17 26.17 27.08 28.00
C—(H)(O); —30.63 —15.21 7.46 10.23 11.45 12.01 12.49 12.69 13.06
C—(NO)(O); —1.93 —2.41 14.71 17.96 18.93 18.89 18.35 18.00 18.15
C—(NOy)(0)3 —41.57 —3.46 14.46 19.15 21.79 23.38 25.00 24.45 23.43
C—(O), —48.22 —45.90 7.95 13.23 15.19 15.45 14.30 12.92 11.08
Cy4—(C)(CO) 11.02 —15.45 4.73 6.24 7.25 7.92 8.51 8.38 6.82
Cy—(C)(OY 8.94 —13.28 4.60 5.81 6.51 6.98 7.16 7.22 7.30
(—8.2) (—12.3) (3.6) (4.6) (5.0) (5.3) (5.8) (6.1) (6.2)

Cy—(CO)(H) 10.14 4.84 5.25 6.90 8.18 9.15 10.27 10.65 10.03
Cy4—(CO)(0O) 11.26 —16.49 3.73 5.38 6.34 7.13 8.12 8.74 8.19
CO—(O)(Cy) —32.71 15.73 5.98 6.12 6.48 6.86 7.70 8.64 10.77
CO—(C)(CO) —29.88 0.87 6.74 7.71 8.68 9.45 10.31 10.69 10.63
CO—(C)(NO) —1.12 48.84 13.17 14.27 15.43 16.43 17.72 18.59 19.17
CO—(C)(NOy) —37.63 51.37 16.02 17.76 19.42 20.81 22.62 23.81 25.10
CO—(Cy)(H) —32.15 34.66 6.51 7.22 8.02 8.79 10.27 11.68 14.81
CO—(Cy)(0) —34.86 15.14 5.52 6.04 6.80 7.64 8.91 9.99 11.54
CO—(CO)(CO) —21.95 42.12 7.39 7.51 7.35 7.25 7.56 8.08 9.48
CO—(CO)(NO) 6.66 61.76 14.66 15.67 16.31 16.80 17.56 18.21 19.02
CO—(CO)(NO») —28.25 65.31 16.80 18.33 19.49 20.45 21.93 23.04 24.42
CO—(H)(NOy)© —33.58 71.16 16.52 19.03 21.02 22.60 24.88 26.38 28.42
CO—(NOp)(0) —32.53 51.32 15.08 17.54 19.69 21.56 24.00 25.32 25.98
CO—(0), —30.04 15.68 6.63 7.73 8.72 9.66 10.58 11.07 10.31
O—(Cy)(H)* —44.45 27.38 522 5.84 6.27 6.50 7.10 7.48 8.02
(—44.84) (26.15) (5.51)  (6.77) (7.41)  (7.72) (7.93) (8.03) (8.36)

O—(Cy)(NO)* —=7.09 39.56 11.23 11.93 12.40 12.73 13.61 14.19 14.72
(—5.3) (39.5) (11.1) (11.7) (12.2) (12.7) (13.5) (14.1) (14.9)

O—(Cy)(NOy)* —19.01 44.35 12.45 14.22 15.71 16.80 18.51 19.37 20.00
(—18.4) (45.4) (12.4) (14.2) (15.7) (16.9) (18.5) (19.3) (20.1)

0O—(CO)(NO) —14.15 37.80 12.25 14.28 15.46 15.85 15.65 14.99 13.28
O—(CO)(NOy) —25.61 42.90 13.38 15.99 17.79 18.43 19.17 19.13 18.64
O—(NO)(O)* 13.28 41.17 11.91 13.29 14.11 14.62 15.28 15.80 16.57
(15.2) (40.7) (11.7) (12.9) (13.6) (14.2) (15.0) (15.5) (16.0)

Next-Nearest-Neighbor Corrections

NN1 —0.36 —1.79 0.57 0.62 0.52 0.42 0.32 0.31 0.28
NN2 —1.30 —4.58 —0.53 0.22 0.68 0.99 1.40 1.68 1.81
NN3 —1.99 —0.54 0.84 0.69 0.61 0.55 0.51 0.38 —0.12
NN4 0.38 0.19 0.12 0.02 0.04 0.04 0.05 —0.04 —0.81
NN5 —0.75 1.38 —-0.03 —-006 —0.16 —137 —1.63 —1.76 —1.94
NN6 —1.28 0.17 0.13 -022 —-022 —0.16 0.01 —0.01 —0.39
NN7 —2.33 —2.14 1.41 0.72 0.48 0.44 0.38 0.53 0.20
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TABLE 5: Continued
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Cp (cal (mol—K)™1)

group AHF®K (kcal mol™") SPBK (cal (mol—K)™1) 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
NN8 —1.37 —0.92 0.64 0.26 0.43 0.67 0.69 0.72 0.23
NN9 0.54 —0.31 0.24 0.26 0.40 0.54 0.75 0.72 0.45
NN10 0.98 292 —1.23 —0.87 —0.58 —0.47 —0.51 —0.56 —0.40
NNI11 —0.81 —3.11 4.36 3.97 3.24 2.58 1.68 2.20 2.69
NN12 1.16 —3.31 3.10 3.57 3.49 3.19 247 1.87 1.08
NN13 3.23 —1.15 1.22 1.06 0.70 0.48 0.36 0.42 0.61
NN14 2.31 1.37 0.64 —0.69 —1.86 —2.44 —2.37 —1.80 —0.83
NN15 0.32 —1.63 0.42 0.20 0.04 —0.03 0.00 0.07 0.17
NN16 1.70 0.82 —0.06 —1.02 —1.09 —1.09 —1.20 —1.05 —1.29
NN17 —1.46 —1.41 —0.13 —0.25 —0.26 —0.19 0.14 0.32 0.01
NN18 —2.42 —4.41 0.76 0.30 0.37 0.68 1.15 1.56 1.11
NN19 1.76 1.21 —1.02 —1.42 —1.49 —1.39 —1.08 —0.80 —1.43
NN20 0.79 2.07 —1.02 —1.33 —1.59 —2.24 —2.23 —2.22 —2.61
NN21 —0.33 1.18 —0.51 —0.18 —0.20 —0.32 —0.34 —0.48 —1.45
Secondary Corrections
SC(a) —3.32 —3.22 —0.79 —0.17 0.52 1.08 1.66 1.75 1.19
SC(b) —6.54 —3.32 —2.02 —1.17 —0.94 —0.60 0.39 1.23 2.92
SC(c) —3.67 —5.53 —1.57 —0.59 0.65 1.79 2.99 3.12 2.11
SC(d) 0.37 4.47 —1.17 —1.57 —1.85 —2.03 —2.18 —2.03 —1.42
SC(e) —2.67 —5.56 —0.12 1.19 2.33 3.09 3.52 3.16 2.00

@ Hydrogen bond increment value presented by Sumathi and Green.'> » Hydrogen bond increment value presented by da Silva et al.'* ¢ Group
additivity value obtained from one molecule. ¢ Group additivity value presented by Sumathi and Green'® shown in parentheses and italics.
¢ Group additivity value presented by Ashcraft and Green®® shown in parentheses and italics. / Group additivity value presented by Sebbar and
Bozzelli' shown in parentheses and italics. ¢ Group additivity value presented by da Silva et al.'* shown in parentheses and italics.

A subset of the molecules investigated had experimental or
estimated quantum chemical data for the enthalpy of formation
at 298 K available to which the G3//B3LYP values could be
compared, as summarized in Table 3. Most molecules have
errors within 2 kcal mol™! or the uncertainty indicated by the
experimental data source, but in some cases, the error was
higher. In particular, the values did not agree well for the
2-hydroxy-1-propyl radical (molecule 26) and 1-propenol
(molecule 312). However, the 2-methoxy-1-propyl radical
(molecule 28) and hydroxyethene (molecule 311) had the same
unknown groups as 26 and 312, respectively, and very good
agreement between the experimental and the G3//B3LYP values
was observed. Furthermore, the group additivity estimates
obtained upon regression of the unknown groups agree very
well with the G3//B3LYP values for all four molecules. It is
also noteworthy that several molecules in Table 3 had more
than one experimental value available, one of which was from
Holmes et al.,’ the same source from which the experimental
value for molecule 26 was taken. For all of these molecules,
the experimental values from Holmes et al.’* agreed less well
with the G3//B3LYP values than the alternate experimental
values. Therefore, we believe that the G3//B3LYP value for
molecule 26 is a better estimate of the heat of formation than
the experimental value reported by Holmes et al.>? Similarly,
molecule 311 had several experimental values with a range of
4.1 kcal mol™!. The value that had the highest error compared
to the G3//B3LYP value was obtained by Turecek, the same
author who reported an experimental value for molecule 312.
Given these observations, the G3//B3LYP values are all in
strikingly good agreement with the reported experimental and
quantum chemical values.

Once the thermodynamic properties were obtained for all 323
molecules, the group values for the enthalpy of formation,
entropy, and C,, values at 300, 400, 500, 600, 800, 1000, and
1500 K were determined through regression. Table 4 sum-
marizes the known group values and the values for the gauche
interactions for alkanes and ethers that were fixed during

regression. The unknown group values were then fit using the
MLR method, and insignificant groups were eliminated at the
80% confidence level. Although the 323 molecules were selected
to cover all 122 unknown groups, the rank of the matrix
composed of 323 molecules as the rows and 122 unknown
groups as the columns was 119, revealing that three degrees of
freedom had to be specified to obtain a unique solution. To
resolve this, values for three groups were set equal to values of
known or unknown groups. Specifically, CO—(C4)(O) was set
equal to CO—(C)(0), O—(Cy)(H) was set equal to O-(C)(H),
and CO—(Cy)(0O) was set equal to CO—(C)(O) based on their
chemical similarity.

Before regressing the group values, the gauche and cis
interactions were identified for every molecule. This resulted
in 57 gauche interactions and 24 cis interactions to give a total
of 81 interactions. These interactions are also listed in Table
S1 (Supporting Information) for each molecule. With the
addition of these unknown group values as variables in the
model, the rank was analyzed again, and it was found that
the rank of the entire matrix of 203 group values with the three
constraints noted above imposed was equal to 193. This required
the introduction of 10 additional constraints. On the basis of
the interactions with the closest chemical similarity to the known
alkane and ether gauche corrections, the following constraints
were imposed: NN31 and NN32 were set equal to the alkane
gauche correction, and NN51, NN53, NN54, NN56, NN59,
NN61, NN79, and NN81 were constrained to equal the ether
gauche correction.

The group values were regressed, and on the basis of the ¢
test, it was found that only 43 of the 81 gauche and cis
interactions were statistically significant. At this point, it was
found that the values fit from group additivity for certain
molecules had atypically high errors when compared to the G3//
B3LYP values. Scrutiny of the molecules revealed that interac-
tions due to the close proximity of a hydrogen atom on a
hydroxyl group and an oxygen atom of another hydroxyl,
carbonyl, alkoxy radical, or nitrate group provided additional
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Figure 2. Cumulative percentage normal distribution plot of the residuals of (a) the enthalpies of formation at 298 K, (b) the entropy at 298 K,
and (c—1i) the heat capacity at 300, 400, 500, 600, 800, 1000, and 1500 K, respectively. The lines represent the normal distribution, and the dots

represent the actual distribution of the residuals.

secondary interactions that were not taken into account in the
group additivity scheme. These interactions are listed in Table
1 for a total of eight different secondary corrections. Similar
corrections were introduced by Sumathi and Green to account
for eclipsing interactions of ketenes with the C=C=0 group.?’
The addition of these eight secondary corrections resulted in
173 unknown groups. The rank of the associated matrix with
no constraints imposed was 169, which therefore required four
constraints, inclusion of the three constraints for the unknown
groups used throughout and one gauche correction constraint,
which was selected to set NN32 equal to the ether gauche
correction as used previously. After regression, these corrections
were also subjected to the ¢ test at the 80% confidence level,
and none of the eight corrections failed to disprove the null

hypothesis. However, two more of the gauche and cis corrections
did now fail and were removed from the optimization.

At this point, a 98% confidence level ¢ test was used to further
test the remaining groups and corrections. It was found that
using this more rigorous level of testing reduced the number of
statistically significant corrections to 16 gauche corrections, 5
cis corrections, and 5 secondary corrections without significantly
increasing the overall errors of the fit of the thermodynamic
properties. These are listed first as NN1—NN21 and as
SC(a)—SC(e) in Table 1. The 7 values at each optimization are
also presented in the Supporting Information in Table S4. Thus,
the final set of groups and corrections was 122 groups, 16
gauche, 5 cis, and 5 secondary corrections.



5192 J. Phys. Chem. A, Vol. 113, No. 17, 2009

Enthaipy of Formation

Heat Capacity at 400 K

Khan et al.

Heat Capacity at 800 K

G3//BILYP - GA Estimate (kcal mol”)
-]
G3//B3LYP - GA Estimate (cal (mol-K)")

G3//B3LYP - GA Estimate (cal (mol-K)")

0 - 0 o
. - L X1
B -1 -1 . .
2 -2 -2
-3 . . -3 -3
260 -200 160  -100 60 0 §0 0 10 20 30 40 50 60 0 10 20 30 40 60 60 70 80 90
(a) G3//B3LYP (keai mot™) (d) G3/B3LYP {cal {mol-K)") (g) G3/1B3LYP {cal {mot-K)")
Entropy Heat Capacity at 500 K Heat Capacity at 1000 K
4 3 3
3 5 2 5 2
£ v £ £
g 1 B T 5 I 8 8
T © it
g . C e -,,-g:‘;;?.!. ahie E E
4 . . oo . - . k - =
i SRR Rl R & &
< . . LR A T . < o«
K . RSO RS
¢ T T e 9 4 Q4
& : s : & &
%5 2 . ] . %
© . . I3 [
Q o .2 g .2
-4 - - : : . 3 . . - . . -3 . : - - - - . -
50 60 70 80 90 100 110 0 0 20 49 5 60 70 0 10 20 30 40 50 60 70 80 90
(b) G3HB3LYP (cal (mol-K)") (e) G3HB3LYP {cal (mol-K)") (h) G3IB3LYP {cal (mol-K)")
Heat Capacity at 300 K Heat Capacity at 606 K Heat Capacity at 1560 K
3 3 3
5 21 5 2 s 2
£ E E
s .o w F
L 1 L 1 L 4
-] ] g
o . © a
£ E » E .
H 64 2 0 - . 5 0 . .
ul w . w -t
. < < .
3 o [}
oA . 4 . -
a - o . . &
> % - 3
© © 3
a 2 [ @ 2
3 S 3
o ] o
3 - 3 3
0 10 20 30 40 50 o 10 20 4 50 60 70 80 0 10 20 30 40 50 60 70 80 90 100
( C) G3//B3LYP (cai (moi-K) '} (f) G3/B3LYP {cal {mol-K}") <1> G3//B3LYP {cal (mol-K)")

Figure 3. Plots of residuals versus the G3//B3LYP values of (a) the enthalpies of formation at 298 K, (b) the entropy at 298 K, and (c—i) the heat

capacity at 300, 400, 500, 600, 800, 1000, and 1500 K, respectively.

Table 5 lists the optimized group values for all of the
unknown groups. The first assumption of normality for MLR
is graphically tested in Figure 2a—i for the enthalpy of
formation, entropy, and heat capacity from 300 to 1500 K. The
residuals, that is, the fitted thermodynamic value subtracted from
the G3//B3LYP value, are plotted in the form of a normal
probability plot, where the percent cumulative distribution of
the residuals at each increment is plotted. The line shows the
cumulative normal distribution, and the circles indicate the
distribution for the actual model residuals. The figure clearly
indicates that the residuals are normally distributed for all
thermodynamic properties. The average, the standard deviation,
and the maximum difference between the group additivity and
the G3//B3LYP values for each property are shown in the inset
of the figures. The second MLR assumption of constant variance
is met as shown in Figure 3a—i for the enthalpy of formation,
entropy, and heat capacity from 300 to 1500 K. The residuals

are plotted versus the G3//B3LYP value for the enthalpy of
formation, entropy, and heat capacity. All graphs indicate that
there is no significant difference in variance of the residuals
over the range of fitted thermodynamic values. The error in the
enthalpy of formation reaches a maximum value of 1.78 kcal
mol~! for molecule 84 (C(CH;)(HC(0))(C,Hs)).

Shown in italics in Table 5 are group values that have been
regressed in other studies. There are eight molecular groups,
C—(Cn(COYH), C—(C)(H)(NO), C—(C)(H)2(NO), C4—(C)(O),
O—(Cy)(H), O—(Cy)(NO), O—(Cy)(NO,), and O—(NO)(O), that
have been regressed by Sumathi and Green,"> Ashcraft and
Green,>® Sebbar and Bozzelli,' and da Silva et al.'* Group
values from their work were not used explicitly in this work
but do offer a chance for comparison to our values. The values
from our study compare very well with the values of these
authors, thereby giving further validity to the group values
obtained in this work. Two of the above studies'*!> also report
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radical hydrogen bond increment (HBI) values, which would
enable the prediction of properties of radicals containing six of
the radical group values in our study. While no direct compari-
son between our group values and their HBI values is possible,
the groups for which HBI values are available in the literature
are still noted in Table 5.

Finally, the sensitivity of the group values to the molecules
included in the optimization was probed using a method similar
to that employed by Mavrovouniotis, who developed a group
contribution method to estimate standard Gibbs free energies
of formation for biochemical compounds.®* This analysis
randomly eliminated 10% of the database used in optimizing
the group values and compared the predictions of the Gibbs
free energies for those molecules not used in optimization to
the predictions obtained when they were used in optimization.
In a similar manner, we randomly removed 10% of the database
of molecules, or 32 molecules, and the group values were
reoptimized. Although removal was random, it was ensured that
the matrix of molecules and group values was still of full rank.
The process was repeated four times with different sets of
molecules removed during each optimization run. The difference
between the heat of formation values calculated from the full
optimization (323 molecules) and the heats of formation
predicted when the optimization was carried out with different
sets of 32 molecules eliminated was then examined for the 32
molecules that were removed. These differences are shown in
the form of a histogram in Figure S1 (Supporting Information)
for each of the four runs in which a different set of molecules
was excluded from the optimization. In these histograms, the
difference spans a range of 41 kcal mol~'. This is an indication
that the use of this group additivity method is not compromised
for molecules not included in the optimization.

5. Conclusion

The database of thermodynamic group values was expanded
substantially by performing G3//B3LYP calculations on a set
of molecules relevant to atmospheric chemistry. The thermo-
dynamic properties were corrected for internal rotations. Values
based on atomization energies, bond separation reactions, and
isodesmic reactions agreed well, as the maximum mean absolute
deviation among the methods for all molecules examined was
0.66 kcal mol ™! for the enthalpies of formation. However, given
that isodesmic reactions are known to improve estimates of the
enthalpies of formation, the average of two different isodesmic
reactions for each molecule was used as the recommended value.
Group values were estimated using MLR, and statistically
significant corrections were found by using ¢ test analysis at
the 80 and 98% confidence levels. The 122 new group values
were regressed from the G3//B3LYP data, and 21 gauche and
cis corrections and 5 secondary corrections were quantified,
resulting in a total of 151 new values that can be included in
existing group additivity databases. Enthalpies of formation,
entropies, and heat capacities obtained from group additivity
using the regressed values were in very good agreement with
the values obtained from quantum chemical calculations.
Furthermore, the group values obtained showed little sensitivity
to the molecules not used in the optimization, as evidenced by
the minimal changes in the calculated enthalpies of formation
for the removed molecules. The group additivity values obtained
in this study substantially augment the current database of groups
for estimating thermodynamic properties.
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the molecules from the atomization energy, bond separation
reaction, and isodesmic reaction methods as well as the entropy
and heat capacity as a function of temperature are shown in
Table S3. The ¢ values at each optimization of the group values
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studied and their hindered rotor information (symmetry number,
reduced moment of inertia, and Fourier series coefficients) is
also available. This material is available free of charge via the
Internet at http://pubs.acs.org.
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