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Alkyl peroxides, trioxides, and the corresponding radicals are important in atmospheric chemistry,
photochemical smog formation, and combustion processes, but accurate and widely accepted enthalpy data
for these species are not available. In this work we verify enthalpy data for several compounds and derive
the corresponding group values for use in the group additivity method. Isodesmic reactions and ab initio
calculations (MP4SDTQ/6-31G*//MP2/6-31G* and G2) are used to determine enthalpies of formation for
the following compounds (in kcal mol): CH;OOH (—31.8), GHsOOH (—39.9),iPrOOH {Pr = (CHa),-

CH—, —49.0), (CH)3sCOOH (Bu = (CH3)sC—, —58.4),iPrO0 (—15.1),tBuCOG (—25.2), CHOOCH;
(—31.0), GHsO0OGCHs (—47.2), iPrOQPr, (—65.4), tBuOOBu (—84.2), HOOOH ¢23.0), CHOOOH
(—22.2), CHOOOCH; (—21.4). Our results on isodesmic reactions indicate that group additivity is an accurate
method to estimate enthalpieSH:°,9g) of alkyl peroxides and trioxides. Bond enthalpies are determined as
follows: HOOO-H (82.6), CHO,—H (86.6), GHsO,—H (86.1),iPrO,—H (86.0),tBu0,—H (85.3), HOO-

OH (35.8), CHO—O0OCH; (38.8), CHOO—0H (34.2), CHO—OOH (29.6), CHO—OOCH; (28.0),iPr—00
(36.6),tBu—0O0 (37.5). The recommended enthalpy group values of (O/C/O) and, @/®—5.5 and 9.6

kcal mol?, respectively.

Introduction measurement fohH;°29g( CH;00) = 5.54 1.0 kcal mot?, and
AH;°29¢(CHz00H) = —30.6 kcal mot? is then obtained using

Alkyl peroxides and trioxides and the corresponding radicals DHC05(CHs0,—H) = 88.2 kcal mott and AH*0dH) =52.1

are important for hydrocarbon oxidation in the atmosphere and kcal molL. This supports their estimation &Hy®se CH:OOH)
in low-temperature combustion process. Thermodynamic pa- ' pp f 20813

rameters which are accurate and accepted by scientific com- —30.9 keal mot deter_mlned using .the GA method.
munity for these species are not available to use in evaluating _ 11e enthalpy of formation for C4#DO is later remeasured as
reaction pathways, rate constants and equilibrium constants.2-414 0.80 kcal mot*,* which is recently revised by Knyazev
There have been several experimental studies, molecularand Slagle to be 2.15 1.22 kcal mof*?? Their values are
mechanics (MM) and molecular orbital (MO) calculations on @bout 3 kcal mol* lower (more stable) than Benson's vakie.
alkyl peroxy radicals and alkyl hydroperoxide%:® Results A recent ab initio stud? by Jungkamp and Seinfeld also reports
of these studies are not in full agreement and do not agree withAH°20CHz00) = 2.24 kcal r_no_‘rl as calculated at the G2-
the generic estimation method, group additivity (GA), to better (RCC) level of theory, which is in very good agreement with

than 3 to 7 kcal/mot® the data reported by Knyazev and Slagle. If the bond enthalpy
Benson's group values for alkyl peroxides and radicals are PH°20dCHsO0,—H) = 88.2 kcal mot* is used withAH*20d CHs-
primarily derived as follows: 00) = 2.2 kcal mot?, a lower enthalpy valueAHs°29g(CHs-
. AH{°20(HOOH) = —32.6 kcal mot? 21is used to define OOH) = —33.9 kcal mof?, is obtained. This enthalpy value
the group (O/H/O)= —16.3 kcal mot™. will result in a value of-7.5 kcal mot™ for the (O/C/O) group

Il. The group (O/C/O)= —4.5 kcal mofis an average value while the group values of (CA#O) and (O/H/O) are unchanged.
derived from the enthalpy data for alkyl peroxides and hydro- These variations suggest that a clear determination and validation
peroxides available to Benson and Shim 1970. of the corresponding group values of peroxide species is needed.

lll. Other groups needed for peroxides are either assigned, Benassi et a* proposed a revised set of group contribu-
e.g. (C/H/O) = —10.1 kcal mot™ the same as (CAfC) group;  tions: (O/C/O)= —6.52 kcal mot*, (O/C/O) = —5.17 keal
or obtained from the data of alcohols, e.g. (C/@®). mol~*, (O/CJO) = —4.24 kcal mot?, (O/C/O) = —4.11 kcal

The enthalpy of formation for C¥DOH, as an example, is mol‘l,'to fit AH°205 data in the literature for C#DOH, GHs-
determined as-30.9 kcal mot? using the above group values OOH,iC3H700H andtC,HsOOH, respectively. This suggests
(OIC/O), (O/H/O), and (C/HO). that Benson'’s group additivity _scheme may not be suff|C|er_1t to

AHr°20(HOO) is also determined to be 3.5 kcal mblby p_redlct _the enthalpies of formation on all types of alkyl peroxides
Shum and Bensoh based on the experimental data available Since different (O/Q/O) groupsX=p, s, t, ... etc.) are needed.
before 1983. DibedHOO—H) = 88.2 kcal mot! is then The enthalpy data used by Bennassi et.al. are either from
obtained and assumed equal to the generi¢ SROO—H) I|terature_ or the authors’ calculation using the molecular
bond energy of alkyl hydroperoxides. Since there are more Mechanics methods (MM3y.
experimental data on enthalpies of alkyl peroxy radicals relative ~ Enthalpies are needed for determination of reaction and
to alkyl hydroperoxidesAH°29( ROOs) is often used with process energies, for development of elementary reaction
DH®,9gHOO—H) = 88.2 kcal mof! to estimate AH®xg mechanisms, for evaluation of reaction pathways, and for
(ROOH). For example, Kondo and Bendd®merformed a calculation of chemical equilibrium constants. Group additivity
is an important method for the estimation of thermodynamic
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. properties of complex, high molecular weight species such as

S1089-5639(97)02103-8 CCC: $14.00 © 1997 American Chemical Society




9506 J. Phys. Chem. A, Vol. 101, No. 49, 1997 Lay and Bozzelli

TABLE 1: Enthalpy Data Used in Isodesmic Reactions to TABLE 2: Group Values
Determine AH¢°,95 of Other Species group AH:®5ssin keal Mol . source
C] i 1
compound AH;205in kcal mol source Group values adopted from literature used
HOO» 35 ref 20 in the group validation:
HOOH —32.6 ref 21 O/H/O —-16.3 a
CH300e 2.2 ref 22 CI/C/Hs —10.0 ref 31
CH;OH —48.08 ref 10 C/Hy/O —-10.0 ref 31
a DH®,9g(HO,—H) = 88.2 kcal mot? is determined using these data gg}:ﬁ;g :3% :2; gi
and AH¢°209(H) = 52.1 kcal mot?. CICJO 6.6 ref 31
alkyl and dialkyl peroxy compounds, and aromatic peroxy oICc/o Group values d.e_rgesd in this work:
compounds such as: benzene-©B2 adduct (hydroxyl-2,4- 0/0, 9.6

hexadiene-6-peroxy radical) and toluene-©®BR2 adduct (hy-
droxyl-2-methyl-2,4-hexadiene-6-peroxy radical), which are
primary reaction intermediates of atmospheric photooxidation then validated using the calculatédH;°sgs data and primary

of aromatics>2° Ab initio calculations are not appropriate for  alkane groups adopted from the work by Cohen and Befison.
these species, because of the need for extensive computingy|| group values are listed in Table 2.

aDerived from 0.5AH°20 HOOH); see Table 1.

resource and time._ _ Total electronic energies, G2 entalpies, zero point vibrational
‘The group (O/@Q) is needed for the reaction products of 0ozone energies (ZPE), and thermal correction for each compound are
with olefins, and the effort addressed on (@YQroup is less listed in Table 3. Calculations of ZPE and thermal corrections

than (O/C/O) and (O/H/O) groups. In this work we calculate do not incorporate a substitution of contributions from the
enthalpies of formation for several compounds which are hindered internal rotor (HIR) in place of the calculated torsion
important to derive the corresponding group values and verify frequency. ZPEs of molecules considered in the present study
the application of group additivity to dialkyl peroxides and are in the range from 20 to 90 kcal méland the contribution

trioxides, and alkyl hydroperoxides. of an HIR to ZPE is usually less than 0.6 kcal moivhich
_ corresponds to a harmonic torsional frequency of 400cm
Calculations and Results We assume deviations in the ZPE by using harmonic torsion

All ab initio MO calculations are performed using Gaussian frequenqy mstegd of !_"R model are not important whep
94 system of progranté. Molecular geometry is fully optimized isodesmic reactions with group balance are used to derive
at the HF/6-31G* and MP2(fc)/6-31G* or MP2(full)/6-31G* enthalpy values, since deviations on both reactants and products

levels of theory using the default algorithm and redundant will compensate. Thermal corrections of corresponding tor-
internal coordinate® MP2(fc) denotes “frozen-core” MP2 sional frequencies 143.7, 201.6, and 223.0°tof CHiCH,-

calculation that inner-shell electrons are excluded from correla- OOH, f_or example, are 0'4.1’ 0.35, aqd 0'33. keal hol
tion calculations, and MP2(full) indicates all electrons are respectively. Thermal corrections determined using HIR model

included in correlation calculatio8. The unrestricted Hartree and rotational barriers obtained at the MP2/6-31G*//MP2/6-

Fock method is used for all open-shell free radicals. The default _ﬁg t(lj(teglelji(l)‘;etrr:q%?baert‘\e/vgésnl'tt?é:ssg’ tsvr;d rgé?;;’o(rjisgﬁctlr:/:rlgial
optimization criteria are employed. Harmonic vibrational B L Aqain this deviation is reduced
frequencies are calculated at the HF/6-31G* level of theory and cc;]rrec_tlon IS 0'.09 kcallmo - Again this deviation 's rle uce
zero-point vibrational energies (ZPE) are scaled by 0.89 in the when |sod'esm|c re"?‘C“O”S are .used t(.) depve enthalpy data.
calculation of reaction enthalpies. Single-point energy calcula- Theoretlcal reaction enthalpl_es which include thermal cor-
tions are carried out at the MP4STDQ/6-31G*//MP2(fc)/6-31G*, rections are determined at different _theory levels a_nd are
or mp4SDTQ/6-311 G*/IMP2(full)/6-31G*, or QCISD(T)/6-  llustrated in Table 4.  The comparison of enthalpies of
311G*//MP2(full)/6-31G* level of theory?® depending on the formaﬂon determined in this work to the data in the I|terat'ure
size of the molecules. MPASTDQ method is simply denoted is listed in Table 5. Recommended bond enthalpies are listed
as MP4 hereafter. in Table 6.

: . . . Lo . D°29gCH300—H), AH°29g(CH300H), AH;:°29g
The method of isodesmic reaction relies upon the similarity . . ‘
in bonding environment of the reactants and products that leads{CH30OCHz3), and (O/C/O). AH*2eg(CHsOOH) is derived

; i . S from AH:°29g(CH300), and DHygCH3zO0,—H). We first
to canc_ellagnon _of systematic errors in the ab initio MO determine the difference of DbgCH:O,—H) and DH o
calculatior?® An isodesmic reaction will lead to more accurate . . A . .
- I, ; . (HO,—H) using reaction 1. Reaction enthalpy determined using
results if in addition to the conservation of chemical bonds the g
. ; . the G2 method indicates that the bond enthalpy I9¥ICH3;O,—
correlations of next-nearest-neighbor atoms in reactants and .
. . - “H) is about 1.6 kcal/mol lower than Dkhg(HO,—H). Bond
products are also conserved. We implement this by selecting

H 1 - *
isodesmic reactions where the number of each of the groups islengths determined using the MP2(full)/6-31G* method also

equal in reactants and products. A group is defined as a.ShOW the same trend. The bond lengthObt-H = 0.9767 A

; ) . is about 0.002 longer (therefore weaker) than,H@ (0.9755
polyvalent atom (ligancy=2) in a molecule together with all A). DH°0dCHs0»—H) is determined to be 88:21.6 = 86.6
of its ligands® A reaction which matches these criteria is | =, mol'zf usir? 2DH’ {HO,—H) — 88.2 kcal mofizo
termed an isodesmic reaction with “group balance”. We expect » USING D208 HL2 ' '

that ab initio calculations on reaction enthalpies of group CH,00 + H,0, — CH,00H+ HO, (1)
balanced isodesmic reactions, performed at the theory levels

higher than MP4/6-31G*//MP2/6-31G* will lead to minor AH¢°299( CH300H) is subsequently determined-a82.3 kcal
differences for the reaction energies from the values reported mol=! using DH 299 CH30,—H) = 86.6 andAH;°29g(CHz00)

in the present study. = 2.2 kcal mofl. This value is in reasonable agreement with
Enthalpies of formation of the primary species adopted from the value reported by Jungkamp and Seinfeld°29g( CH3-
literature which are used to determinel;®,9g values of species  OOH) = —31.71 kcal motl2® which is determined via

studied in this work are listed in Table 1. Group values are atomization energy calculated at the G2 level of theory.
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TABLE 3: Total Energies (in Hartree) at Different Levels of Theory, G2 Enthalpies (in Hartree), and Zero-Point Energies (in
kcal mol~1) and Thermal Corrections (in kcal mol~1)

total energie’s

therm.
hf mp2(fc) mp4/mp2(fc) mp2(full) mp4/mp2(full) qcisd(t) &2 zpe corrd
alcohols
CH3OH —115.0354190 —115.3461353 —115.3738673 —115.530600 34.72 2.64
(CHz),CHOH —193.1154160 —193.6896390 —193.7488344 72.78 3.85
(CHz)sCOH —232.1534710 —232.8627906 —232.9374460 91.34 456
peroxy radicals
HOO» —150.1705300 —150.5023651 —150.621172 —150.6152009 —150.724113 9.85 2.38
CH3z00» —189.2023120 —189.6584785 —189.7003812 —189.6680179 —189.8256395 —189.8196030 —189.943032 29.29 2091
CH3;CH,00. —228.2427062 —228.8304226 —228.8881533 —228.8448061 —229.0344383 —229.0382035 48.43 3.52
(CHz),CHOO» —267.2818714 —268.0028727 —268.0762370 67.25 4.27
(CHz)sCOO» —306.3197618 —307.1769083 —307.265721 85.83 4.99
peroxides
HOOH —150.7647868 —151.1301265 —151.1507487 —151.1349184 —151.2671644 —151.2546995 —151.361602 18.39 2.58
CH3;O0OH —189.7967190 —190.2900714 —190.3277685 —190.2997361 —190.4694992 —190.4570650 —190.577106 37.55 3.2
CH3;O0CH; —228.8287659 —229.4509321 —229.5053608 —229.4655202 —229.6720150 —229.6593630 56.69 3.96
CHsCH,OO0OH —228.8367278 —229.4609188 —229.5146298 —229.4756237 —229.6753239 —229.6749884 56.66 3.91
CH3;CH,O0GH; —306.9073093 —307.7933119 —307.8797664 94.89 5.32
(CH3),CHOOH  —267.8756609 —268.6336575 —268.7026436 75.46 4.59
(CHz)sCOOH —306.9124035 —307.8065451 —307.8910094 94.08 5.29
HOOOH —225.5336258 —226.0834859 —226.1141341 —226.419688 21.46 2.87
CH;OOO0OH —264.5653490 —265.2443288 —265.2921581 —265.636278 40.54 3.59
CH:000CH: —303.5968209 —304.4054043 —304.4704568 59.53 3.20

aTotal energies in Hartree. Theory levels: shHF/6-31G*//HF/6-31G*, mp2(fcy MP2(frozen-core)/6-31G*//MP2(frozen-core)/6-31G*, mp2(full)
= MP2(full)/6-31G*//IMP2(full)/6-31G*, mp4/mp2(full= MP4SDTQ/6-311G**//MP2(full)/6-31G*, qcisd(tF QCISD(T)/6-311G**//MP2(full)/
6-31G*.P G2 enthalpies in Hartree, which include full thermal correction and zero-point energy=af98.15 K.¢zpe: Unscaled zero-point
vibrational energies in kcal mol. In the calculation of reaction enthalpies, zpe is scaled by 0.88erm. corr.: Thermal corrections are calculated
as follows forT = 298.15 K: H°r — H°% = HyandT) + HioT) + AHyio(T) + RT; HyandT) = (3/2) RT = 0.8886 kcal/molH(T) = (3/2) RT =
0.8886 kcal/mol AHyin(T) = NahZvi/(€W/KT — 1), whereN, is the Avogadro constanh is the Planck constank, is the Boltzmann constant, and
v is vibrational frequencieRT = 0.5924 kcal/mol.

TABLE 4: Reaction Enthalpies (in kcal mol~1) at 298.15 K&

theory leveld
reaction hf  mp2(fc) mp4/mp2(fc) mp2(full) mp4/mp2(full) gcisd(t) G2

1 CHOO+ HOOH— CH;O0H+ HO, —0.25 0.37 1.18 1.12 1.55

2 CH;OOCH; + HOOH— 2CH;OO0H —0.06 0.48 —0.01 -0.17

3 CHsO0+ CH3;00H— C;HsOOH + CH;00 0.34 0.79 0.67 0.52

4 CHsOOH + CH;O0H— C,Hs0H + CH;OOH 0.23 -0.10 —0.15

5 (CHs)CHOOH+ CH;OH — (CH3),CHOH+ CH;O0OH -0.71 0.00 -0.11

6 (CHs)3COOH+ CH;OH — (CH3)sCOH + CH;O0H —-1.58 -0.20 —0.30

7 (CHs)2CHOO+ CH300H— (CHs3),CHOOH+ CH:00 0.38 0.50 0.61

8 (CH;)sCOO+ CH;O0H— (CH3)sCOOH+ CH;00 1.10 1.22 131

9 GCHsOOGHs + HOOH— 2C,HsO0H —0.89 0.71 0.75
10 GHsOOGHs + 2CH;OOH— CH;00CH; + 2CHsOOH —0.93 0.42 0.42
11 2HOOH— HOOOH+ HOH —15.53
12 2CHOOH— CH;OOO0OH+ CH;OH —7.95
13 CHOOH+ HOOOH— CH;O00H+ HOOH —0.68
14 HOOO+ HOOH— HOOOH+ HOO 5.61
15 CHOOCH; + CH;000H— CH;000CH; + CH;O0H 0.24 -0.25 —0.56
16 CHOOCH; + HOOOH— 2CH;OOO0H —0.14 0.10 0.13

2 Reaction enthalpies include thermal correction and zero-point energy corrécliea.Table 3 footnota for the explanation of theory levels.

TABLE 5: Comparison of Enthalpies of Formation (in kcal mol~1)
this work ref 11 ref 12 ref 17 ref 18 ref 19 ref 23 ref 24 ref31 ref34 Nangia et &l

HOOOH —23.0 —23.49 —13.6 —15.7
CH;O0H —31.8 —31.3 —30.5 —31.71 -334 308 —31.3
CH;OO0O0H —22.2 —22.40 —-11.7 —14.5
CH;00CH; —31.0 —31.0 —-332 —-290 -301 —30.0
C;HsOOH —39.9 —39.71 —38.9

C:HsO0GHs —47.2 —47.3 —475 —452 —46.1

iCsH,O0H —49.0 —49.0 —49.3 —47.5 —43.9

tC4HysOOH —58.4 —58.8 —57.1 —57.6 574

iCsH/O0IC3H- —65.4 —654 —66.1 —62.8 —65.2

tC4HOOtCsHg —84.2 —83.4 —82.2 815

aEnthalpies of formation are calculated using group additivity and group values reported by Cohen and Benson ihNeh@ia, P. S.;
Benson, S. WJ. Phys. Chem1979 83, 1138.

Reaction 2 is used to verify accuracy of GA in the prediction balanced reaction 2 has generic GA properties, and the group
of AH;i°209(CH300H). The AHgrxn°208(2) obtained at the (O/C/0O) derived fromAH;°29(HOOH) andAH;°295( CH;OOH)
QCISD(T) level of theory is about zero. This means the group is able to precisely determineH;°,95 CHs;OOCH;) (see Table
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TABLE 6: Recommended Bond Enthalpies (DH o) of A—B
in Kcal Mol ~1

A B DH°293 A B DH°298
HOOO H 82.6 CHO; H 86.6
C:Hs0- H 86.1 iPro, H 86.0
tBuO, H 85.3 HOO OH 35.8
CHs;O OCH; 38.8 CHOO OH 34.2
CH:O OCH 29.6 CHO OOCH; 28.0
iPr (0]60) 36.6 tBu (0]0) 375

2 for group values).
CH,O0CH,; + HOOH— 2 CH,00H (2)

If the value AH{°0g(CHs00H) = —32.3 kcal moi? is
selected, the (O/C/O) group is determined te1e0 kcal mot?,
compared to Benson’s value:4.5. AH;°295 CH;00CH;) =
—31.8 kcal mof? is then obtained using the GA method and
(O/C/O)= —6.0 kcal mott. This enthalpy value for dimethyl
peroxide is identical with the data reported by Bach efZal.,
which is derived from DH0g(CH;0—OCHs) = 39.43 kcal
mol~! determined using the G2 method afiti;°295(CH30) =
3.90 kcal mott.33 It is, however, 1.7 kcal/mol lower than the
experimental data reported by Baker et alxH;°;9g(CHs-
OOCH;) = —30.14 0.3 kcal mot?,34 which leads to (O/C/O)
group equal to—5.0 kcal motl. We choose the average
value: —5.5 kcal mot? for (O/C/O) group.

1. Dozgg(CH3CHzoO—H) and AHfozgg(CHg(:HzOOH).
Reaction 3 is used to compare BY¥gi CH3;CH,OO—H) and
DH®,9¢(CH300—H). The AHgrxn°208(3) determined using the
QCISD(T)/6-311G**//MP2(full)/6-31G* method is 0.5 kcal
mol~! (see Table 4), i.e., DHog(CH3CH,O0—H) = 86.1 kcal
mol~1. Using the experimental data @dH:°,95( CHsCH,0O0):
—5.2 kcal mot?, determined by Wagner et &. AH;°29g(CHs-
CH,OO0H) = —39.2 kcal mot? is obtained.

CH,CH,00 + CH,00H— CH,CH,00H + CH,00 (3)

Lay and Bozzelli

indicates that the (O/C/O) group derived from £MDH can
be used with groups derived from alcohols to precisely predict
enthalpies of isopropyl antert-butyl hydroperoxides, i.e., all
(O/C/0O) groups should be identicalAH:°29¢((CH3)>,CHOOH)
andAH¢’294(CH3)sCOOH) are determined using the GA method
to be—49.0 and-58.4 kcal mot?, respectively. The calculated
AH¢°204(CH3)3COOH) value is in excellent agreement with the
experimental data:-58.8 kcal mot1.12

Bond enthalpies: DPpog(CH3),CHOO—H) = 86.0 and
DH®,94((CH3)sCOO—H) = 85.3 are obtained according to
AHRXN°298(7) = 0.6 and AHRXN°298(8) = 1.3 kcal mo’rl,
determined at the MP4/6-31G*//MP2(fc)/6-31G* level of theory,
respectively. AH:29¢((CH3)2CHOO) andAH;°,94(CH3)sCOO)
are subsequently determined to-b#5.1 and—25.2 kcal mot?,
respectively. These values lead to Bb((CHs),CH—0O) =
36.6 and DHygg(CH3)sC—0O0) = 37.5 kcal mot?, using
AHfozgg((CHg)zHC) = 21.5 kcal mot1 36 andAHf°298((CH3)3C)
= 12.3 kcal mot1.36 The bond enthalpy DPgg((CHz3),CH—
0O0) is experimentally determined to be 39.7 kcal/mol by Slagle
et al.2 and later revised by Knyazev and Slagle ro be 37.1 kcal
mol~1.22 Their revised data is in good agreement with our result.
Our determination on DPFgg((CHz)sC—0O) is in reasonable
agreement with the value reported by the same laboratory: 36.7
=+ 1.9 kcal mot1,®> which is later revised to be 36.5 kcal mél
Benson’s estimatid on DH®xeg((CH3),CH—00) = 32.2 &+
1.1 and DH29¢((CH3)sC—00) = 31.4+ 1.1 kcal mot ™ appears
to be ca. 4 kcal mof* too low.

(CHz),CHOO+ CH;O0H—
(CH,),CHOOH+ CH,00 (7)
(CH,),CO0+ CH,00H— (CH;),COOH+ CH,00 (8)
We believe the following data for ROO» bond enthalpies

(in kcal mol?) are reasonable and consistent: R4CHz—
OO) = 327,4 DHozgg(CH:gCHz—OO) = 34.6, DH)zgg((CHs)z-

A near zero reaction enthalpy of reaction 4 is determined at CH—0OO) = 36.6 and DHagg(CH3)sC—0O0) = 37.5.

the MP4/6-31G**//MP2(fc)/6-31G* level of theory; see Table
4. This validates that GA holds for GBH,OOH, since the
reaction is group balanced. The group (C/&®) = —8.1 kcal
mol~! derived from ethanol, in use with other groups derived
above, results iM\H;°29g( CH;CH,OOH) = —39.9 kcal mot™.
This value is in reasonable agreement with the above data.

CH,CH,0OH + CH,0H — CH,CH,00H + CH,00H  (4)

. AHfozgg((CH:g)zCHOOH) and AHfozgg((CHg)3CHOOH).
Benassi et &4 report a revised set of group contributions: (O/
C/0) = —6.52 kcal mot? for CH;OOH and CHOOCH;, (O/
Cy/0) = —5.17 kcal mot? for C;HsOOH and GHsOOGHs,
(OICJO) = —4.24 kcal mot! for iC3H;OOH and iC3H7-
0OQiC3H7, (O/G/O) = —4.11 kcal mot? for tC4HgOOH and
tC4HoOOtC4Hy, to fit their AH¢°,95 data determined using the
molecular mechanics method.
not appropriate in the prediction oAH°xg for primary,

secondary and tertiary alkyl peroxides. We perform calculations

VI. AHf°298(C2H50002H5), AHfozgg(iC3H700iC3H7), and
AH#o0g(tC4HOOtC4Hg). Reaction 9 and 10 are used to
examine if GA holds for diethyl peroxide. Results in Table 4
indicate that enthalpy of formation for diethyl peroxide can be
correctly calculated using the GA methodAH;°29¢(CoHs-
OOGHs) is calculated to be-47.2 kcal mot®. This value is
in good agreement with data reported by Baker et-ed6.1+
1.2 kcal mot1,34

C,Hs00C,H; + HOOH = 2 C,H;00H

C,H.O0CH; + 2 CH,O00H =
CH,OO0CH, + 2 CH,00H (10)

(9)

No calculations of isodesmic reactions for di-isopropyl

It suggests that generic GA is peroxide and dtert-butyl peroxide are performed. They are

evaluated using GA:AH;°294iCsH7;00IC3H7) = —64.9 kcal
mol~2, andAH°29gtC4HyOOtC4Ho) = —84.2 kcal mot!. Our

on reactions 5 and 6 to examine if different types of (O/C/0) data on ditert-butyl peroxide is in good agreement with the

groups are required.

(CH,),CHOOH+ CH,OH —
(CH,),CHOH + CH,O0H (5)

(CH5);:COOH+ CH,OH — (CH,),COH + CH,00H  (6)

AHrxn°208(5) &~ 0 and AHgxn®208(6) &~ O are obtained (see
Table 4) using the MP4/6-31G*//MP2(fc)/6-31G* method. This

literature data:—83.44- 0.83*4 —84.637 —83.4 kcal moi1.38

V. AHfozgg(HOOOH), AHfozgg(CH;:,OOOH), (O/Oz), and
DH°®,9g(HO3—H). Reaction 11 is used to calculateH;®,9g
(HOOOH) and its reaction enthalpy is determined to1i5.51
kcal molt using the G2 methodAH;° 20 HOOOH)= —22.94
kcal mol? and group value (O/§) = 9.7 kcal mot? are
subsequently obtained.

2 HOOH—HOOOH+ HOH (11)
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Another way to derive the (O/fpgroup value is via reaction ~ kcal mol1.3%745 |n an assessment of G2 and density functional
12, whereAHs°»99(CH;OOO0H) is determined. Reaction en- theories on a set of 148 molecules, Curtiss éf atported that
thalpy of reaction 12 is determined a§.95 kcal mot? using G2 theory is the most reliable method in the prediction of
the G2 method andH¢°295( CH;OOOH) = —22.35 kcal mot? AH¢°9g data: 1.58 kcal mott average absolute deviation and
is obtained. This leads to (O#p= 9.5 kcal mot?, about 0.2 8.2 kcal mot! maximum deviation. However, the accumulation
kcal moi! different from the value determined usifd;®,9g of errors in the application of G2 theory become significant
(HOOOH) and reaction 10. We again choose the average value(=3.5 kcal mot™?) for larger molecule4®-48 Glukhovtsev and
for the (O/Q) group: 9.6 kcal mall. AH¢°29 HOOOH) and Laiter 47 show more accurate enthalpies of formation can be
AH;°29g(CH;000H) are—23.0 and—22.2 kcal mot?, respec- derived using isodesmic or homodesmic reactions rather than
tively, using the GA method. These values are consistent with atomization energies as in standard G2 theory. Raghavachari
the data determined from atomization energies at the G2M(RCC,et al*® also indicate that the G2 method combined with
MP2) level of theory reported by Jungkamp and Seinféld: isodesmic reaction energies can yield enthalpy values for large

—23.49, and—22.40 kcal mot?, respectively. molecules with an accuracy &f0.5 kcal mot1.49
In this work we use G2 enthalpies with isodesmic reactions
2 CH,O0H — CH,OO0H+ CH,OH (12) to determine enthalpies of formation for g@BIOH, HOOOH,

. . . and CHOOOH. The results are considered to be more accurate
Reaction 13 is used to verify whether the GA holds for both 5, using G2 theory with atomization energies. We also use

HOOOH and CHOOOH. AHrxn"20(13) is —0.68 keal mof* isodesmic reactions with total electronic energies calculated at
obtained at the G2 level. MP4SDTQ/6-31G*//MP2(fc)/6-31G* level of theory to verify

CH,O0H + HOOOH— CH,000H+ HOOH  (13) the accuracy of group additivity in.the calculation of enthalpy
values for alkyl peroxides and trioxides. The GA scheme, after

The bond enthalpies of ©H bonds in HO, and HOs are it is confirmed by ab initio calculations, should estimate enthalpy

compared using the reaction 14. The results obtained using thedat@ with the same quality as ab initio calculations.

G2 method indicate that-©H of H,Os is 5.6 kcal mot? weaker
than that of HO,. Bond enthalpy HOOOH is then determined ~ Summary
to be 82.6 kcal mot*. The general GA scheme is shown to be accurate in the

prediction of enthalpy data for alkyl peroxides and trioxides by
HOOO+ HOOH—HOOOH + HOO (14) ab initio molecular orbital calculations and isodesmic reactions.
VI. AH204CH;000CH,). Reactions 15 and 16 are 1he recommended enthalpy group values of (O/C/O) and (O/
utilized to verify the accuracy of GA in the prediction of ©2) are—5.25 and 9.45 kcal mot, respectively. Enthalpies
AH¢°26(CH;O00CH;). Reaction enthalpies of reactions 15 and of form_atlon (|r_1 kcal mot?) for the following compounds are
16 are both nearly zero obtained at the MP4/6-31G*//MP2(fc)/ determined using the GA method: @BIOH (—31.8), GHs-
6-31G* level of theory. AH;°0 CH;OOOCH) is determined =~ OOH (=39.9),iPrOOH (Pr = (CH3);,CH—, —49.0), (CH)s-

to be —21.4 kcal mot! using the GA method. COOH (Bu = (CHjg)sC—, —58.4),iPrOG (—15.1),tBuCOG
(~25.2), CHOOCH; (—31.0), GHsOOCHs (~47.2),iPrOO-
CH,OO0CH, + CH;000H— iPr, (—65.4),tBuOQBuU (—84.2), HOOOH ¢-23.0), CHOOOH

CH,OOOCH, + CH,00H (15) (—22.2), CHOOOCH; (—21.4). Recommended bond enthal-
pies are listed in Table 6.
CH,000CH, + HOOOH— 2 CH,O000H (16)
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The accuracy of group additivity in the predictionif;°,9g
values for a given series of compounds relies on (1) whether
compounds in the series have generic group additivity property;
i.e., whether group values derived from other series of com-
pounds can be used and (2) accurate group values.

In this work we use ab initio molecular orbital calculations
to verify the GA properties for alkyl peroxides and trioxides.
Results indicate that GA is an accurate approach in the
prediction of enthalpy data for this class of compounds. The
corresponding group values are also revised.

The use of GA is straightforward and easy. Itdoes notrequire (1) Shum, L. G. S.; Benson, S. W. Phys. Cheml1983 87, 3479.
the computing resource as ab initio calculations do. Another  (2) Slagel, I. R.; Ratajczak, E.; Heaven, M. C.; Gutman,JDAm.
advantage of using GA is the convenience of predicting Chem. Socl985 107, 1838.
thermodynamic properties for large molecules without loss of gig g:gg:gz I| Fé‘_’; @St%q;: S]Lft?:]r_"gﬁggys‘s‘fggeggi%@’s%j’gé&
accuracy. The GA method serves as valuable tool for many  (5) giagle, I. R.; Ratajczak, E.; Gutman, D.Phys. Chermil986 90,
scientists and engineers whose work involves thermodynamic 402.
characterization of elementary and overall reaction processes. = (6) Russel, J. J.; Seetula, J. A.; Gutman, D.; Danis, F.; Caralp, F;

Ab initio methods provide sophisticated calculations on the ng‘éf%‘it';é%; Lesclaux, R.; Melius, C. F.; Senkan, S.MPhys. Chem.
electronic energies of compounds. Composite procedures based " (7) Russel, J. J.; Seetula, J. A.; Gutman, D.; Melius, C. F.; Senkan, S.
on ab initio calculations, such as G%4° G2142G2M 3 and M. Tewnty Second Symposium (International) on Combustion, (Pr88Q
the series of complete basis set methods (@B8%)can be 23, 163. , ,
applied_to general r_nolec_ular systems for de_termiljation of C.: gge)nfg‘,ﬁ’f‘é‘?vm}’j Egﬁ?’gﬁg,ﬁ%&&‘g@iﬁyf"A';G”tma"’ D Vel
enthalpies of formation via atomization energies with good (9) Boyd, S. L.; Boyd, R. J.; Ross, L.; Barclay, R. £.Am. Chem.
accuracy. These methods report an average deviation3of  Soc.199Q 112, 5724.
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