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Thermochemical properties of dimethyl tetraoxide gOOOCH,), the dimer of the methylperoxy radical,

are studied using ab initio and density functional theory methods. Methylperoxy radicals are known to be
important intermediates in the tropospheric ozone cycle, and the self-reaction of methylperoxy radicals, which
is thought to proceed via dimethyl tetraoxide, leads to significant chain radical termination in this process.
Dimethyl tetraoxide has five internal rotors, three of them unique; the potential energy profiles are calculated
for these rotors, as well as for those in thedO®, CH;000, and CHOOOO radicals. The dimethyl tetraoxide
internal rotor profiles show barriers to rotation of-8 kcal mol?. Using B3LYP/6-31(d) geometries,
frequencies, internal rotor potentials, and moments of inertia, we determine entropy and heat capacity values
for dimethyl tetraoxide and its radicals. Isodesmic work reactions with the G3B3 and CBS-APNO methods
are used; we calculate this enthalpy-a8.8 kcal mof!. Bond dissociation energies (BDES) are calculated

for all C—0O and O-0O bonds in dimethyl tetraoxide, again with the G3B3 and CBS-APNO theoretical methods,
and we suggest the following BDEs: 46.0 kcal molor CH;—OOOOCH, 20.0 kcal mot* for CH;O—
OOOCH; and 13.9 kcal mott for CH;O0O—OOCH;. From the BDE calculations and the isodesmic enthalpy

of formation for dimethyl tetraoxide, we suggest enthalpies of 2.1, 5.8, and 1.4 kcal fapthe CHOO,
CH;000, and CHOOOO radicals, respectively. We evaluate the suitability of 10 different density functional
theory (DFT) methods for calculating thermochemical properties of dimethyl tetraoxide and its radicals with
the 6-31G(d) and 6-311+G(3df,3pd) basis sets, using a variety of work reaction schemes. Overall, the
best-performed DFT methods of those tested were TPSSh, BMK, and B1B95. Significant improvements in
accuracy were made by moving from atomization to isodesmic work reactions, with most DFT methods
yielding errors of less than 2 kcal maélwith the 6-31H1-+G(3df,3pd) basis set for isodesmic calculations on

the dimethyl tetraoxide enthalpy. These isodesmic calculations were basis set consistent, with a considerable
reduction in error found by using the 6-3t1G(3df,3pd) basis set over the 6-31G(d) basis set. This was not
the case, however, for atomization and bond dissociation work reactions, where the two basis sets returned
similar results. Improved group additivity terms for the-O—O moiety (O/Q central atom group) are also
determined.

Introduction the rate of ozone production. Methyl peroxy radicals are one
of the most atmospherically abundant organic peroxy radicals;
self-reaction of the methyl peroxy radical has been well-studied
experimentally? and the process has been found to proceed by
the overall reactions of eqs—%. A recent review of the
experimental data on the methyl peroxy self-reaction suggested
an overall rate constant of 36 10713 cm?® molecule’! s at
NO, undergoes photodissociation to produce atomic oxygen and298 K32 although measured values for this rate constant span a
NO (eq 2), where atomic oxygen is known to react witht® range from 5.2x 10710 1.3 x 10_1.3 o molecule™ s at .
yield ozon’e (eq 3). Furthermore, NO will consume ozone in a 298 K. The methyl peroxy seIf-reaCtK_)n_demonstrat_es anegative
reaction forming Né and G (eq A:) The combination of these temperature de_pendenc_e, glthough it is relatively insensitive to
reactions shows how the produétion of N@q 4) and the temperature, with an activation energy of onl9.73 kcal mo’r.l
consumption of NO (eq 1) leads to a net production of ozone between 200 and 400 Kin the _methyl peroxy self-reaction,
only eqgs 5 and 6 are of any real importance, with recommended

Peroxy radicals (HOOand ROOQ) in the troposphere play
an important role in the ozone cydighrough the following
reaction with NO

ROC + NO— RO + NO, (1)

NO, + hu —NO + O @ branching ratios of 0.63 and 0.37, respectivElhe branching
ratio for eq 7, however, is estimated to §€.063 We observe
0+0,+M—0,+M ©) that eq 5 results in the chain termination of both peroxy radicals,
while eq 6 results in the production of two methoxy radicals
NO+0,~NO, + O, “) 2CH00 — CH,0H + CH,=0 + O, (5)
Peroxy radicals can be removed from the troposphere by their . |
reactions with other peroxy radicals, with a negative impact on 2CH00 —2CH,O" + O, ©6)
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reaction processes involved in this reaction or the thermochem-—11.8 kcal mot?, which is in serious disagreement with the
istry and intrinsic reaction kinetics of these elementary processespreviously reported group additivity values. Francisco and
Recent computational studies on thésd similar system¥$have Williams!® used semiempirical MNDO calculations to derive a
begun to elucidate aspects of these processes, and alkylgroup additivity value of 55+ 6 kJ mol? (13.1 kcal mot?)
tetraoxides, such as dimethyl tetraoxide, have emerged asfor the O/Q group, and they used this value to calculate the
important intermediates. The experimental observation of a small enthalpy of formation of CEDOOOCH to be—3.8 kcal mot ™.
negative activation energy suggests a chemically activated Using MINDO/3 semiempirical calculations, Kokorev et?al.
reaction mechanism, where the initial reaction step is a calculated the enthalpy of formation of @ROOOCH as 6.3
barrierless radicat radical association reaction. kcal moll, which agrees relatively well with the values
The role that methyl peroxy radicals play in tropospheric suggested by Bens&nand Nangia and Bensdf.

chemistry has long been known, but it is a recent concern that  The radicals derived from dimethyl tetraoxide are of impor-
these radicals may be important combustion intermediates, tance to atmospheric and combustion chemistry in their own
especially during low-temperature processes such as those inight, and detailed thermochemistry for these species is of much
the cool-down zones of furnaces and in cool flame combustion ysefulness. The radicals formed upor-@G and G-O bond
systems. Methyl radicals will react with,(producing CBOO dissociation in dimethyl tetraoxide are methyl (§Hnethoxy

at lower temperatures, and products such as;@Hnd (CH30), methlyperoxy (CHOO), methyltrioxy (CHOOO), and
formaldehyde at elevated temperatutéecent studies within - methyitetraoxy (CHOOOO). The importance of GO in

our research group on oxy-hydrocarbons important in low- atmospheric chemistry is established above, while the &td
temperature combustion processes, including formaldehiyde, .0 radicals are both well-known combustion intermediates.
n-aldehydes$,and vinyl alcohoP have identified several possible Tetraoxy radicals such as GBOOO are involved in strato-
pathways for Cldformatlor_l. For example, vinyl alcohol, which . spheric ozone destruction, as intermediates in reactions such as
has been detected as an important low-temperature combusnortHSO + 03 — CHy00 + O,.2* Similarly, trioxy radicals are
intermediaté?” will undergo kete-enol tautomerization tojmnjicated in ozone destruction through reactions of the type
acetaldehyde with an activation energy of 55.9 kcah’h&llt CHs + O3 — CH30 + 0,22 The methyltrioxy radical has also
has been demonsirated thast the weakest bond in acetaldehydge suggested as an intermediate in the atmospheric degrada-
is the CHC(=O0)—H bond? making this hydrogen atom tion of dimethyl sulfoxidez?

susceptible to abstraction by available radicals (especially at . . _— . .
P y (esp y In this study we use high-level ab initio and density functional

temperatures below 600 K} yielding the resonantly stabilized ) . .
acetyl radical (CHC*=0). The acetyl radical rapidly dissociates theory techniques to study the thermochemistry of dimethyl

to CHs and CO, where the activation energy is only 17 kcal tetraoxide, due to its importance in th_e ozone cycle, as 'weII as
mol~1.1213 This process provides a ready source of methyl the possibly understa}ted role that this molecule plays in low-
radicals for methyl peroxy radical formation in low to moderate temperature combustion processes. We calculate the molecule’s
temperature thermal systems. Another route to methyl radical Standard enthalpy of formation\(H°29g), entropy &), heat
formation is by abstraction of the weak @HCHO—H hydro- capacity as a function of temperatu@(T)), BDEs, and internal
gen atom in vinyl alcohol, forming the resonantly stabilized rotor potentials. Furthermore, we evaluate the abililty of a wide
vinoxy radical® The vinoxy radical will then dissociate to give range of density functional theory methods to accurately
CHs + COY2- via an initial intramolecular hydrogen shift ~ calculate the thermochemical properties ofO0O0CH and
forming the acetyl radical, with an activation energy of 40 kcal its radicals. This study extends upon previous computational
mol~1.12 Despite its potential importance, the self-reaction of Works on tetraoxide systems principally through its characteriza-
the methyl peroxy radical has received relatively little attention tion of the internal rotor potentials for accur&®andCy(T) as
in the combustion literature. Peroxy radical chemistry is well as by assessing a wider range of ab initio and density
especially important to ignition in the next generation of higher functional theory techniques. It is hoped that this work will
efficiency homogeneous charge compression ignition (HCCI) provide valuable thermochemical input for use in the construc-
engines and pulse detonation engines (PDE). tion of accurate reaction models for the methyl peroxy radical,
Although there is essentially no experimental information on in both atmospheric and combustion processes.
the enthalpy of formation or bond dissociation energies (BDES)
of dimethyl tetraoxide, many of these properties have been Computational Methods
previously estimated from group additivity and semiempirical
calculations. Using group additivity, Bengéfinds the enthalpy Optimized molecular geometries for QHOOOCH, as well
of formation of CHOOOOCH to be 6 + 8 kcal mol™ as its dissociation products GBOOO, CHOOO, CHOO,
Benson® also estimates enthalpies for the {4 CH;00, and CH30, and CH, have been calculated at the B3LYP/cc-
CH300Q0 radicals as % 2, 5.5+ 3, and 24.5+ 6 kcal mol?, pVTZ+d level of theory. In all cases, only the lowest energy
respectively. Using the enthalpy values reported by Be#on, conformer is considered, which is identified from an internal
we calculate the CkD—OOOCH; BDE to be 20.5 kcal moft rotor analysis. Using the program SMCP'Syith B3LYP/cc-
and the CHOO-OOCH; BDE to be 5 kcal mol'. Later,  py774d geometries, frequencies, and moments of inertia, we
Nangia and Bensdh refined these group additivity values, calculateS® 05 andC,(T) values for each molecule. Entropy and
resulting in an enthalpy for G®OOOOCH of 3.6 keal mot?, heat capacity contributions from all internal rotors are explicitl
with enthalpies for CHO, CHO0, CH0O00, and CHOO0O capactly | pictly
considered using the program ROTAT®Rere, relaxed scans

of 3.9, 6.2, 23.0, and 39.8 kcal mel These updated group of the dihedral angles corresponding to internal rotation were
aaditivity values provide a C¢0000CH BDE of 71.0 kcal performed at the B3LYP/6-31G(d) density functional level,

mol~? (using the experimental enthalpy of 34.82 kcal mol Y i ,
for CHs), a CHHO—OOOCH; BDE of 23.3 kcal mat?, and a providing internal rotor potentials. These rotor potentials were

CHs;O0—0OCH; BDE of 8.8 kcal mot®. Lay and Bozzelf” fit with seven-parameter Fourier series expansions, which were
derived new group additivity values ef5.5 and 9.6 kcal moft used in the ROTATOR program to construct internal rotor
for the O/C/O and O/@groups, respectively. Using these group Hamiltonians that were then solved to evaluate entropy and heat
values with the recommended enthalpy for the £0Hgroup?® capacity contribution$> When calculating a molecule’s entropy

we now calculate the C¥0OOOCH enthalpy of formation as  and heat capacity, the vibrational frequencies corresponding to
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SCHEME 1: Isodesmic Reactions Used To Calculate the
Enthalpy of Formation of CH3000O0CH3

(1-1) CH;0000CH; + 3H,0 — CH30CH;3 + 3H,0,

(1-2) CH;0000CH;3 + 2H,0 — 2CH300H + H,0,

(1-3) CH;O000CH;3 + 4H,0 — 2CH30H + 3H;0,

(1-4) CH;0000CH;3 + 4H,0 + CH3;CH,CH; — 2CH3CH,OH + 3H;0, + CHy
(1-5) CH;0000CH; + 2H,0 — CH300CH; + 2H,0,

TABLE 1: Reference Enthalpies Used in the Isodesmic
Work Reactions of Schemes 1 and 2

AtH®208
(kcal moi) reference
H.O —57.7978+ 0.01 31
OH 9.319+ 0.03 30
H,O, —32.53+ 0.05 30
HOO 2.94+ 0.06 32
CH, —17.94+0.1 33
CH3CH.CH;3 —25.02+ 0.14 34
CH3OH —48.07+ 0.05 35
CH30 442+ 0.7 36
CH3;CH,OH —56.23+0.12 37
CH3OCH; —43.99+ 0.12 38
CH;0O0CH; —30.0 39
CH3;OO0H —31.31+ 1.2 40
SCHEME 2: Isodesmic Reactions Used To Calculate the

C—0 and O—0O BDEs in CH30000CHj3

Bond Reaction

CH;—OOOOCH; _ (2-1) CH;0000CH; + CH;0 — CH;0CH; + CH;0000
(2-2) CH;0000CH; + HOO — CH;0H + CH;0000
(2-3) CH;0000CH; + OH = CH;0H + CH;0000

CH;0_0OOCH; _ (2-4) CH;0000CH; + 20H — CH;0 + CH;000 + H,0,
(2-5) CHs0000CH; + OH — CH;000 + CH;00H

CH;00—O0OCH; _ (2-6) CH;0000CH; + 20H — 2CH;00 + H,0,

(2-7) CH;0000CH; + CH30 + OH — 2CH300 + CH;00H

internal rotation were omitted from the SMCPS calculations,
with the ROTATOR corrections added to the final values.
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Figure 1. Molecular geometry of CEDOOOCH at the B3LYP/cc-
pVTZ+d level of theory.

theory (DFT) methods, from atomization reactions and with the
isodesmic reaction schemes outlined above. We have selected
the DFT methods B3LYP2 TPSS?* PBE(* (otherwise known

as PBE1PBE or PBEh), O3LY®*°BMK, 46 B98/” B1B9542248
VSXC 2 TPSSH350and X3LYP42051for evaluation. Molecular
geometries for each method were optimized with the 6-31G(d)
basis set. Higher-level single-point energy corrections were then
applied with the 6-311++G(3df,3pd) basis set.

Results and Discussion

Molecular Geometries and Internal Rotor Potentials.
Figure 1 illustrates the optimized B3LYP/cc-pVF¥d geometry
for CH;OOOOCH, while Figure 2 shows the B3LYP/cc-
pVTZ+d geometries of the C¥DO0O0O, CHOOO, and CH
OO radicals. Additionally, €0 and O-O bond lengths for
each of these species and the methoxy radical are listed in Table
2 along with B3LYP/6-31G(d) and QCISD/6-311G(d,p) bond
lengths from the G3B3 and CBS-APNO calculations, respec-
tively. It is interesting to note that at both levels of theory the
CH30000 radical is predicted to exist as a loosely bound
complex between a methoxy radical and molecular oxygen, with

Hindered internal rotor corrections to entropy values are also the QCISD calculations predicting a significantly longer £H

calculated using the formalism of Ayala and Schl€§ehs
implemented in Gaussian 03.

OO—-00 bond length. However, there is generally good
agreement between the B3LYP and the QCISD geometrical

Accurate enthalpies of formation and bond dissociation parameters, with differences being typically 0.02 A or less, as

energies are determined using the composite theoretical methodéllustrated in Table 2. Comparatively, Ghigo et*&lobtained
G3B37 and CBS-APN(® Isodesmic work reactions are used bond lengths of 1.406, 1.474, and 1.413 A for the respective
to minimize systematic calculation errord? these isodesmic ~ C—0, CO-0, and OG-OO0 bonds in dimethyl! tetraoxide from
enthalpies are validated against atomization enthalpies, whichcomplete active space multiconfiguration self-consistent field
we calculate using the C, O, and H enthalpies of the National (CAS-MCSCEF) calculations. These values are within satisfactory
Institute of Science and Technologyoint Army Navy Air agreement of our B3LYP and QCISD bond lengths, although
Force table$® The isodesmic work reactions used for £H  in the multireference CAS-MCSCF calculations there is some
OOO0OCH are listed in Scheme 1; the reference species utilized contraction of the two €0 bonds (ca. 0.02 A) and lengthening
in these reactions are listed in Table 1, along with their of the two CO-O bonds (ca. 0.04 A). This may be related to
experimentally determined enthalpies of formation. Bond dis- admixing of a low-energy triplet structure in the dimethyltet-
sociation energies are also calculated using isodesmic workraoxide ground state, such as §€HO,—CH;zO.
reactions, as well as using the non-isodesmic bond dissociation The internal rotor potentials for motion about the {0—
reactions. The isodesmic reactions used to determine bondOOCH;, CH;O—OOOCH;, and CH—OOOOCH bonds in
energies for each of the @0 and C-O bonds in ChH- dimethyl tetraoxide have been calculated from relaxed scans
OOOOCH are provided in Scheme 2, and enthalpies of of the corresponding dihedral angles at the B3LYP/6-31G(d)
formation for the reference species are included in Table 1. In level of theory. The CeE-OOOOCH rotor is depicted in Figure
addition, enthalpies of formation for each of the radicals 3; this rotor occurs twice in C#DOOOCH and exhibits a
corresponding to dissociation of the gHOOOCH radical are barrier to internal rotation of ca. 2.5 kcal mé] with 3-fold
calculated from the enthalpy of formation of gBIOOOCH; symmetry. The minimum for ©CHjz rotation is the result of a
and the individual BDEs. These enthalpy values are also favorable dipole-dipole interaction between the H atom and
compared with atomization enthalpies. All ab initio and density the electronegative oxygen atom bonded to the methyl carbon.
functional calculations were performed with the Gaussian 03 This is illustrated in Figure 4, where the electrostatic potential
program* Molecular geometries (in Cartesian coordinates) and for dimethyl tetraoxide has been mapped onto the total electron
enthalpies (in hartrees) for GBOOOCH; and its radicals are  density isosurface.
provided in the Supporting Information. The CHO—OOOCH; rotor potential is depicted in Figure
The enthalpy of formation of dimethyl tetraoxide, and its 5. This rotor occurs twice in dimethyl tetraoxide, with an
BDEs have been calculated using a variety of density functional asymmetrical barrier and with two minima. In both minima the
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Figure 2. Molecular geometries of the GBOOO, CHOOO, and CHOO radicals (from left to right) at the B3LYP/cc-pVHzl level of theory.

3.0 T T T

Relative Energy (kcal moI")

) 90 180 270 360 Figure 4. Electrostatic potential mapped onto the total electron density
Dihedral Angle (degrees) isosurface for C/DOOOCH;: red,—0.04764; green, neutral; dark blue,
Figure 3. CH;—OOOOCH internal rotor potential, calculated at the 0.04764.
B3LYP/6-31G(d) level. 7 , , ,
TABLE 2: Bond Lengths (A) in CH ;0000CH; and Its
Radicals at the B3LYP/6-31G, B3LYP/cc-pVTZ+d, and 64
QCISD/6-311G(d,p) Theoretical Levels —’6‘
B3LYP/ B3LYP/ QCISD/ E %]
6-31G(d)  cc-pVTZ+d  6-311G(d,p) 8 .
CH;0000CH &
CH;—0O000CH 1.4266 1.4249 1.4254 o,
CH;0—00O0CH; 1.4351 1.4311 1.4156 g
CH;00—-00CH; 1.4231 1.4169 1.4082 %
CH,0000 3’
CH;—0O000 1.4487 1.4467 1.4411
CH;0—000 1.3228 1.3170 1.3241 "
CH;00-00 2.8730 3.0818 3.3685
CH;000-0 1.2146 1.2057 1.2020 0 . L
0 90 180 270 360
CH;—000 1.40ng3000 1.3987 1.4222 Dihedral Angle (degrees)
CH;0-00 1.5829 1.5891 1.4832 Figure 5. CH;O—OOOCH; internal rotor potential, calculated at the
CH,00-0 1.2472 1.2355 1.2711 B3LYP/6-31G(d) level.
CH;0O two minima, both gauche and 2.5 kcal mbtlifferent in energy.
2:3698 i'gggg %-gf?f %-gggf In the global minima the methyl groups are directed away from
® ’ ' ’ each other, while in the less-stable conformer the methyl groups
ChOr are directed toward each other. Increased steric and electrostatic
CHs—0 1.3686 1.3627 1379 interaction between the methyl groups explains the ca. 3 kcal
rotating CHO moiety is in a gauche conformation, with-©— mol~1 energy difference between the two rotational isomers.
O—0 dihedral angles of ca. 9@nd 270. The energy difference  There exist two rotational transition states on the;OB-—
between the two minima is almost negligible i kcal mor?). OOCH; potential energy surface of a similar energy, corre-

The maximum barrier for rotation occurs with a barrier of around sponding to the cis and trans geometries. A small inflection
6 kcal mol1, with this rotational transition state corresponding also exists near the trans rotational transition state; this is not
to a cis geometry (EO—0O—0 dihedral~0°). The second, considered further here. The cis transition state is more staggered
lower-energy, rotational transition state exhibits a trans geometry than the trans transition state, with respective @-0O—0
(C—0—0—0 dihedral~18C), with barrier of ca. 4 kcal mof. dihedral angles of 27%4(vs @ in the fully cis structure) and
The favored gauche conformation across peroxy bonds{RO 162.6 (vs 180 in the fully trans structure).
OR) is well-known in the literature? As shown above, the energy required for internal rotation
The final rotor potential for dimethyl tetraoxide, correspond- about peroxy bonds in dimethyl tetraoxide is significantly greater
ing to CHLOO—OOCH; internal rotation, is illustrated in Figure  than that required for rotation about the two £HDOOOC
6. This rotor demonstrates an asymmetric 2-fold potential, with bonds. Internal motions about the three peroxy bonds may
a maximum barrier for rotation of ca. 7 kcal mél There exist therefore be best described as vibrational frequencies and not
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8 ' ' ' internal rotors in dimethyl tetraoxide and all internal rotors in
the remaining species using ROTATOR, are listed in bold. Heat
capacities calculated with the recommended rotor treatment, for
T = 300-1500 K, are provided in Table 4 along with
recommended values & ,9g and the point group symmetry of
each species. Finally, for comparative purposes we also present
entropies adjusted for internal rotation using the formalism of
Ayala and Schlegel (A & S), as implemented in Gaussian 03.
Entropies are provided for the three different internal rotor
corrections available under this internal rotor scheme, i.e.,
Truhlar?® Pitzer and Gwin®* and “best fit"*! These three
methods use different correlations to approximate the hindered
rotor partition function, which lies between the limiting free

0 . . . . . h rotor and harmonic oscillator values.

0 90 180 270 360 In Table 3 we find that the entropy of GBOOOCH; varies
Dihedral Angle (degrees) considerably with the different methods of treating the internal
Figure 6. CH;0O—-OOCH; internal rotor potential, calculated at the  rotors. All of the methods find the entropy to be several cal
B3LYP/6-31G(d) level. mol-1 K1 greater than the RRHO value, demonstrating that
. . o . . proper treatment of the internal rotors is important. The
as hindered mterna_l rotors. This IS especially true given t_hat recommended ROTATOR entropy agrees relatively well with
the weakly bound dimethyl tetraoxide molecult_e W'”_ only exist the A & Svalues, with differences of between 1.4 and 2.4 cal
at low to moderate temperatures, where the v!bratlonal eNergy o1-1 K-1. However, when all of the internal rotors in GH
may be too onv fqr rotation 9bOUt the-@ single boﬂds- OOOOCH are treated using ROTATOR we find an entropy
Furthermore, S|gn|_f|cant COUp“ng of the peroxy rotors s also value that is ca. 68 cal moit K~ greater than the other values
expectgd, where mterna_l motion- of the molecule in three- and believe this is an overestimation of the molecular entropy
dimensional space contributes to rotation about two or more due to the significant coupling of the internal rotational modes.

bonds. Full treatment of the three peroxy rotors according to For the radicals CEDOOO, CHOOO, and CHOO proper
the one-dimensional rotor potentials calculated in this study treatment of the internal rotors provides a smaller, but still

\évr?#éd th:rﬁf(r)\reeatrizuggi]t ar']rr?i\'/s eé?fi%??f?g?& dornt:r?aan;gk\j\ztut:ett?e significant, correction to the entropy over the RRHO values.
Py pacily. This is due to the presence of only one low-energy methyl

nhumber of internal rotors and should become even more rotational mode in these radical species. We also see that the
fé%?ég?gm in dimethy tetraoxide than in the methyl polyoxy ROTATOR entropies calculated using only the methyl internal
' . rotors agree very well with those calculated using all internal
Internal rotor potentials for the GO, CHOOO, and C - :
0000 radicalspare provided as Supporzl?]g Informatio?\- We rotors, which suggests a much lesser degree of coupling for
. ) L these species than in GHOOOCH. For CH0O, the A & S
were not able to determine contiguous rotor energy profiles for ) .
CHO—000 and CHOO—O00 rotors with relaxed scans. We entropies are very similar to the RRHO values. Fos;0800
el 3 ; : the A & S calculation failed, while for CEDOO it provided
initially performed rigid scans of the rotor potentials, followed . h lear] listic. Th
by geometry optimizations at 3@ntervals (over only 180for entropy corrections that are clearly unrealistic. The reason for
CH,0—000, using 2-fold symmetry), with the respective the failure of tle A & S rotor treatment in these radicals is
dihgdral angI’es frogen As in){jimethgl ietraoxide thegl)-l unknown but might be related to incorrect identification of the
. ’ 3 .o . .
internal rotors exhibit 3-fold potentials with low-energy barriers molecular connectlvm{ and/or the internal rotatlonal_ modes.
Enthalpy of Formation of CH300OOCH3. Reaction en-

(<1 kcal mof1). However, for rotation about ©O bonds in : - ) )
these radicals we find rotational barriers of 3 kcal maand ~ thalpies for the isodesmic work reactions of Scheme 1 have

below. We therefore suggest that all rotors in the methyl polyoxy Peen calculated with the G3B3 and CBS-APNO methods and
radicals be treated as hindered internal rotors and not asare listed in Table 5, along with the enthalpies of formation
vibrational frequencies. Rotor coupling in these radical species obtained with each reaction. We find that the reaction enthalpies

should also be less important than that in dimethyl tetraoxide, &€ relatively small, indicating good cancellation of bond energy
further supporting this approach. across the work reactions. The enthalpies calculated with the
Entropy and Heat Capacity. Entropy &2e9 and heat  tWwo theoretical methods agree to within 0.5 kcal rﬁdpr all
capacity Co(T)) values have been determined for £H five work reactions. The enthalpies of formation obtained with
OO0O0O0OCH and its radicals CHDOOO, CHOOO, CHOO, and reaction 1-2 in Scheme 1 are, on average, 0.7 kcathsohaller
CH:O using B3LYP/cc-pVTZd geometries, moments of than the values obtained with the other work reactions. This
inertia, and vibrational frequencies. Heat capacity values have could be the result of a small error in the enthalpy of formation
been calculated over the temperature range from 300 to 15000f CHsOOH (which is the only unique species in this work
K. Entropy values for CHDOOOCH;, CH;0000, CHOOO, reaction), where the experimental enthalpy-&1.31 kcal mot*
CH3OO’ and CHO are obtained using several different ap- is too low by 0.3-0.4 kcal mOTl, with the correct value
proaches to treat the internal rotational modes, and the resultstherefore being ca-31.0 kcal mot™. There is some support in
are presented in Table 3. First, we present the rigid-rotor- the literature for this assertion, where the 298 K enthalpy of
harmonic-oscillator (RRHO) entropies, in which all modes are formation of CHOOH has been calculated as30.4, -30.7,
treated as vibrational frequencies. Following this we present and —30.75 kcal mot* with the respective CCSD(T)/CBS,
entropies determined using the internal rotor contributions CBS-APNO, and CBS-Q theoretical methdés.
calculated using the ROTATOR program with (a) only the Table 6 lists the average isodesmic enthalpies of formation
methyl internal rotors and (b) using all internal rotors. Our for the two theoretical methods, compared to enthalpy values
recommended entropy values, where we treat only the methyl obtained using an atomization work reaction. Comparatively,

Relative Energy (kcal mol™)
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TABLE 3: Entropies (cal mol~! K1) for CH30000CHj; and Its Radicals, Calculated Using Different Internal Rotor
Treatments, at the B3LYP/cc-pVTZ+d Level of Theory?

CH;0000CH CH;O0000 CHOOO CHOO CHO
RRHCO 83.53 95.66 71.37 64.30 56.64
methyl rotor(s) 88.13 96.58 73.95 66.86
all rotorg' 93.77 96.76 75.89 66.86
Ayala and Schlegel (F) 85.69 —-11.60 64.09
Ayala and Schlegel (P®) 86.70 —11.60 64.52
Ayala and Schlegel (BF) 86.61 64.51

aRecommended values are listed in bdldll vibrational modes treated as frequencies using the RRHO approximéatiéethyl internal rotors
are treated using the ROTATOR progratll internal rotors are treated using the ROTATOR progr&RRHO entropies are corrected according
to the formalism of Ayala and Schlegel as implemented in Gaussian 03, using the corrections of Truhlar (T), Pitzer and Gwinn (PG), and the “best
fit” (BF) values?®

TABLE 4. Recommended Entropies and Heat Capacities (cal mol K—1) and Symmetry Point Groups for CH;OOOOCH; and
Its Radicals from B3LYP/cc-pVTZ+d Calculations

point

group S’208 Cy(300) Cy(400) C,(500) Cy(600) C,(800) C,(1000) Cy(1500)
CH;0000CH C 88.13 27.46 32.58 36.95 40.59 46.20 50.31 56.68
CH;0000 C: 96.76 22.69 25.05 27.06 28.68 31.05 32.71 35.23
CH;000 Cs 75.89 17.61 19.58 21.43 23.10 25.87 27.96 31.23
CH;00 Cs 66.86 12.02 14.06 16.11 17.91 20.78 22.90 26.20
CH;O C: 56.64 9.83 11.57 13.24 14.71 17.12 18.95 21.84

TABLE 7: Isodesmic Reaction Enthalpies and BDEs for

TABLE 5: Isodesmic Reaction Enthalpies and Enthalpies of
CH30000CH; Determined Using Isodesmic Reactions

Formation of CH3OOO0OCH; Determined Using Isodesmic
Work Reactions

AnnH® BDE
AnH°® AH° (kcal mof) (kcal molt)
A T
(kcal mof™) (keal mol™) reactod ~ G3B3  CBS-APNO  G3B3  CBS-APNO
reactiort G3B3 CBS-APNO G3B3 CBS-APNO CH:—0000CH
1-1 41.18 41.27 —9.37 —9.46 2-1 —38.12 —37.83 4511 45.40
1-2 30.68 30.95 —10.23 —10.50 2-2 —22.89 —21.44 46.18 47.63
1-3 46.82 47.03 —9.36 —9.57 2-3 —45.78 —45.63 46.42 46.58
1-4 37.75 38.21 —9.49 —9.95
CH;0—0O0O0CH;
1-5 30.52 30.79 —9.99 —10.25 2-4) -30.37 22848 20.80 22.69
2 Reaction numbers correspond to those of Scheme 1. 2-5 —25.14 —22.95 19.91 22.10
. . CH;00-00C
TABLE 6: Enthalpies of Formation of CH ;0000CHj3 2.6 —34.25 3—36 74 H 16.92 14.43
Determined Using Isodesmic and Atomization Reactions 2.7 —29.01 —31.21 16.03 13.84

(kczﬁf::;rl) @ Reaction numbers correspond to those of Scheme 1.
isodesmic G3B3 97 usually greater than, the bond energies. Therefore, the use of
work CBS-APNO —9.9 bond dissociation work reactions should provide more accurate
reactions average -9.8 BDESs than our isodesmic work reaction, as there should be a
atomization G3B3 —8.0 greater degree of bond error cancellation, while also making
work CBS-APNO —9.3 use of more accurately known reference enthalpies. The
reactions average —87 isodesmic work reactions will still offer some advantages over

there is a ca. 1 kcal mot difference between the isodesmic the bond dissociation work reactions, such as conservation of
and the atomization enthalpies. From the above calculations,electron spin (leading to cancellation of spin contamination) and
we recommend a value ef9.8 kcal mot™ for CH;000O0CH, conservation of the number of molecular fragments (leading to
which is an average of the isodesmic values obtained with the cancellation in the basis set superposition error). The BDE
CBS-APNO and G3B3 theoretical methods. Comparing this values obtained for the G3B3 and CBS-APNO methods using
value to previous group additivity estimates, we find that the bond dissociation work reactions are listed in Table 8, along
earlier group additivity and semiempirical values#®1° 3.6 with the average BDEs from isodesmic reaction analysis. In
and 6.3° kcal moiY) are in significant error, while the more  Table 8 we see that the average BDEs suggested by each method
recent values<£11.8® and —3.8!9 kcal mol1) agree with our agree to within 1.5 kcal mol, which reflects the higher degree
calculated enthalpy, at least to the degree expected for groupof error associated with these calculations relative to those for
additivity approximations. the closed-shell molecule GBOOOCH,. Based upon the
Bond Dissociation EnergiesBond dissociation energies for  results presented in Table 8, we recommend g-8BDOOCH
the C-O and G-O bonds in CHOOOOCH have been BDE of 46.0 kcal mot!, a CHFO—OOOCH; BDE of 20.0 kcal
calculated with the G3B3 and CBS-APNO theoretical methods, mol~?, and a CHOO—-OOCH; BDE of 13.9 kcal mott. We
using isodesmic and bond dissociation work reactions, as estimate the uncertainty of these bond energies to be ca. 2 kcal
discussed in the Computational Methods section. Table 7 lists mol=2.
the isodesmic reaction enthalpies and the BDEs obtained using Using reference enthalpies for GHind CHO and our
these isodesmic work reactions. We find that all of the bonds calculated CHOOOOCH; enthalpy, we can use our recom-
are relatively weak, especially the-@ bonds. Interestingly, = mended BDEs to determine enthalpies of formation for the-CH
the isodesmic reaction enthalpies are of a similar value to, andOO, CHOOO, and CHOOOO radicals. Table 9 lists our
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TABLE 8: CH 30000CH; BDEs Determined Using
Isodesmic and Atomization Work Reactions

BDE (kcal mol?)

isodesmic  bond dissociation

work reactions work reactions
CH;—0O0O0O0OCH G3B3 45.9 451
CBS-APNO 46.5 46.8
average 46.2 46.0
CH;0O—-000CH;, G3B3 20.4 18.3
CBS-APNO 22.4 21.7
average 21.4 20.0
CH;0O0-00CH; G3B3 16.5 14.4
CBS-APNO 14.1 13.4
average 15.3 13.9

TABLE 9: Recommended CHOOOOCH; BDEs and
Enthalpies of Formation (AsH°,gg) for the CH3;00,
CH3000, and CH;0000 Radicals?

BDEP AfH 206"
CHs;—0O000CH 46.0 CHOO 2.1
CHs;0—000CH; 20.0 CHOOO 5.8
CH;00—-00CH; 13.9 CHOOOO 1.4

a All values are given in kcal mot. ® Average of CBS-APNO and
G3B3 calculations, using bond dissociation work reacti6isom
calculated BDEs and GJ®OOOCH enthalpy, using experimental GH
and CHO enthalpies.

TABLE 10: Literature Group Additivity Values for the
O/O, Group Enthalpy?2

0O/0O; enthalpy
Bensor® 17.5
Nangia and Bensdh 16.3
Kokorev et ak® 17.7
Francisco and Williani8 13.1
Lay and Bozzelfi” 9.6
this study 9.6

a All values are given in kcal mot.

da Silva and Bozzelli

time the O/Q group enthalpy has generally decreased, converg-
ing toward our recommended value

AH° (CHO0000CH) = 2C/Hy/O + 20/C/O+ 20/0, (8)

Similar group additivity calculations have been performed for
S’298 and Cy(T) of the O/Q group in CHOOOOCH. For the
C/H3/O and O/C/O groups, we have utilized the group additivity
values of Bensdt and Lay®’ respectively. The resulta®fog
andCy(T) values determined for the Of@roup and reference
values for the C/f/O and O/C/O groups are presented in Table
11.

Density Functional Theory Calculations.Density functional
theory can provide a relatively inexpensive means of accurately
calculating thermochemical properties. This can be especially
useful for large systems, which may not render themselves
suitable to study with more computationally intensive theoretical
methods, such as those employed in our above calculations. The
organic tetraoxides formed from alkyl peroxy radicals larger
than the methyl peroxy radical may constitute such molecules,
and it is therefore useful to identify which DFT methods are
best suited to studying these systems. It is important to note,
however, that the hybrid DFT methods may introduce some
systematic error when moving to systems with increasingly large
alkyl substituent§8 In addition the recent literature includes a
number of new density functionals now available to the
computational chemist; the benchmarking of these functionals
with a diverse range of molecules, featuring an array of bonding
environments, is of value. It is particularly important to evaluate
the DFT methods designed for accurate thermodynamics of
transition states and for properties of molecules featuring weak
bonds with significant long-range nonbonded interactions.
Density functional theory traditionally has been criticized as
poor for these systems. The gBOOOCH molecule and its
radicals provide us with a very good opportunity to study some
of these newer DFT methods.

We have chosen to use the DFT methods B3LYP, TPSS,
PBEO, O3LYP, BMK, B98, B1B95, VSXC, TPSSh, and
X3LYP. These methods present an assortment of density
functionals, including several that were either designed for, or
have demonstrated accuratacy in, studies on some transition

recommended enthalpies for each of these radicals, as well astates and other weakly bonded molecules (i.e., BIIE98 >

the recommended BDEs.

Calculated BDEs for dimethyltetraoxide have been previously
reported in the literature, and provide a comparison with our
recommended bond energies. Ghigo et'ateported reaction
enthalpies for the 2C}00 — CH3;0000CH and the 2CH-
OO — CH30 + CH3;000 reactions at the CAS-PT2/6-311G-
(2df,p), CBS-Q, and G2 levels. They obtained BDEs of 12.8,
15.0, and 9.2 kcal mot for the CHFOO—OOCH; bond and
21.5, 24.0, and 19.1 kcal nidifor the CHHO—OOOCH; bond,
with the CBS-Q, G2, and CAS-PT2 methods, respectively.
These values compare well with our respective BDEs of 13.9
and 20.0 kcal moft.

Group Additivity Values. Our new calculation of the
enthalpy of formation of CEDOOOCH allows us to redeter-
mine the important O/@group additivity value. Using group
additivity, the enthalpy of formation of C#0OOOCH is
calculated from eq 8, using the GJ&@, O/C/O and O/@groups.
While the C/H/O and O/C/O group enthalpy values are now
relatively well-established, that of O4@ not. Using the C/HIO
and O/C/O group values of Cohen and Berl8qr-10.0 and
—4.5 kcal mot?, respectively), we calculate the G/@roup
enthalpy to be 9.6 kcal mol. Table 10 compares this group

B1B9559-80TPSS(h)° and PBE®?). We also include a mix of
hybrid and nonhybrid functionals, while also including several
generalized gradient approximation (GGA) and meta-GGA
methods. Geometry optimization and frequency calculations are
performed for all methods using the douldlé&-31G(d) basis

set. Single-point energies, based upon 6-31G(d) geometries, are
also obtained for each DFT method using the 6-83+G(3df,-

3pd) basis set; this is a larger triplbasis set, augmented with
diffuse and polarization functions.

Table 12 lists enthalpies of formation calculated for £H
OOOO0OCH, CH;0000, CHOOO, CHOO, and CHO using
atomization work reactions with each of the DFT methods and
basis sets. Also included are errors, relative to the enthalpy
values recommended in this study (and a literature enthalpy of
4.42 kcal mot? for CHz0), as well as an average error across
each combination of density functional and basis set. As we
are using calculated values for reference enthalpies, we feel that
we are not able to discriminate the error of the density functional
calculations to less thatt2 kcal moll. From Table 12, we
find that the best-performed functionals for enthalpies of
formation from atomization reactions with the 6-31G(d) basis
set are BMK, B1B95, PBEO, and B98, while with the larger
basis set the most successful methods are B1B95, TPSSh,

enthalpy value to some previous estimates. We see that overX3LYP, and PBEO. In general, the DFT methods designed to
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TABLE 11: Group Additivity Values for Entropy ( S°,9e) and Heat Capacity (Cy(T)) in CH3;0000CH?

Sa8 C,(300) C,(400) C,(500) C,(600) C,(800) C,(1000) C,(1500) reference
C/HyJ/O 30.41 6.19 7.84 9.40 10.79 13.03 14.77 17.58 Beftson
0/C/O 8.54 3.90 4.31 4.60 4.84 5.32 5.80 6.47 Tay
0/0; 5.12 3.64 4.14 4.48 4.67 4.75 4.59 4.29 this study

aAll values are given in cal mot K1,

TABLE 12: Enthalpy of Formation of CH ;0000CH; and Its Radicals CH;O0000, CH;000, CH3;00, and CH3O from
Atomization Work Reactions, Using 10 DFT Methods with the 6-31G(d) and 6-31t+G(3df,3pd) Basis Sets

CH;0000CH CH;0000 CHOOO CHOO CHO mean absolute
AfH®95 error  AsH°9s error AfH°xg error AfH®g error AfH®gs error error
B3LYP  6-31G(d) —10.1 0.3 —4.8 6.2 1.3 4.5 -0.7 2.8 2.0 2.4 3.2
6-311++G(3df,3pd) -55 4.3 —2.4 3.8 3.7 2.1 -0.2 2.3 0.8 3.6 3.2
TPSS 6-31G(d) —34.6 248 —195 209 —18.3 241 —10.2 12.3 -3.0 7.4 17.9
6-311++G(3df,3pd) —28.1 18.3 —14.2 156 —14.8 20.6 —8.8 109 -—-35 7.9 14.7
PBEO 6-31G(d) —8.6 1.2 —3.8 5.2 3.3 2.5 0.2 1.9 2.7 1.7 2.5
6-311++G(3df,3pd) —-7.0 2.8 —-3.5 4.9 3.9 1.9 -0.2 2.3 1.4 3.0 3.0
O3LYP 6-31G(d) —17.8 8.0 —15.2 16.6 —=7.0 12.8 —5.4 7.5 —1.4 5.8 10.1
6-311++G(3df,3pd) —10.0 0.2 -10.9 12.3 —2.6 8.4 -3.3 54 —-1.1 55 6.4
BMK 6-31G(d) —4.0 5.8 2.2 0.8 9.5 3.7 2.2 0.1 4.2 0.2 2.1
6-311++G(3df,3pd) —-5.8 4.0 12.2 10.8 8.7 2.9 0.3 1.8 1.1 3.3 4.6
B98 6-31G(d) —-9.5 0.3 —-5.2 6.6 2.1 3.7 0.0 2.1 3.4 1.0 2.7
6-311++G(3df,3pd) 7.1 2.7 —-4.3 5.7 3.3 2.5 -0.1 2.2 2.2 2.2 3.1
B1B95 6-31G(d) —5.6 4.2 —2.9 4.3 4.7 1.1 1.2 0.9 3.7 0.7 2.2
6-311++G(3df,3pd) —-2.6 7.2 -1.3 2.7 6.2 0.4 1.4 0.7 3.0 1.4 2.5
VSXC 6-31G(d) —21.4 11.6 —18.3 19.7 -10.5 16.3 —-0.7 2.8 2.1 2.3 10.5
6-311++G(3df,3pd) —13.4 3.6 —14.2 15.6 —6.6 12.4 1.3 0.8 2.4 2.0 6.9
TPSSh 6-31G(d) —13.3 35 =17 3.1 —-0.7 6.5 —-1.4 35 0.4 4.0 4.1
6-311++G(3df,3pd) —-9.6 0.2 —-0.4 1.8 1.6 4.2 -1.0 3.1 -0.5 4.9 2.8
X3LYP  6-31G(d) —10.8 1.0 —4.9 6.3 1.6 4.2 -0.9 3.0 1.7 2.7 3.4
6-311++G(3df,3pd) —6.0 3.8 —-1.8 3.2 4.3 1.5 -0.2 2.3 0.7 3.7 2.9

a All values are given in kcal mot.

25 T T T

study reaction kinetics outperformed those that are not. Fur-
thermore, there is in general no significant improvement
obtained by moving to the larger 6-31%G(3df,3pd) basis set. 20k
The poorest performing methods for these atomization reactions-
are TPSS, O3LYP, and VSXC across both basis sets.
Analyzing only the radicals of Table 12, we find that many
of the DFT methods exhibit poor size consistency, as there is a
general trend of increasing error with increasing molecular size.
This is illustrated in Figure 7, where the number of heavy atoms
in a molecule is plotted against the computational error for each
of the DFT methods for the 6-3#tG(3df,3pd) basis set. -8
(Similar results are obtained with the 6-31G(d) basis set.). The g
2
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03LYP
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BY8

B1B95 L
VSXC
TPSSh v P
X3LYP .
10 4

)

L Rl IRON S Mol Nl

D>

Absolute Error (kcal mol

o

DFT methods exhibiting the worst size consistency (TPSS,
O3LYP, and VSXC) are, not surprisingly, those that provided
the largest average errors from our atomization calculations. Number of Heavy Atoms

The poor size consistency of these DFT methods for radical g e 7. Relationship between molecular size and absolute error for

species could be related to spin contamination, which would pFT atomization calculations on the radicals corresponding+®C
explain why the closed-shell molecule gBOOOCH does not and O-0 bond cleavage in C¥0OOOCH, with the 6-311#+G(3df,-

follow the same trend as the open-shell species. Values of the3pd) basis set.

spin operator %) are tabulated for each of the radicals in the In Table 13, each of the density functionals is used to
Supporting Information, and we do find th& generally  calculate the enthalpy of formation of GEOOOCH, using the
increases with increasing molecular size. Spin contamination jsodesmic work reactions of Scheme 1. Also included in Table
is not, however, larger for the less accurate DFT methods. This 13 are the average enthalpy and average error for each method
may be an indication that the DFT methods TPSS, O3LYP, and across each of the isodesmic reactions. The work reaction results
VSXC are particularly affected by spin contamination. We also are basis set consistent, with considerable improvements
note that spin contamination is large in g€XDOO0 but relatively obtained by moving from the doubfeto the triple€ basis set.
unimportant in the remaining radicals. Only the VSXC and X3LYP methods do not provide an average

w 4> e
K O e
<60 Ob

o |
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TABLE 13: Enthalpy of Formation of CH ;0000CHj; from Isodesmic Work Reactions, Using 10 DFT Methods with the
6-31G(d) and 6-311#+G(3df,3pd) Basis Sets

AtH®298 mean absolute

1-1 1-2 1-3 1-4 1-5 average error

B3LYP 6-31G(d) -11 4.1 0.7 0.2 —4.3 -1.7 8.1
6-311++G(3df,3pd) —-8.1 —8.5 —6.8 -7.9 —8.8 —8.0 18

TPSS 6-31G(d) —4.3 -7.0 —-2.3 -3.2 -7.2 —4.8 5.0
6-311++G(3df,3pd) —10.7 —10.7 —8.7 —-9.8 —-11.4 —10.2 0.8

PBEO 6-31G(d) —-1.4 —4.8 0.2 -0.4 —-4.9 2.2 7.6
6-311++G(3df,3pd) —8.8 —10.6 —7.8 —8.8 -9.9 —-9.2 0.9

O3LYP 6-31G(d) —2.6 5.7 -0.1 -1.1 —6.1 -3.1 6.7
6-311++G(3df,3pd) —9.6 —10.4 -7.9 —-8.9 —-11.4 —-9.7 0.9

BMK 6-31G(d) -0.4 -39 0.5 0.2 -3.9 -15 8.3
6-311++G(3df,3pd) —7.6 —-8.4 7.1 -7.5 —8.7 -7.8 2.0

B98 6-31G(d) -0.7 —-4.1 11 0.3 —4.2 -15 8.3
6-311++G(3df,3pd) —-8.1 —8.8 -7.1 —7.6 —-9.2 —8.2 1.6

B1B95 6-31G(d) -0.5 -4.0 11 0.5 —4.1 -1.4 8.4
6-311++G(3df,3pd) —-8.0 —8.8 -7.0 —-8.2 —-9.1 —8.2 1.6

VSXC 6-31G(d) —18.7 —20.5 —20.4 —-19.4 —18.4 —-19.5 9.7
6-311++G(3df,3pd) —26.4 —25.0 —28.1 —27.2 —23.4 —26.0 16.2

TPSSh 6-31G(d) 2.1 —-5.2 -0.2 -1.1 -5.3 —2.8 7.0
6-311++G(3df,3pd) —8.9 —9.4 -7.5 —-9.0 —10.0 —-9.0 0.9

X3LYP 6-31G(d) -11 4.1 0.6 0.2 —4.2 -1.7 8.1
6-311++G(3df,3pd) —8.2 —8.5 -7.0 —-8.0 —4.2 —7.2 2.6

a All values are given in kcal mot.

TABLE 14: Bond Dissociation Energies for the C-O and O—0O Bonds in CH;OOOOCHj3, Calculated Using 10 DFT Methods
with the 6-31G(d) and 6-31H1-+G(3df,3pd) Basis Sets

CH;—OOO0OO0CH CH;0—OO0O0CH; CH;00—0OO0CH; mean absolute
BDE error BDE error BDE error error
B3LYP 6-31G(d) 44.2 1.8 16.0 4.0 11.4 2.5 2.8
6-311++G(3df,3pd) 42.7 3.3 16.3 3.7 115 2.4 3.1
TPSS 6-31G(d) 49.1 3.1 115 8.5 12.4 1.5 4.4
6-311++G(3df,3pd) 49.4 3.4 11.7 8.3 12.4 15 4.4
PBEO 6-31G(d) 43.1 2.9 16.8 3.2 11.2 2.7 2.9
6-311++G(3df,3pd) 42.6 3.4 17.6 2.4 12.0 19 2.6
O3LYP 6-31G(d) 38.5 7.5 10.4 9.6 8.0 5.9 7.7
6-311++G(3df,3pd) 37.0 9.0 111 8.9 8.2 5.7 7.9
BMK 6-31G(d) 44.6 14 195 0.5 10.3 3.6 1.8
6-311++G(3df,3pd) 54.8 8.8 20.5 0.5 11.2 2.7 4.0
B98 6-31G(d) 43.7 2.3 15.8 4.2 10.4 35 3.3
6-311++G(3df,3pd) 42.8 3.2 16.6 3.4 10.8 3.1 3.2
B1B95 6-31G(d) 41.2 4.8 14.9 51 8.8 51 5.0
6-311++G(3df,3pd) 40.8 5.2 15.6 4.4 9.3 4.6 4.7
VSXC 6-31G(d) 42.3 37 16.1 3.9 23.2 9.3 5.6
6-311++G(3df,3pd) 40.4 5.6 16.2 3.8 23.0 9.1 6.2
TPSSh 6-31G(d) 47.1 1.1 15.2 4.8 12.7 1.2 2.4
6-311++G(3df,3pd) 45.8 0.2 16.2 3.8 131 0.8 16
X3LYP 6-31G(d) 44.2 1.8 16.7 3.3 11.7 2.2 2.4
6-311++G(3df,3pd) 43.3 2.7 17.2 2.8 11.8 21 25
a All values are given in kcal mol.
error below the 2 kcal mol threshold, using the triplé- again we do not find the results to be basis set consistent, in

6-311++G(3df,3pd) basis set. These results highlight the that no noticeable gains are made by using the larger basis set.
significant gains in accuracy that can be obtained when using With the 6-31%+G(3df,3pd) basis set, the most accurate
isodesmic work reactions in conjunction with density functional methods prove to be TPSSh, X3LYP, and PBEO, while with

theory methods. the 6-31G(d) basis set the BMK, TPSSh, X3LYP, B3LYP, and
Finally, we use the DFT data to determine each of theOC PBEO methods are the most successful.
and O-0O bond energies in GOOOOCH using bond dis- Summarizing the DFT results, we find that the density

sociation work reactions. The results are listed in Table 14, and functionals that are suited to studying reaction kinetics generally



Thermochemical Properties of GHOOOCH

prove successful at describing the thermodynamics of-CH
OOOOCH and its radicals. Specifically, the hybrid meta-GGA
TPSSh was the most accurate functional across all of the
calculations, while BMK and B1B95 also performed well.
Additionally, the improvements that can be made by using
isodesmic work reactions are clearly demonstrated.

Conclusions

Thermochemical properties have been calculated fog-CH
OOOOCH and its radicals corresponding to-© and G-O
bond cleavage, using high-accuracy composite theoretical
methods in conjunction with bond isodesmic work reactions.
The enthalpy of formation of C}¥0OOOCH is calculated to
be—9.8 kcal mot?, and from this value we suggest a new group
additivity enthalpy value of 9.6 kcal mo! for the O/Q group.

The bond dissociation energies of gHOOOOCH, CHzO—
OOO0CH;, and CHOO—0OOCH; are calculated to be 46.0, 20.0,
and 13.9 kcal mol'. A wide range of DFT methods is tested
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