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Thermochemical parameters of thregHgO® radicals derived from ethanol were reevaluated using coupled-
cluster theory CCSD(T) calculations, with the aug-caagMn = D, T, Q) basis sets, that allow the CC
energies to be extrapolated at the CBS limit. Theoretical results obtained for methanol and;Wadatktals

were found to agree withif:0.5 kcal/mol with the experiment values. A set of consistent values was determined
for ethanol and its radicals: (a) heats of formation (298A%);(C,HsOH) = —56.4 + 0.8 kcal/mol (exptl:
—56.21 4+ 0.12 kcal/mol),AH;(CH3;C*HOH) = —13.1 £+ 0.8 kcal/mol, AH{(C*H,CH,OH) = —6.2 &+ 0.8
kcal/mol, andAH{(CH;CH,0O") = —2.7 + 0.8 kcal/mol; (b) bond dissociation energies (BDES) of ethanol (0
K) BDE(CH;CHOH-H) = 93.9+ 0.8 kcal/mol, BDE(CHCH,OH—H) = 100.6+ 0.8 kcal/mol, and BDE-
(CH;CH,0O—H) = 104.5+ 0.8 kcal/mol. The present results support the experimental ionization energies
and electron affinities of the radicals, and appearance energy ofJ@B8H") cation.3-C—C bond scission

in the ethoxy radical, CkCH,Or, leading to the formation of €l; and CH=0, is characterized by a-€&C

bond energy of 9.6 kcal/mol at 0 K, a zero-point-corrected energy barrigf ef 17.2 kcal/mol, an activation
energy ofE, = 18.0 kcal/mol and a high-pressure thermal rate coefficieht.(f98 K) = 3.9 s, including

a tunneling correction. The latter value is in excellent agreement with the value of 5t the most
recent experimental kinetic data. Using RRKM theory, we obtain a general rate expresk{@ppt 1.26

x 10°p° 7B exp(—15.5/RT) st in the temperature rang&)(from 198 to 1998 K and pressure rang® from

0.1 to 8360.1 Torr with Bas the collision partners, wheké98 K, 760 Torr)= 2.7 s'1, without tunneling

andk = 3.2 st with the tunneling correction. Evidence is provided that heavy atom tunneling can play a role
in the rate constant fq8-C—C bond scission in alkoxy radicals.

Introduction energy) has the highest rate constant under atmospheric condi-
tions#> The S-hydroxyethyl radical2 is the primary initial
eradical formed in the tropospheric oxidation of ethane. The
ethoxy radical3 is also involved in the atmospheric oxidation

g Process of ethane, in the presence of,N® described in eq 1.

Ethanol is an important fuel additive for internal combustion
engines and can play a role in developing energy independenc
as well as in reducing green house gas emissidnbas been
estimated that the use of ethanol produced from corn coul
reduce CQ emissions by 1615% as compared to use of ‘o
gasoline as a fuélEthanol is an important component of the CZHG;H’ C,H: —2 C,HO, o, C,H-O"+ NO, (1)
ethanol-based E-diesel fuel currently used in fleet vehicles as
well as in some alternative biofuelsCurrently, ethanol

constitutes 99% of all of the biofuels used in the USAs a : : :
. important class of alkoxy radicals. Although the formation
consequence of the recent U.S. Energy Policy Act (EPACT enthalpies of the resulting free radicdls2, and 3, and the

2005), the use of ethanol as a motor fuel is expected to be greatlycorresponding €H and O-H bond dissociation energies
increased as there is a mandate for up to 7.5 billion gallons of

o ble fuel” to b di line by 2012 (BDESs) of ethanol, are of crucial importance in evaluating
renewable Tuel™ 1o be used in gasoliné by : . reaction product distributions, they have not been determined
In view of the importance of ethanol as a fuel for internal

: . - & with high accuracy yet. This is not surprising in view of the
combustion engines, thermochemical and kinetic parameters forfact that for the homologues derived from methandHEH
its oxidation reactions have been obtained from both experi- and CHO"), no less than one hundred papers have been devoted
mental and theoretical studies. The initial steps in the combustiontO their the,rmochemical properties before a consensus could be
of ethanol involve loss of a hydrogen atom. The three unique . o ¢
radicals that can be formeq are SBHOH (1), C.'H2CH20H. We first summarize the available experimental results on
(2), and CF&CHZO (3). In addition, the tropospher_lc degradation C,HsOr radicals (see Table 1) to put our work in context. In
of ethanol will proceed by hydrogen abstraction by the OH 1962, Whittle and co-workefsstudied the BDEs of alcohols

rid'cal'lln gterz]nfrr]al,tzgrrf%Ht+ X’trheacnpntS, tTe rath:;I p;)rod(l;ct and established that, in ethanol, the homolytic bond breaking
channet wi e highest exothermicity (lowes on occurs at thex-carbon, with BDE(CHCHOH—H) < 92 kcal/
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T University of Alabama. a larger value, BDE= 95 kcal/mol. Alfassi and Goldén

* University of Leuven. investigated the kinetics of the reaction of iodine atom with
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The radical3 is the prototype for the decomposition of the




114 J. Phys. Chem. A, Vol. 111, No. 1, 2007 Matus et al.

TABLE 1: Summary of Experimental and Theoretical Heats of Formation (AHs) of (C;HsO®) Radicals and Bond Dissociation
Energies (BDE) of Ethanot

CH3;C'HOH CH,CH,OH CH,CHOr
year method AHs BDE AHs BDE AHs BDE ref
1962  photobromination <92 7
1964 iodine reaction 95 8
1972 iodine reaction —-15.2+1.0 93.0+ 1.0 59
[—12.0] [91.5]
1982 mass spectrometry —-2.5 4.1 10
1982 photoelectron —-6+2 13
1987 MP4SDQ/6-31G{p) [—11.6] -75 24
[-5.1]
1990 photoelectron —3.6+0.8 104.3+ 1.0 5,16
y[—0.4+£0.9] [103.1+1.0]
1991 appearance energy —145+3 —13.5+3 14
1994  photoionization —-13.7+2 945+ 2 —8.7+2 99.5+2 15
[-10.5+ 2] [93 £ 2] [-5.5+ 2] [98 £ 2]
1995 G2 —-12.9 [94.9] -5.9 -3.1 [104.6] 25
[—9.7] [—2.7] [101.9] [0.1]
1997 laser-induced fluorescence —-75+17 5,21
1997 photoelectron —13.6+0.9 94.5+ 0.9 17
1997 MP4, QCISD(T) and CCSD(T) -4.0+1.0 26
1999 CBS-Q —-8.0 -1.7 27
2001 CBS-Q [105.0] 28
2002 gas phase acidity —3.6+0.8 104.7+0.8 18,29
[103.5+ 0.8]
2003 CBS-RAD —2.37 30
[1.0]
2005 IUPAC evaluation —-3.25+1.0 22
[-0.05+ 1.0]
2006 ccCA —-2.3 32

aValues at 298 K in kcal/mol. Valued & K are given in brackets.

ethanol, and from the measured activation energy and an=+ 0.6 kcal/mol. Together with the electron affinity of the ethoxy
assumption about the reverse reaction, these adthbtained radicall® EA(3) = 1.726+ 0.033 eV, BDRgg(CH;CH,O—H)

BDE = 93.04 1.0 kcal/mol, andAH% »9¢(1) = —15.2+ 1.0 = 104.3 £ 1.0 kcal/mol was derived, which corresponds to
kcal/mol. These values were used in literature compilati®is. BDEy(CH3CH,O—H) = 103.14 1.0 kcal/mol. The 298 K value

In the 1982 review? the correspondindH% ,95 values for the is similar to that of methanol, BDEg(CHsO—H) = 104.1+

two isomeric radicals were also giveRH? »0g(2) = —2.5 kcal/ 0.5 kcal/mol, obtained using the same approach. These results
mol andAH% »9¢(3) = 4.1 kcal/mol (very similar values fdt, led to AH% »9¢(3) = —3.6 & 0.8 kcal/mol andAH%o(3) = —0.4

2, and3 are also found in ref 12). On the basis of photoelectron + 0.9 kcal/mol. There is a difference of 7.8 kcal/mol between
spectroscopy experiments of the corresponding alkoxide, Ellisonthe kinetic and GA-derived values for the standard formation
et all® derived a value ofAH% 9g(3) = —6 £ 2 kcal/mol. enthalpy of3. Dyke et al'” recorded the He | photoelectron
Holmes et al* obtained from appearance energy measurementsspectra for CHCHOH (1) as the product from the F C,Hs-

by mass spectrometrAH% 29¢(1) = —14.54 3 kcal/mol and OH reaction. The first adiabatic ionization energylois |E,-

AH% 595(2) = —13.54 3 kcal/mol. Although the earlier energy (1) = 6.644 0.3 eV. These authors derivedH% ,o5(1) = —13.6
ordering between both isomers was confirmed, the energy gap=+ 0.9 kcal/mol and BDEgCH;CHOH—H) = 94.5+ 0.9 kcal/

was markedly reduced. Ruscic and BerkoWiteported in 1994 mol, close to values reported in ref 15. DeTuri and EWin
using photoionization mass spectrometry, the most complete setsubsequently revised the gas phase acidity of ethanol as
of ethanol BDEs as well as various thermochemical parametersAGgcig 20 CHsCH,O—H) = 372.6+ 1.2 kcal/mol and obtained

of the (GHsO") cation isomers, including the proton affinity ~BDEzgg(CHsCH,O—H) = 105.2+ 1.2 kcal/mol andAHY% z05

of acetaldehyde. It is worth noting that tliehydroxyethyl

radical 1 can be formed by electron attachment to protonated
acetaldehyde. These authBrslerived the energies for both

o(C—H) and5(C—H) bonds, BDRgg(CH;CHOH—H) ~ 94.5
kcal/mol (~93 kcal/mol at 0 K), and BDEggCH,CH,OH—H)

= 99.5+ 2 kcal/mol (98 2 kcal/mol at 0 K). The formation

AH%595(1) = —13.7 kcal/mol,AH%o(1) = —10.5 kcal/mol,
AHY% 20¢(2) = —8.7 & 2 kcal/mol, andAH%(2) = —5.54 2

that the 1972 value reported by Alfassi and GoRlisnabout
1-3 kcal/mol too negative. Whereas Holmes et*adstimated
an energy difference of only 1 kcal/mol betwekand?2, Ruscic

and Berkowit2® derived a larger gap of 5 kcal/mol. Ervin et

(8) = —3.3+ 1.2 kcal/mol.

The recent summary of the evaluated experimental values

from the NASA Stratospheric Modeling Data Pangave the
following values AH% 505(3) = —3.7 & 0.81° AH% 08(1) =
—15.24 1,22 and AH% 59¢(2) = —7.5 £ 1.7 kcal/mol?t In the

recent IUPAC critical compilation of thermochemical properties
enthalpies of the corresponding free radicals were evaluated aof radicals?? the values determined from gas phase acidity

measurements by DeTuri and Erinand the more recent
electron affinity valué® for CH;CH,O were used to establish
kcal/mol. There are significant differences with respect to the the following results for the ethoxy radicalH% o(3) = —0.05
earlier experimental values. FbrRuscic and Berkowit? stated

+ 1.0 kcal/mol andAHY% 595(3) = —3.254 1.0 kcal/mol. The

latter value is consistent within the reported error bars of the

NASA Panel value.

There have been a number of computational studies of the
heats of formation and BDEs as well. At the (P)UMP4/6-31G-

al.l® redetermined the absolute gas phase acidities (GA) of (d) molecular orbital theory level, Sosa and Schl&gabtained

alcohols including ethanol\Ggcig 20 CHsCH,O—H) = 372.0

a theoretical estimate ohH%0¢(2) = —7.5 kcal/mol, based
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TABLE 2: Calculated Atomization Energies (in kcal/mol).

molecule CBS8 AEzpd AEc® AEsg AEso® 2Do(0 K)
CHzOH (A" 512.28 —31.57 1.27 —0.52 —0.308 481.16
CH3OHT (2A")9 258.44 —28.86 1.10 —0.43 —0.308 229.94
CH,OH (A) 408.90 —23.21 1.23 —0.50 —0.308 386.11
CHOH" (*A")P 237.23 —24.86 1.04 —0.47 —0.308 212.63
CH30 (?A") 399.11 —23.09 1.15 —0.38 —0.308 376.49
HsCO™ (*A1) 434.89 —22.16 1.08 —0.50 —0.308 413.01
HsCO" (*A1) 149.98 —20.61 112 —0.24 —0.308 129.93
CH3CH,OH (*A")f 808.86 —49.25 2.36 —0.74 —0.393 760.83
CH3;C'HOH (1,A") 706.87 —41.18 2.34 —0.71 —0.393 666.93
C'H,CH,OH (2,%A) 699.32 —40.22 2.25 —0.70 —0.393 660.25
CH3CH,O (3,2A") 694.99 —40.91 2.17 —0.62 —0.393 655.24
CHsCH,O(32A") 695.47 —40.32 2.21 —0.62 —0.393 656.35
CH3CH,O (3-TS, 2A) 675.94 —37.88 2.09 —0.63 —0.393 639.13
CHsCH,OH™ (2A"")) 562.95 —46.21 2.17 —0.63 —0.393 517.88
CH;CHOH" (*A")" 552.70 —42.44 2.19 —0.68 —0.393 511.38
CH,CH,OH™ (*A) 713.52 —39.25 2.19 —0.73 —0.393 675.34
CH;CHO™ (*A") 734.69 —40.11 2.12 —0.72 —0.393 695.59

aFrom CCSD(T)/CBS energies extrapolated using eq 5, withZabasis sets, where = D, T and Q, based on at the MP2/aVTZ optimized
geometries, unless otherwise noted. Total energies are given Table S1 (Supporting Inforrm@&tdeylated zero-point energies are reported in
Table S4 (Supporting Information). A scaling factor of 0.977 obtained from methanol was applied to its radicals and ions, and 0.980 obtained from
ethanol was applied to its corresponding radicals and ions, unless otherwiser@bee/valence corrections were obtained with the cc-pwCVTZ
basis sets? The scalar relativistic correction (MVD) is from a CISD/aVTZ calculatidW.alues obtained from ref 57 Geometry at MP2/avVTZ,
and ZPE averaged from CCSD(T)/aVDZ and experim&bfCCSD(T)/aVDZ optimized geometries. ZPE’s were evaluated from UCCSD(T) harmonic
vibrational frequencies and scaled by 0.98¥alues taken from ref 45.Geometries at UCCSD(T)/aVTZ, and ZPE from UCCSD(T)/avDZ
frequencies, scaled by 0.988JCCSD(T)/avVDZ optimized geometries. ZPE'’s were evaluated from UCCSD(T) harmonic vibrational frequencies
and scaled by 0.988.

on two different evaluation strategies. Curtiss et®akported UMP2/6-31G(d) level for the geometries and vibrational
a G2 value ofAH% 59¢(2) = —5.9 kcal/mol. Espinosa-Gaaf frequencies, UMP2/6-31G(d,p) for the energies and obtained
subsequently carried out a careful reevaluation by using four an energy barrier of 20.85 kcal/mol, which led g = 22.0
distinct working chemical reactions and five different levels of kcal/mol and logf) = 13.9 at 400 K34 Caralp et aP° performed
MO theory, and proposed a value &H% »95(2) = —4.0+ 1.0 a kinetic study to determine thermal rate constants. Within the
kcal/mol. For this quantity, Yamada etlcalculated a value  pressure range 0.064p < 60 bar of He, and temperature range
of AH%20¢(2) = —8.0 kcal/mol using CBS-q//MP2(full)/6-31G- 391 < T < 471 K, a high-pressure rate expression was derived
(d,p) and G2 methods. In view of the substantial differences ask, = 1.1 x 1012 exp(~16.8RT) s (reportedE, = 70.3 kJ

(cf. experimental values of13.5* and—8.7*° kcal/mol), these mol-1) giving a derived rate ok. (298 K) = 5.2 s'. These
authors” called for “further studies to clarify this value”.  authors also performed ab initio calculations showing that
Sumathi et af® obtained using CBS-Q calculations a value of 4ctivation parameters obtained by different levels of theory
BDE(CHsO—H) = 105.0 kcal/mol, which is close to the G2 markedly deviate from each other (cf. Table 2 of ref 35). The
value. On the basis of previous experimental and theoretical past |evels used in this study, QCISD¥with the 6-31%

studies, ngin and DeTufl propo;g:d a value of 3.6 kcal/ G(3df,2p) basis set and BAC-MP4gave respective zero-point-
mol for AH™(3) at 298 K. Rauk et al’reported values of1.0 corrected barrier height&g*, of 16.9 and 17.4 kcal/mol, and

and —2.37 kcal/mol forAH%(3) at 0 and 298 K, respectively . _

. ) ' ' respectivek,(400 K) = 9.6 and 5.9 s1.3%> The C-C bond
using the CBS-RAD approach. I__|n and co-wqu@érssed the dissociation energy was calculated to be 9.5 kcal/mol at 298
G2M(RCC2) method and determined energy differences of 11.9 K. A theoretical study by Yamada et &ldid not agree well

and 3.8 kcal/mol for the paizd—1 and3—2, respectively. More ith th . | Its of & al
recently, DeYonker et & used the new correlation consistent with the most re°er?t experimental results of Hoyerman €t al.
! Yamada et al. predictel;¥'s of 13.4 and 16.0 kcal/mol at 298

i 0 _
composite approach (ccCA) to obtal™(3) at 298 K of~2.3 K from CBS-¢f® and G2° calculations, respectively. From their

kcal/mol. . : - .
Two potential low-energy channels are possible for the h|gh-pre§sure rate expression W|th1the CBS-q barrier hé.’(ght,
unimolecular decomposition & A-C—C bond scission form-  ONe 0btains,(296 K)=2.1x 10°s™%. Subsequent theoretical
studies by Somnitz and Zelln&in which specific rate constants

ing methyl and formaldehyde and loss of arH to form - >
acetaldehyde. We consider the former channel, which is the Were evaluated via a RRKM treatméhwith structural param-
eters and the energy barrier obtained from a modified G2

lowest energy one and most likély Unless otherwise noted,
the results stated hereafter refer&€—C bond scission. The ~ Methodi®led to B, = 17.33 kcal/mol, logf) = 13.47 and
earlier kinetic results for the decomposition of alkoxy radicals K=(300 K) = 2.4 s%. The latter rate coefficient is close to the
in the gas phase have been reviewed by Bafhe activation 1977 experimental value of 1.5sby Batt and Milne3* and
energy E,) for 5-C—C bond scission i3 are dependent on the within about a factor of 2 of the 1999 experimental rate of 5.2
experimental conditions. The values are clearly not in agreements ' by Caralp et af> Rauk et af° used the composite CBS-
with low values of 12.5 kcal/mol (1630 Torr of pressurgt) RAD method and transition state theory (T$Tand obtained
and 13.0 kcal/mol (530 Torr39 and a much higher value of ~ Ea= 16.8 kcal/mol, logf) = 13.60 anck., = 19 s'* at 298 K.
22.1 kcal/mol (50 Tof®Y). Hoyermann et a4 summarized the ~ The C-C bond dissociation energies are 9.7 kcal/mol at 0 K
high-pressure limit Arrhenius parameters and concluded thatand 11.4 kcal/mol at 298 R Recently, Neumark and co-
Eais in the range 20:221.6 kcal/mol with logd) ranging from workerg?® reported a photodissociation study of the ethoxy
13.7 to 15.0. These authors also carried out calculations at theradical in the range-56 eV and analyzed their data using parts
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of the potential energy surface calculated at the B3LYP/6- this procedure did not work for the radical cations derived from
311G+H+G** level. ionization of methanol and ethanol as the geometries and the
Table 1 shows that after nearly five decades of work, no harmonic frequencies had to be computed using the CCSD(T)/
overall agreement or consistency has been reached yet on theaVDZ method. We used scale factors for the radical cations of
formation enthalpies of the threeldsO radicals. As pointed 0.985 and 0.988 taken as average of the calculated CCSD(T)/
out above, a difference of-23 kcal/mol in the heats of formation ~ aVDZ harmonic frequencies and the experimental fundamentals
can greatly influence the activation energies for hydrogen for CH;OH and GHsOH respectively. There are two states for
abstraction or decomposition, and quantitatively modify the rate 3, 2A’ and2A". 2A" is lower in energy but has one imaginary
constants and product branching ratios for ethanol combustionfrequency whereas th&\' state has all real frequencies. To
(by up to a factor of 18-10°). In view of the uncertainty of evaluate the ZPE fd3(A"), we carefully matched the frequen-
the available results, we have reevaluated basic thermochemicaties for the?A state derived from reducing the symmetry of
parameters of &40 radicals by using current state-of-the-art 2A" and replaced the imaginary frequency in #a& state with
electronic structure calculations. Extensive stutfielsave the value of 565.5 crt from the ?A state. To calculate the
recently shown that an error bar @f1.0 kcal/mol can be kinetic parameters for th8-C—C bond scission, the geometry
achieved for the calculated standard heats of formation of small of 3, in both 2A’" and2A"" electronic states, and the transition
organic compounds. When using a similar approach? heve structure 8-TS) were optimized at the MP2 and CCSD(T) levels
found that the heat of formation of acetaldehyde is 1.7 kcal/ with both the aVDZ and aVTZ basis sets. In addition, the
mol higherthan the currently accepted value, nam\él$ 05 CHs- frequencies were calculated at the MP2/avVTZ and CCSD(T)/
CHO) = —39.1+ 1 kcal/mol (new theoretical value), instead aVDZ levels. We used the CCSD(T) frequencies with that for
of —40.84 0.1 kcal/mol (current experimental value at 298.15 the2A’ state corrected as described above.
K), but closer to an earlier value 6f39.7 + 0.1 kcal/mot® To evaluate the total atomization energies, smaller corrections
We also calculated the thermochemical values for methanol andwere also included. Corevalence correctionsAEcy) were
its two radicals (CHOH, CHsO*, and CH>OH) to further obtained at the CCSD(T)/cc-pwCVTZ level of theGhScalar
benchmark our method. In addition, the-C bond energy of relativistic corrections AEsg), which account for changes in
3 and the transition state structure and rate coefficients for the relativistic contributions to the total energies of the molecule

breaking the €& C bond were predicted. and the constituent atoms, were included at the CI-SD (con-
) figuration interaction singles and doubles) level of theory using
Computational Methods the cc-pVTZ basis se\Egg is taken as the sum of the mass

The calculations were performed by using the Gaussi4h 03 Velocity and 1-electron Darwin (MVD) terms in the Brefauli -
and MOLPR®® suites of programs. Geometry parameters of Hamiltonian®® Most calculations using avallablg electronic
the structures were fully optimized and harmonic vibrational Structure computer codes do not correctly describe the lowest
frequencies were calculated using molecular orbital theory at €N€rgy spin multiplet of an atomic state as spanbit in the
the second-order perturbation MP2 level with the correlation- tom is usually not included. Instead, the energy is a weighted
consistent aug-cc-pVTZ basis set. The fully unrestricted formal- @verage of the available multiplets. The sporbit corrections
ism (UHF, UMP2) was used for open-shell system calculations aré 0.085 kcal/mol for C and 0.223 kcal/mol for O, both from
done with Gaussian 03. Single-point electronic energies were the excitation energies of MooPé For the ethoxy radical and
calculated using the restricted coupled-cluster R/UCCSD(T) 'tS transition structure, we also calculateq the molecularsplln
formalism in conjunction with the correlation-consistent aug- Orbit (SO) term that arises from the coupling between unpaired
cc-pvnZ (n = D, T, and Q) basis sets, using (UMP2/aug-cc- electron(s) in different lower-lying electronic states. The lowest
pVTZ optimized geometries. For simplicity, the basis sets are SPin—orbit coupled eigenstates were obtained by diagonalizing
denoted hereafter as a¥. The CCSD(T) energies were relatively small spir-orbit matrices in a basis of pure spift{

extrapolated to the complete basis set (CBS) limit energies usingS) €igenstates. In each case, the electronic states used as an
the following expressidii expansion basis were restricted to t%A' and two 2A"

electronic states. The electronic states and SO matrix elements
were obtained in singles-only multireference configuration
interaction (MRCI) calculations with a full valence complete
) ~active space (CAS) reference function with the aug-cc-pVTZ-
Although, one can extrapolate the HF and correlation energiespp pasis set using MOLPRO. Corrections due to the Born
separately, on the basis of our experience, we have found thaioppenheimer approximation have also been evaluated by
this does not substantially improve the fits. ~ calculating the diagonal correction (BODE)at the HF/cc-
After the valence electronic energy, the largest contribution pVDZ level, using the PSI3 prograff.

to the total dissociation energy .is th.e zero-point energy (ZPE).  Forthe purposes of comparison, the composite methdd G3
For methanol the fundamental vibrational frequencies are kKnown 54 its variation G3B3 have also been used. By combining our

from experiment®! Some of the fundamental vibrational  ¢ompytedsD, values with the known heats of formation at
frequencies for the radicals GB and CHOH are also know? 0 K for the elements AH{(C) = 169.98+ 0.1 kcal mot?
Following the recommendations of Grev et %lwe calculate AH(0) = 58.99+ 0.1 kcal molL, and AHC(H) = 51.63£

the ZPE as the average of the calculated harmonic frequenciegy gg1 kcal mot?), we have derived\H values 40 K for the

and the experimental fundamentals. For;OH, this procedure molecules under study in the gas phase. We obtain heats of

yielded a scaling factor of 0.977, which was applied to the ZPE- {5rmation at 298 K by following the procedures outlined by
(MP2/aVTZ) values of the radicals and ions derived froms€H -~ rtiss et afl

OH. The same procedure was used feHEOH on the basis of
the experimental valuésfor all modes except for the lowest
two torsional modes which were taken from the calculations.
This led to a scaling factor of 0.980, which was applied to the  Total energies of the molecules are given in Table S1,
radicals and ions derived from,BsOH. As discussed below, calculated harmonic vibrational frequencies in Tables S2 and

E(X) = Acgs + Bexp[—(x — 1)] + Cexp[-(x — 1]  (2)

Results and Discussion
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TABLE 3: CCSD(T)/CBS Heats of Formation at 0 and 298 K (kcal/mol) Compared to Experiment

AH;(0 K) AH;(0 K) AH((298 K) AH((298 K)
molecule this work expt this work expt
CH;OH (*A") —45.7 —45.44+ 0.14 —48.3 —48.044 0.14°

CH;OH™ (2A") 205.6 202.7
CH,OH (?A) -2.3 —2.75+ 0.3T —3.8 —3.97+0.3F
—2.56+ 0.17 —4.25+ 0.3
—4.064+ 0.17f
CH,OH* (*A") 171.2 171.6+ 0.43 169.3 171.224+0.31¢
CH;0 (A") 7.4 6.79+ 0.5 55 4,14 0.9
6.8+ 0.4 4.3+ 0.7
5.02+ 0.5
5.114 0.96
5.57+0.22
HsCO™ (*Ay) —29.1 -31.0
HsCO' (PA1) 253.9 252.1
CH3;CH,OH (*A") —52.1 —51.96+ 0.12 —56.4 —56.12+ 0.12P
CH;CHOH (1, ?A) -9.8 —10.5+ 2™ -13.1 —15.24 1bn
—13.7+ 2
C'H,CH,OH (2, ?A) -3.1 —5.5+2m —6.2 —7.5+ 1.7°°
—8.7+t 2™
CH3CH,O (3,2A") 1.9 -1.7
CH3;CH,O (3,2A") 0.8 —0.05+ 0.96' 2.7 —3.6+ 0.8
—3.25+ 0.96
CH3CH,0O" (3-TS, 2A") 18.0 14.7
CH;CH,OHT (A") 190.8 186.7
CH;CHOHT (*A") 145. 7 142.2
CH,CH,OH™ (A) —18.2 —-214
CH;CH,O™ (*A") —38.5 —-42.1

2 Reference 662 Referencd 5c¢ Reference 6¢ Reference 226 Reference 74.Reference 75. The value in this reference is not an experimental
result; however, it matches that from ref 22ZTheoretical values taken from ref 45Reference 76.Reference 770.Reference 29 Reference
77a. This value was calculated at 300'lReference 62. This is not an experimental resuReference 15? Reference 92 Reference 21.

TABLE 4: Calculated Thermochemical Parameters of Methanol and Its Radicals Compared to Experiment

AEqq?  |E(CHiOH)S AE(CHOHM),9 IE(CH,OH)E  EA(CHO)) IEfCH30"),°  AHac CH:O—H),™ PA(CH;O"),
method kcal/mol eV eV eV eV eV kcal/mol kcal/mol
CB& 9.7 10.90 11.64 7.52 1.58 10.69 381.8 167.5
G3 9.0 10.92 11.65 7.53 1.55 10.74 382.4 168.2
G3B3 8.7 10.90 11.65 7.54 1.53 10.70 382.5
expt 1090+ 0.1Z2 11.65+0.019 7.55+0.01 1.5724+0.004 10.7264 0.008 381.7+ 0.8

10.85+ 0.03 1.5694+ 0.0019 381.4+0.7°
380.7+ 0.8

aFrom the calculated heats of formation@K unless noted in Table 3.Relative energy betweexH,OH and*CH;0, kcal/mol; see text.
¢ Adiabatic ionization energy at 0 K.The G3 result was obtained with an eclipsed conformation of the ionized meth&ederence 70.Reference
71.9 Appearance energy of GBH"' calculated from reaction 4.Reference 72.Reference 65.Adiabatic electron affinity at 0 Kk Reference
77a. A similar value can be found in ref 13 (1.%70.022 eV).! Reference 817 Gas phase acidity of methanol at 0 K. The calculated value at 298
K is 383.0 kcal/mol versus the experimental value 38#.9.6 kcal/mol?® " Reference 162 Reference 762 Reference 299 Proton affinity at 298
K.

S3, and ZPEs and thermal corrections in Table S4 of the carbon center. The coupling between the OH internal rotation
Supporting Information. MP2/aVTZ and CCSD(T)/avVDZ op- and the CHwagging mode, and its effects on thermochemical
timized geometries of the ethanol species are given in Table parameters of the radical have been analyzed in detail in
S5. The calculated total energies f@rand 3-TS at different previous studie&?2 The corresponding cation GBH', which
geometries are given in Table S6. The components that are useds the protonated form of formaldehyde, is planar. Under the
to predict the total atomization energied)p) and theZD, are Cs, point group, the SOMO of C§D* is doubly degenerate,
given in Table 2. The predicted enthalpies of formation at 0 and as a consequence, its geometry is subject to a-Jailer
and 298 K are summarized in Table 3. (JT) distortion, which lowers its symmetry. The stabilizing
Methanol and Associated Radicals and lonsThe purpose distortion to theCs point group reduces one HCO bond angle
of the present evaluation of the methanol energetics is afrom 109.7 to 104.9 but enlarges the two other HCO angles
necessary calibration for our study of ethanol. For a reasonablyto 112.5, giving a2A’ Cs energy minimum. ThéA" state is
complete list of previous studies on theHZOH and CHO" an energy maximum with a negative frequency. The open-shell
radicals derived from methanol, refer to the earlier work of nature of the electronic system allows sporbit interactions,
Johnson and Hudgefisnd the more recent IUPAC compilation  which further split the degeneracy of the vibronic states, which
by Ruscic et af?2 Table 4 summarizes thermochemical param- in turn modifies the vibrational levels and the zero-point
eters of methanol and G radicals. For comparison, the G3  energies. The interplay between both effects was recently
and G3B3 results are also tabulated in Table 4. investigated using high-quality wavefunctions by Marenich and
The CH,OH radical is nonplanar as expected due to the Boggs®? The JT stabilization energy (the difference between
electronegative character of the OH group. With respect to the both 2E and?A’ states) is 0.77 kcal/mol (270 c), whereas
planar structure of the parent methyl radical, the hydroxy group the barrier to pseudorotation (the difference between bath
induces a small out-of-plan distortion and a slightly pyramidal and?A’ states) is only 0.14 kcal/mol (49 cij. Although the
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energy difference is very small, tH&' state formally corre- the experimental error limits. Our calculated value for
sponds to the electronic ground state of the methoxy radical. AH% ,9(C*H,OH) of —3.8 kcal/mol is in agreement with the
We note that the present results for the geometrical parameterscorresponding experimental results at 298 K-#.97 4+ 0.31
vibrational frequencies, and thermal corrections of bothQH kcal/mof4and—4.254+ 0.31 kcal/mof:6 Our calculated value
radicals compare well with those selected in the IUPAC2fist.  for AH% 295(C*"H,OH) is also in agreement with the most recent

The methoxide anion CID~ possesses @3, singlet state theoretical value of—4.06 + 0.17 kcal/mol, obtained by
(1A1), whereas the C¥D* cation exhibits &Cs, structure with ~ Marenich and Bogg8 using a comparable computational
a triplet ground state®A\;). Both ions are stable with respectto  approach. The value-4.06 & 0.17 kcal/mol was selected in
JT distortions. In general, geometrical parameters predicted bythe recent IUPAC compilatiGh as the preferred heat of
using the (U)MP2/aVTZ method compare well with experi- formation for the hydroxymethyl radical. The corresponding
mental data. The MP2-bond distance of 1.423 A of@in value 4 0 K'is —2.56 + 0.17 kcal/mol.
methanol is close to the well-established microwave result of ~Our work differs from the computational study by Marenich
1.428 A83 This distance is shortened in both radicals, to 1.366 and Bogg® in two ways: (i) they used C#0H — CH,O + H
A'in C*H,OH and 1.377 A in CHO* (exptl: 1.37+ 0.02 A)®* as the working equation fpr eyaluating the hegt of formqtign
The CCSD(T)/CBS calculated valua$i®(CHsOH) = —45.7 whereas we used thg atomization reaction and (i) they explicitly
and—48.3 kcal/mol at 0 and 298 K, respectively (Table 3), are evaluated a_nharmonlc frequen_mes to estimate the ZPEs whe_reas
in good agreement with the experimental valugts.44-+ 0.14 we used a simpler approa_ch with scaling factors. Both tr_leore_tlcal
and —48.04 + 0.14 kcal/moF568 A slightly more negative approaches led to essentially the same heat of formation with a

. difference of less than 0.3 kcal/mol.
experimental value 0f49.0 £ 1.0, AH%(CH;OH) at 298 K, o e . .
was tabulated in the recent Sandia datalSaseit this value K A value dOfAH f'O(CHSO_)h_ h7.4 kfallmfle':sé %ridchteI(/j at|0
seems to be somewhat too low. The most recent NASA v !N 90O agreement with the value o -4 Keal/mo

- reported by Neumark and co-workéfsThe corresponding
cKomp|Iat|or§ adopts the value-48.04+ 0.14 kcal/mol for 298 =1 =2 7 20 D05 IAHO% 20(CH30") = 5.5 kcal/mol,

. . . more positive than the value of 4£10.9 kcal/mol in the NASA
The geometry of the radical cation generated by removing ., ijation, by 1.4 kcal/mdl Marenich and Bogdg obtained
and ionizing CHOH is strongly dependent on the theoretical AHO 205(CH;0") = 5.57 + 0.22 kcal/mol using the approach

methogl emplloyeFIB. G.ei?n;]etry optimizztions att:eith.er the UMP2  yoscribed above including the molecular spambit corrections;
or UB3LYP level, with the aVDZ and aVTZ basis sets, agree ¢ yajye is in excellent agreement with our result. A more

with earlier findings that ionized methanol has an eclipsed recent value of 4.3+ 0.7 kcal/moR%7™ derived from an

conformation (HCOH dihedral angle equal to zero). The two experimental bond dissociation enthalpy of BRECH0—H)
H-atoms are situated in a cis-configuration with respect to the _ 104 6+ 0.7 kcal/mol is less positive than ours by 1.0 kcal/

C—O bond, within .theCS molecular plane, in contrast.with mol. Our predicted values are in agreement with the values of
neutral methanol with a staggerednsHCOH conformation. 79+ 0.5 kecal/mol 40 K and 5.02+ 0.5 kcal/mol at 298 K

The energy difference between the eclipsed (cis) and staggeredigjacteq as the preferred enthalpies of formation for methoxy
(trans) conformers in the cation based on fully optimized |,jical in the IUPAC compilatiof?

geometries without ZPE corrections is 0.42 kcal/mol at the 114 c5lculations confirm that*B,0H is more stable than
UCCSD(T)/aVTZ level and is essentially doubled to 0.88 kcal/ CHsO" (AE;aq in Table 4) by 9.7 kcal/molta0 K and by 9.3

mol at the UBSLYP/aVTZ level. A similgr change in conforma- | cai/mol at 298 K. The corresponding G3 and G3B3 values of
tion of the methyl 9group following ionization was also noted g 5 anq 8.7 kcal/mol values as well as the previous G2 Vélue
!n T“ethy' formaté. The calculated eO.bond distance of of 8.8 kcal/mol forAE g are in agreement with our valu&E,q
ionized methanol is method dependent. It is expected to decreasg, g, corresponds to the difference between théi@nd O-H
relative to CHOH, due to removal of an electron from the 1,51 energies in methanol. This is significantly smaller than
antisymmetric 24 HOMO of methanol. The €0 distance in ¢ senaration of 14.2 keal/mol between the BDEs eHbond

the ground state of the methanol radical catiGA") is in methane (103.4 kcal/mol) and-@1 in water (117.6 kcal/
calculated as 1.38 A at the UB3LYP/aVTZ level, 1.39 Aat the 4y 20

UCCSDT/aVDZ level, but only 1.30 A.at the UMP2/avVTZ Previous quantum chemical results fa% o(C*H,OH) range

level. Compared to the CCSD(T)-@ distance, the UMP2  qq0, 5 1 t9—2 9 kcal/molé7875In most previous theoretical

distance is too short. We optimized the geometry oOH" studies, evaluation of the heat of formation was done using

at the CCSD(T)/aVDZ level and calculated its ZPE at the same 55 qesmic reactions such as reactidrL&ing the experiment&

level. The calculated valug\H%(CHzOH*) = 205.6 kcal/mol

at 0 K, leads to an adiabatic ionization energy of((EH;0H) C'H,OH + CH, — CH,OH + C'H, 3)

= 10.90 eV, in excellent agreement with an early experimental

value of 10.90+ 0.12 eV?° Our calculated value is also in  heats of formation 0 K of CH, (—15.99+ 0.10 kcal/mol),

good agreement with the most recent experimental value, 10.85CH;0H (—45.44 + 0.14 kcal/mol), and @15 (35.62+ 0.07

+0.03 eV*If the MP2 geometry is used, d€H;0H) = 11.05  kcal/mol) and the calculated value for the reaction energy at

eV, an error of 0.15 eV or 3.4 kcal/mol. The G2 method, which the CBS limit of 8.6 kcal/mol, we obtaiAH;(C*H,OH) = —2.4

is based on UMP2 geometries, overestimategdB;OH) by kcal/mol at 0 K, the same as obtained from the atomization

0.06 eV, giving 10.96 eV¥® The G3 method (IECH;OH) = energies £2.3 kcal/mol). A value of 8.5 kcal/mol for this

10.92 eV) and the G3B3 method, which is based on B3LYP/ reaction energy was reported on the basis of UCCSD(T)/CBS

6-31G(d) geometries (HCH;OH) =10.89 eV), yield ionization  calculations’® Compared with our CCSD(T)/CBS result, the heat

energies in good agreement with our value. of formation of CHOH is underestimated by 1.3 kcal/mol at
Our predicted value foAH% o(C*H,OH) is —2.3 kcal/mol. the G3/G3B3 level.

Recent experimental values have been reported for this quan- Johnson and Hudgeéhsmployed the CBS-QCI/APNO method

tity: <—2.14+ 0.7 kcal/mol2and—2.754+ 0.31 kcal/moPf-6.73 for calculating the enthalpy of reaction 3 and obtain€g}(3)

Our value is in good agreement with either value considering = 9.1 kcal/mol at 0 K. This differs by 0.6 kcal/mol from our



Enthalpies and Kinetics g8-C—C Scission for GHsO*

J. Phys. Chem. A, Vol. 111, No. 1, 200719

TABLE 5: Thermochemical Parameters of Ethanol and Its Radicals Compared to Experiment

AEQ2-1)P AE(B-1)° AE(CHsCHOH)d  IE{CHsOH)f IEL(1), EAB,2A")}  AHaiC:HsOH)!  PA(3)°
method  kcal/mol kcal/mol eV eV eV eV kcal/mol kcal/mol
CBS 6.7 10.6 10.82 10.53 6.74 1.70 378.8 176.3
G3 7.5 10.1 10.81 6.75 1.71 378.5
G3B3 6.9 9.6 10.87 6.76 1.73 378.5
expt 10.8014- 0.00% 10.48+ 0.0 6.78 1.712+ 0.004 378.6+0.8"

6.644+0.03 1.726+ 0.03% 377.6+£0.™

2 From the calculated heats of formatian0eK unless noted in Table 3.Relative energy betweertif,CH,OH, 2, and CHC'HOH, 1. ¢ Relative
energy between CGi€H,O" (3, 2A""), and CHC'HOH, 1. ¢ Appearance energy from eq 8Reference 15, Adiabatic ionization energy?. Reference
65. " Reference 17.Adiabatic electron affinity! Reference 77& Reference 13.Gas phase acidity of ethanol at 0 K. The calculated value at 298
K is 380.0 kcal/mol versus the experimental value of 378.0.8 kcal/mol?® ™ Reference 167 Reference 29 Proton affinity of the radicaB

(?A") at 298 K.

present result (8.5 kcal/mol). The difference is due in part to

AH{(C,HsOH) of —52.1 kcal/mol 40 K and —56.4 kcal/mol

their use of experimental fundamental vibrational frequencies at 298 K are in good agreement with the experimental values

for evaluating the ZPESWe used the average of the experi-

of —51.964 0.12 and—56.124+ 0.12 kcal/mol, respectivelyt

mental and best (available) theoretical ZPEs as an estimate for The 1-hydroxyethyl radicallj has a nonplanar carbon radical

this correction. The two approaches differ by about 0.4 kcal/
mol for the effect of the ZPE onAE((3).

The loss of H gives the C#DH' ion whose appearance
energy was experimentaf determined as the energy of
reaction 4. Our calculated value of 11.64 eV for this reaction is

CH,OH— CH,0OH" + H + e~ (4)

in very good agreement with the experimental result, 1165
0.019 eV’2 The calculated ionization energy of the hydroxym-
ethyl radical is 7.52 eV, in good agreement with the experi-
mental value of 7.554+ 0.0172 The calculated value for
AHg 205(CH,OHT) = 169.3 kcal/mol is the same as that derived
from the experimental proton affinity of formaldehyde, PA-
(CH,0) = 170.4 kcal/mol at 298 K:1* Our calculated value
for PA(CH;0) is 170.4 kcal/mol at 298 K&

Two distinct experimental results of 7.370.0F%and 10.726
+ 0.008 eVZ2 have been reported for the ionization potential of
CH3Or. Our calculated value for HECH30) of 10.69 eV differs
from the higher value by only 0.04 eV, less than 1 kcal/mol,

center Ci). The presence of a methyl and a hydroxyl group
leads to two distinct equilibrium conformers. Curtiss et%al.
found the anti CCOH conformer to be more stable than the OH
gauche conformer by 0.3 kcal/mol at the G2 level. Our UMP2/
aVTZ calculations concur with this finding, which show an
energy difference of 0.4 kcal/mol (with ZPE) in favor of the
anti form. The fully planar conformer, 2A") is characterized
by a negative frequency;(= 513i cnT!) and corresponds to
the transition structure for inversion at the carbon center. The
energy difference between both planar and pyramidal anti forms
of 1is small, 1.0 kcal/mol without ZPE, but only 0.2 kcal/mol
when ZPE corrections are included. For our final energies, we
used the lowest energy anti conformer for

The 2-hydroxyethyl radical possesses several possible
conformers. In agreement with conformational analyses carried
out in previous studie%;2526the anti and gauche forms of the
CCOH moiety constitute the two energetically lowest-lying
conformers of. The anti form with a dihedral angleCCOH
of 174.7 (UMP2/aVTZ) is less stable than the gauche form
with OCCOH= 54.7. At the UCCSD(T)/CBS limit, the gauche

and clearly the lower value is incorrect. The calculated electron form is 0.83 kcal/mol lower in energy than the anti. The gauche

affinity (EA) for CH3O* of 1.58 eV is in good agreement with
the experimental results of 1.5200.02212 1.5724 0.004772
and 1.5690+ 0.0019 eVE! The methoxide anion C3D~ is far
more stable than its G¥®H~ isomer, which is unstable with

structure has a larger ZPE than the latter by 0.31 kcal/mol. Thus,
the gauche conformer o is 0.52 kcal/mol than the anti
including ZPE corrections. The plan@g structures oR possess
one, or even two, negative vibrational frequencies and are

respect to electron detachment. As expected, the acidity oftherefore transition structures for either carbon inversion of CH
methanol is due to O-deprotonation. The calculated gas phaseand OH group rotations. The barrier to inversion at the terminal

acidity AHacigi(CH3:O—H) = 381.8 kcal/mol is in agreement
with the spectroscopic determinations of 36+.8.76and 381.7
+ 0.8 kcal/mol*® By using the calculated (CBS) heat of
formation of formaldehydeAH;(CH,O) = —25.1 kcal/mol at
0 K,* and the CBS result for C0* (Table 3), we find the
C—H bond strength in the radical to be 19.1 kcal/mol, only 0.7
kcal/mol less than the experimental estimate of H9®4 kcal/
mol.”® The proton affinity of methoxy radical can be calculated
from our data, PA(CHD*) = 167.5 kcal/mol (at 298 K).
Overall, our calculated results for the thermochemical pa-
rameters of the methanol derivatives agree quite well with

radical center of the anti form is less than 0.1 kcal/mol, showing
an essentially planar geometry at the C radical center. For our
final energies, we used the lowest energy the gauche conformer
for 2. The UMP2/aVTZ optimized geometries of the low-lying
conformers ofl and 2 are given in Supporting Information
(Table S5).

The equilibrium structure of ethoxy radicahas a staggered
configuration. The eclipsed configuration corresponds to a
transition structure for rotation of the methyl group. Radal
has two low-energy electronic states. The methoxy homologue
CH3Or is subject to a JahnTeller distortion that lowers its

available experimental data, with deviations amounting to, at symmetry fromCs, to Cs and splits the’E electronic state to

most, £ 0.5 kcal/mol. On the basis of these results and our

2A" and?A"”, with 2A" being the ground state. Replacing one H

estimates of the errors in the ZPEs for the molecules derived atom of CHO* by a methyl group gives CiH,O* and lifts
from ethanol, we estimate the errors for the molecules derived the formal degeneracy of the e molecular orbital centered at

from CHsOH discussed below to be 0.8 kcal/mol.
Ethanol and Associated Radicals and lonsTable 4 lists

the oxygen atom in C§Dr, generatingA’ and?A"" electronic
states for3. In their earlier paper, Sosa and Schléfstated,

the heats of formation at 0 and 298 K of ethanol and three “Like CH3O, the ethoxy radical has [an]'Aground state”.

(CoHs0) radicals, whereas Table 5 summarizes additional

Curtiss et aP® later reported: “The ground state of [the] ethoxy

thermochemical data. The calculated CCSD(T)/CBS values for radical is?A"’. The?A' state is only 0.7 kcal/mol less stable at
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TABLE 6: Optimized Geometries of the Ethoxy Radical 3 in Different Electronic States and of the Transition Structure 3-TS

method rci-c2 Fcz-03 Foi-ma Tciws Ferrs Fez-Hn Fea-vs Jos-ce-ci Una—ci-c2 Ons—cr-c2 Onr-c2-c1 Ons-c1-co-1a® Onr—c2-c1-o08
Ethoxy RadicaB (?A")
MP2/avDz 1.542 1.393 1.100 1.099 1.105 106.0. 108.6 110.5 109.4 1195 119.6
MP2/avVTZ 1.533 1.382 1.088 1.087 1.094 105.8 108.7 110.4 109.4 119.6 119.6
CCSD(T)/avDZ 1.554 1.394 1.104 1.103 1.110 106.0 108.3 110.3 109.7 119.6 119.7
CCSD(T)/avTzZz 1.544 1.381 1.092 1.090 1.098 105.8 108.4 110.2 109.0 119.6 119.8
Ethoxy RadicaB (?A"")
MP2/avDZ 1.526 1.392 1.102 1.100 1.110 114.7 110.4 110.4 111.9 120.0 121.3
MP2/avVTZ 1.517 1.380 1.090 1.088 1.098 114.6 110.5 110.3 111.8 120.1 121.4
CCSD(T)/avDz 1.533 1.393 1.106 1.104 1.116 114.9 110.4 110.3 111.9 120.1 121.6
CCSD(T)/avTzZ 1.522 1.380 1.094 1.092 1.104 114.8 110.6 110.2 111.9 120.2 121.6
Ethoxy RadicaB (°A)°¢
MP2/avDzZ 1.527 1.391 1.101 1.099/ 1.111/ 114.4 110.3 110.4/ 111.1/ 120.4/ 117.0/
1.099 1.107 110.3 112.2 —119.6 —125.1
MP2/avVTZ 1.518 1.379 1.090 1.088/ 1.101/ 114.4 110.4 110.4/ 111.1/ 120.4/ 117.0/
1.088 1.096 110.3 112.2 —119.7 —125.4
CCSD(T)/avDzZ 1.534 1.393 1.106 1.104/ 1.118/ 114.6 110.3 110.4/ 111.0/ 120.4/ 117.6/
1.104 1.113 110.2 112.4 —119.6 —125.3
Transition Structur8-TS (?A")
MP2/avDZ 2.054 1.213 1.081 1.078 1.104 103.6 99.9 99.5 90.6 120.3 122.9
MP2/avVTZ 2.065 1.224 1.093 1.091 1.115 103.5 99.7 99.9 90.7 120.2 122.9
CCSD(T)/avDzZ 2.151 1.251 1.098 1.096 1.114 103.2 99.3 99.7 91.0 120.1 122.1
CCSD(T)/avTz 2.152 1.238 1.084 1.082 1.102 103.3 99.4 99.2 90.6 120.2 122.1

aBond distancesr] in angstroms (A) and bond anglgs)(in degrees<).

The atom numbering is defined in Figure 1. The structureGygmint

group for3(2A'), 3(2A"") and 3-TS with a H4—C1—-C2-03 dihedral angle equal to 180Geometrical parameters of GBl and CH are given in
Table S5 These values arg: depending on which of the two equivalent angles by symmetry is chéJdis corresponds to a distortion from
the A" state structure. The HAC1-C2—-03 dihedral angle is equal to 182.(MP2/aVDZ), 182.2 (MP2/aVTZ) and 181.9(CCSD(T)/aVvDZ).
EachCs parameter of Chkigroups is split into two different values for CH distances and CCH bond angles, ard(theand H) and— (Hs and

Hg) dihedral angles.

the G2 level and is also staggered”. In the recent IUPAC

than the?A" state. Our best estimates at the UCCSD(T)/CBS

compendi&? the?A"" state was assigned as the ground state of level result in an energy gapE(?A'—2A") of 0.48 kcal/mol at

3.

the valence electronic energy level and 1.1 kcal/mol (0 K with

Our optimized geometries at various levels are summarized all corrections incorporated) in favor of tRA" state. At 298

in Table 6. The?A’ state is found to be an energy minimum,
with all positive vibrational frequencies, at all levels of theory
considered: B3LYP, HF, MP2 and CCSD(T). This state is
characterized by ECCO bond angle o106, which is smaller
than the angle in C¥CH,OH. The C-C and C-O bond
distances are 1.541.55 and 1.381.39 A, respectively.
The?A" state is lower in energy than tRA’ state for3. At

K, this gap is slightly reduced to 1.0 kcal/mol (Table 3). In a
recent photoelectron study of the ethoxy anion, Ramond’ét al.
assigned the first peak in the PES spectrum as theSEA(
1.67 eV and identified a nearby peak as originating from a
lower-lying excited state of the neutral. The-X energy gap

of 3was accordingly determined @s= 355+ 10 cnt! (0.044

eV or 1.01 kcal/mol). Our value is in excellent agreement with

the HF or MP2 methods, irrespective of the basis set up to the experimental,. The G3B3 value of 0.97 kcal/mol for this

aVTZ, a single imaginary frequency corresponding to torsion
of the central CH group is predicted. At the B3LYP level, an
imaginary frequency is found with small basis sets, bu#ie

2A'—2A"" separatiof? is in agreement with our higher level
value. Foster et & analyzed the rotationally resolved spectrum
of jet-cooled ethoxy radical and showed that the rotational

structure becomes a real minimum with more extended basissignature is due to 8" ground state, again consistent with

sets, beginning with basis sets of 6-311G(d,p) quality. At the
UCCSD(T)/avDZ level, th@A" structure is a saddle point with

our conclusion. In the following discussion, the electronic
ground state for the ethoxy radicalis 2A"".

one imaginary frequency. The imaginary frequency is calculated Due to the conformational flexibility 08, evaluation of the

to be 425i cm?! at the MP2/aVTZ level and 358i cr at
CCSD(T)/aVDZ. Relative to théA’, this state is characterized
by a larger0CCO = 114-115 bond angle and a slightly
shorter G-C distance (1.521.53 A). The G-O bond distance

of 1.38-1.39 A remains unchanged. Relaxation of f#e’
geometry following the imaginary mode leads to a distorted
structure with a small twisting of the central methylene group
by 3—4°. Apart from this distortion, the €C and C-O
distances, thelCCO bond angle, and the methyl moiety remain
essentially the same as those in ##¢' state (Table 6). The
energy gain upon geometry relaxation fréaAl’ Csto 2A Cy is
extremely small, 0.03 kcal/mol at the UMP2/aVTZ level. The

ZPEs for the two states is not straightforward. In the [IUPAC
compilation?? a ZPE of 39.6 kcal/mol was derived for the
ground state 08, from vibrational frequencies for the distorted
Ci (%A) structure obtained at the UB3LYP/6-31G(d) level scaled
by a factor of 0.9614. The approach used to estimate the ZPE
for the electronic states ¢fA"" state of3 is described above.
Our best estimate is from CCSD(T)/aVDZ harmonic frequencies
scaled by 0.988 and is 40.32 kcal/mol.

The eclipsed configuration lies higher in energy for both states
of 3. The energy differences between both eclipsed and
staggered forms are 2.1 and 2.5 kcal/mol for #Aéand?A",
respectively (UMP2/aVTZ). Thus, at the eclipsed conformation,

small energy difference, which is below the zero-point energy the potential surfaces of both electronic states are essentially

of the lowest mode (0.35 kcal/mol), and the fact that we are in

the harmonic approximation lead us to conclude that’#kie

(Cy) state will be the structure observed under any conditions.
In contrast to CHO", the?A’ state in3 is higher in energy

degenerate.

The potential lowering of the electronic energy due to the
molecular spir-orbit interactions was also evaluated. The
corrections are negligible for all of the structurgés(—0.02
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cm™1), 2(0.00 cnt?), the statéA”” of 3 (3.09 cnTl), and3-TS As in methanol, ionized ethanol has, in 35" ground state,
(—0.08 cnTY). an eclipsed CCOH configuration. The staggered conformation
The most stable isomer among the radicals generated by los®f ionized ethanol exhibits one imaginary frequency and is a
of H from CH;CH,OH is 1. At 0 K, it is 6.7 and 10.6 kcal/mol transition structure for methyl rotation. The energy difference
more stable thar2 and 3, respectively. This is in agreement between both staggered and eclipsed configurations amounts
with the general experimental ordering. The calculated values to 1.37 kcal/mol (without ZPE) and 0.84 kcal/mol (with ZPE)
for AH¢(1) are —9.8 kcal/mol 4 0 K and —13.1 kcal/mol at at the CCSD(T)/aVTZ level. The €0 bond distance is
298 K. The 298 K value can be compared to the experimental shortened on removal of an electron. Again, the UMP2 method
values of —15.2 + 1.0°° and —13.7 + 2 kcal/mol*® We markedly overestimates the shortening of this bond to 1.31 A,
recommend the latter value from a photoionization experithent as compared with those of 1.36 A by UB3LYP and 1.38 A by
although our value would be consistent with the lower range UCCSD(T). Following our work on CkOH, we used the
of the value obtained from the kinetic experimé&nThe UCCSD(T)/aVDZ optimized geometry for evaluating the CCSD-

calculated values fohH;(2) are—3.1 kcal/mol 40 K and—6.2 (T)/CBS energy and ZPE correction. The calculated ionization
kcal/mol at 298 K. The 298 K value can be compared to the energy of ethanol, IEC,HsOH) = 10.53 eV, is within the error
experimental values 6£f13.5+ 34 —-87+215-754+ 1,72 limits of the experimental value of 10.4& 0.07 eV®®

and—2.5 kcal/mol*® Our value is in good agreement with the Replacement of methyl by ethyl leads to a reduction of 0.37
photoionization experimettand the tabulated results of Fulle €V for the alcohol I If the MP2 geometry is used for the
et al?! Ruscic and Berkowit? found an energy difference  cation, IR(CHsCH,OH) = 10.76 eV, a substantial error of 0.23
betweenl and?2 of 5.0 kcal/mol based on photoionization data €V (5.4 kcal/mol).

as compared to our calculated energy difference of 6.7 kcal/  Following ionization of ethanol, loss of H gives the €H
mol. Our calculated values faxHs(3) of +0.8 kcal/mol at 0 K CHOH? ion whose appearance energy was experimengally
and —2.7 kcal/mol at 298 K can be compared with those of determined as the energy of reaction 6. Our calculated appear-
+1.0 and—2.37 kcal/mol, obtained by Rauk et®lusing the

CBS-RAD method. Inclusion of the 'Aexcited state in the CH,CH,0H — CH,CHOH" + H + &~ (6)
calculation of AHy(3) at 298 K would increase the heat of o _
formation by 0.18-0.25 kcal/mol depending on whether the ~ance energy AE(CYCHOHT) agrees to within 0.02 eV with
lowest energy torsion is treated as a vibration 9 (former) or as the experimental value of 10.80t 0.005 eV. We recently

a hindered rotor (latter). The theoretical value at 298 K-@f3 determined the proton affinity of acetaldehyde as 184.4 kcal/
kcal/mol obtained using the ccCA meti8ds similar to our ~ Mol andAH(CHsCHOH') = 145.7 kcal/mol &0 K and 142.2
value. The 298 K value can be compared to the experimental kcal/mol at 298 K> Our proton affinity value is in good
values of—6 + 213 —3.7 + 0.816 and +4.110 kcal/mol. The agreement with the experimental value of Ruscic and Berkow-
IUPAC preferred value? for 3 are —0.05+ 0.96 and—3.25 itz,'5> >183.84 0.2 kcal/mol, and the tabulated experimental
+ 0.96 kcal/mol at 0 and 298 K, respectively and our values value of 183.7+ 0.4 kcal/mol?® -

are in excellent with these values as well as the experimental A photoelectron measurement of the ionization energy of the
determination of-3.7 + 0.8 kcal/mot® from gas phase acidities. ~ Ce radical gives I < 6.85 eV:® The uncertainty was due to
Because the acidity and the radical electron affinity were the shallow onset of the photoion yield curve for the cation,
measured with small uncertainty, the heat of formation of the Which limited the accuracy of the measured IE. An adiabatic

radical can also be determined with higher accuracy. value, IE(1) = 6.78 eV, was recommended by these authors.
The G2 enthalpy of formation 0f9.7 kcal/mol (at 0 K3° The adiabatic and vertical IEs df have also been measured
for 1 is in excellent agreement with the present result-6f8 using ultraviolet photoelectron spectroscopy as 6:@03 and

kcal/mol. The agreement between the G2 value-af7 kcal/  /-29% 0.03 eV, respectively With the UMP2/aVTZ optimized
mol for AH(2) and the present value ef3.1 kcal/mol is only geometry ofl, the calculated electronic energies of both neutral
slightly worse (0.4 kcal/mol), and the largest difference (0.7 L @and cation CHCHOH" provide the vertical IE of.. For this
kcal/mol) is for AHy(3) with a G2 value of 0.1 kcal/mol as  duantity, we obtain a value of 7.41 eV at the CCSD(T)/avTZ
compared to our value of 0.8 kcal/mol at 0 K. Relative to the '€vel, 0.12 eV larger than the experimental measurement of
CCSD(T)/CBS values, the G3 and G3B3 results are within their Dyke et alt” Similarly, our calculated ad!abanc ionization energy
expected accuracy, with differences of about 1.0 kcal/mol. ©f IE{(1) = 6.74 eV, ?0 K (Table 5), is closer to the earlier
Overall, the composite methods perform well, except for the Value of Ruscic et af?6.78 and 0.10 eV larger than the Dyke

cases where the geometries are not well reproduced by the Mp£t @l- result. The G3 and G3B3 methods also led to larger values
or B3LYP methods. 6.75 and 6.76 eV for If1) at O K, respectively, in excellent

agreement with our value. In comparison with the PES results
of Dyke et al.l” we predict a relaxation energy of 0.67 eV in
going from the vertical ion to its equilibrium position, essentially
the same as the value of 0.65 eV obtained by Dyke ¥tHiere
appears to be a systematic shift-e®.10 eV to lower values in
the experimental PES analysis. The good agreement between
theory and some of the experiments for the quantiielg CHsz-
. . CHOH") and IE(1) further supports our calculated values for

CH,CH,OH + CH, —~ CH;CH,OH + CH;  (5) AHi(1) = —9.8 kcal/mol 40 K and—13.1 kcal/mol at 298 K.

We predict that the electron affinity of the,Qadical 1 is

AHt o(C2Hs0H) = —51.96 kcal/mol, and those of Gland CH, 0.65 eV at 0 K. The structure has the-8 bond eclipsing the
quoted above, the radicahH:;o can be derived from the  C—C bond to stabilize the carbanion center. If the hydrogen on
calculated energy of the reaction 5, of 2.8 kcal/mol. We calculate the OH group does not stabilize the carbanion center, the anion
AH¢(2) = —3.1 kcal/mol &0 K the same as from the atomization s predicted to be unstable to loss of an electron with a negative
energy approach. electron affinity of—0.24 eV at the G3 level. We predict the

We can examine the consistency of our predicted values with
respect to currently available thermochemical data by using a
working reaction similar to (3) for th@-hydroxy isomer2.
Reaction 5 was previously us€dto evaluate the formation
enthalpy of the radical, and its H-abstraction mechanism was
also investigated in detail. Taking the experimental value
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f-radical2 to have a slightly larger electron affinity of 0.65

0.04 eV. The ethoxy radic8has an even larger electron affinity

at 0 K of 1.70 eV (1.71 eV at 298 K), which is in agreement

with the experimental values 1.712 0.00472 and 1.726+

0.033 eV*3 Comparing these to a value of EA(GBr) = 1.54

eV indicates that the larger alkyl group exerts a further

stabilization of the alkoxide anion. In addition, the ethoxide

anion is about 20 kcal/mol more stable than ijsethyl anion S
isomer.

We predict the following set of bond dissociation enthalpies Figure 1. Geometry of the transition state structuBeTS for the
at 0 K: BDE(CHCHOH—H) = 93.9 kcal/mol, BDE(H-CHy- p-C—C bond scission in 3.
CH,OH) = 100.6 kcal/mol, and BDE(C}CH,O—H) = 104.5

kcal/mol, and values at 298 K of BDE(GEHOH—H) = 94.8 mol at 298 K, almost an order of magnitude largdio better
kcal/moly BDE(H-CH,CH,OH) = 101.7 kcal/mol, and BDE- understand the fundamental process for breaking th€ Gond

(CHsCH,O—H) = 105.2 kcal/mol. The BDE(GH) of 105.0 in the prototypical alkoxy radical Ci€H,O°, we located the
kcal/mol obtained using CBS-Q metH@diiffers by 0.2 kcal/ ~ 3-1S for the C-C bond cleavage.

mol from our higher level value. The BDE{H) in CH3;OH The geometries o8 (*A") anqs-TS were optimized at the .
of 95.0 kcal/mol can be compared to the strength of the l& MP2 and CCSD(T) methods with both aVDZ and aVTZ basis

bond of 93.9 kcal/mol in @HsOH. The G-H bond strength is sets. The calculated bond distances and angles are shown Table

reduced by methyl substitution. As expected, the BDE(B) 6 and the s_hape @& TSis illustrated in Figure 1. As expected,
in ethanol is substantially larger, 100.6 kcal/mol. The BDE- the main differences between the MP2 and CCSD(T) results

(C;HsO—H) = 104.5 kcal/mol indicates a slightly smaller-®i are the breaking ¢-C and forming G=O bond distances. These

bond strength in ethanol than in methanol (BDE¢OHH) of are preglicted to b.e longer by CCSD(F0.1 and~0.03 A
104.7 kcal/mol). respectively, relative to those at the MP2 level. Similarly,

The DBOCs to the bond dissociation enerav were als extension of the basis set at both methods tends to lengthen

calculated. To benchre;lark our casigulatigns Wi gcleallcu?afe(;]jl thoe these distances, but to a much lesser extent by about 0.01 A,

o . ? Thus, the aVDZ basis set is providing reasonable geometries
corrections for HO to compare with previous wof. We

- for the alkoxy radical and its transition state. The bond angle
gbéa'gﬁgleoo'stﬁﬂ fg: tthefl?rl?OC Of. the totta(;eneré:)y of watet_r, differences vary by less tharf.1A looser transition state is
o C ower than that of the previous study and a correction predicted by CCSD(T)3-TS hasCs symmetry as depicted in
of 0.11 kcal/mol for BDE(H-OH), the same value obtained by Figqure 1 and @A’ electronic state. with a geometrv close to
Ruscic et aP* using a CASSCF(7,2)/aVTZ wavefunction. For g ’ 9 Y
methanol We obtained a DBOC’to the-8 bond energy. of that of the HCO + CHjz; fragments. Each of the latter only
CH:OH of 0.02 kcal/mol. For ethanol, we found DBOCs to marginally deviates from planarity. The €C2 distance of

about 2.1 A is much longer than the single-C bond distance
(B—D|—I|E)((|)_||;)Cc|)_:‘zggzzoz;)a?/fn?c')?s\/'\;ga\l,cgg ?J';c;tf)cl’é I?ODE\E;%EE the of 1.52 A found in3. In contrast, the CXO3 bond distance of

S about 1.22 A ir8-TSis essentially the same as the=O double
DBOCs for the G-H bond energies in C¥OH and CHCH,- bond distance of 1.21 A in C}#®. The imaginary frequencies
OH because the presence of the low-lying electronic state. On of 616i and 435i cmt at the UMP2/aVTZ and CCSD(T)/aVDZ

the basis of the value for the DBOC for the-® bond in HO, . - .
we estimate that the correction should be on the order of 0.1 Igzecl:s,b;isdpectwely, correspond mostly to dissociation along the

kcal/mol, which is small compared to other errors that could
be present. Thus as in the case of the molecular—spibit

In spite of intensive searching, we were not able to locate a
) S TS for C-C bond cleavage on tH&'"" potential energy surface.
corrections, the DBOCTQ' are also negllglble in terms of our Single point electronic energies at the CCSD(T)/aVDZ level
estimates of the errors in the calculations. with the parameters ofA’ 3-TS show that the?A"” state lies

The calculated gas phase acidity, the proton affinity of the apout 40 kcal/mol higher in energy than t# state, and the
ethoxy anion, AHacidin(C2HsO—H) = 378.8 kcal/mol, is in two corresponding potential energy surfaces are thus well
excellent agl‘eemeljt with the Ii-terature value of 37&.®.7 Separated from each other. The |arge energy difference is
kcal/mol*® Ethanol is more acidic than methanol, as expected. consistent with the essentially zero value for the molecular-spin
The proton affinity of the ethoxy radical is 176.3 kcal/mol (298  grhit energy. The fact that thRA" state for3 is fluxional for
K), eXthItIng an increase of 8.8 kcal/mol on the radical baSiCity torsion about the €C bond means that it is a|WayS Samp”ng
on substitution of a @1s group for a CH group (Table 5).  the 2A nonsymmetric state. Th#A state can connect directly
This is a larger effect than observed in the corresponding to the?A' transition stat8-TS so there is no need to invoke a
alcohols with PA(CHOH) = 180.3 kcal/mol and PA(£150H) surface crossing between th&" and?A’ states and the reaction
= 185.6 kcaI/moﬁ?’ The radicals are Sl|ght|y less basic than can occur on a Sing|e potentia| energy surface.
the parent alcohols in the gas phase. The energy barrier fof-C—C bond scission ir8 (2A") is

Energy Barrier to Cleavage of the C-C Bond of the predicted to be 17.2 kcal/mot 8 K and 17.4 kcal/mol at 298
Ethoxy Radical. As summarized in the Introduction, there is K, on the basis of CCSD(T)/aVTZ geometries (Table 6), CCSD-
substantial interest in the dissociation process forg@-C (T)/avDZ and MP2/aVTZ frequencies (Table S3, Supporting
bond in alkoxy radicals, in part due to the role of this process Information), and CCSD(T)/CBS total energies (Table S1,
in atmospheric chemistry. Our best estimate predicts th€ C ~ Supporting Information). The uncorrected electronic energy
bond energy ir8 (2A") to be 9.6 kcal/mol at 0 K. There is an  contribution to the barrier height is 19.5 kcal/mol (from Table
additional energy barrier to dissociation beyond just the bond 2). For comparison purposes, Table 7 lists the energy barriers
strength. For comparison, the bond energy to break theHC and reaction energies determined using different levels of theory.
bond in3, generating acetaldehyde, is 15.8 kcal/mol at 0 K. In . The bond energy at the CCSD(T)/aVDZ level is larger by 0.8
contrast, the BDE for the €C bond in ethanol is 87.3 kcal/  kcal/mol as compared to the result at the CBS limit; this
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TABLE 7: Comparison of Energy Barrier ( Eq*) and Bond
Dissociation Energy for the8-C—C Bond Scission in 3 in

kcal/mol andASF = 2.23 cal/(molK) at 298 K. This yields
log(A) = 13.28,E, = 18.0 kcal/mol and., = 3.2 s at 298 K.

keal/mol With the same TST approach witkH* = 16.2 kcal/mol and
method Eif BDE(C-C) ASF = 1.67 cal/(maiK), Rauk et ak° obtained logd) = 13.60,
CCSD(T)/avDZ+ ZPE 19.39 10.58 Ea = 16.8 kcal/mol, anc., = 19 s at 298 K. This value for
CCSD(T)/avVTzZ+ zZPE 17.98 10.41 k. is 5.9 times larger than our value, consistent with their lower
gggggg%ﬁ%ﬁé%ge 1177-%% 1%%? value forE, (1.2 kcal/mol relative to our value). Sonnitz and
. . ; : Zellner*® used RRKM theor$* with geometrical and energetic
C%?g(;)/CBS+ ZPE+ additional corrections 17.22 9.64 inputs from modified G2 calculations witBy* = 17.33 kcal/
CCSD(T)/CBS+ ZPE + additional corrections 17.43  11.42 mol resulting inE, = 17.94 kcal/mol, logh) = 13.47, anck =
at298.15 K 2.43 st at 300 K. Their value is in good agreement with our

value for k.

Previous experimental kinetic studigd*3>4Yeported values
for log(A) ranging from 13.0 to 15.7, arig, from 16.8 to 22.0
kcal/mol. In the above calculations, we have not included in
difference is 0.6 kcal/mol at the CCSD(T)/aVTZ level. The our TST treatment any corrections for quantum mechanical
barriers at the CCSD(T)/aVDZ and aVTZ levels are 2.3 and tunneling, even though a heavy-atom tunneling effect may be
0.9 kcal/mol larger, respectively, than the values at CBS limit. Present. Due to the presence of a barrier between the reactant

The additional corrections beyond the valence energy and theand the dissociated products, higher level vibrational states of
ZPE account for less than 0.15 kcal/mol. the reactant can tunnel through the barrier leading to a heavy-

There have been a number of previous theoretical studies oftom tunneling effect. We note that this effect occurs because

the C-C bond fragmentation as discussed above. Yamada etof a barrier of finite height and width between the reactants
al27 obtained energy barriers of 13.4 and 16.0 kcal/mol (at O and products. The dominant motion for dissociation isCC
K), using the CBS-Q and G2 methods, respectivéljhe CBS- bond stretching leading to the concept of heavy atom tunneling.
RAD approach led to energy barriers of 15.9 (0 K) and 16.2 An estimate of the tunneling effeQunneican be calculated from

aBased on scaled CCSD(T)/aVDZ harmonic vibrational frequencies.
b CCSD(T)/avVDZ geometrys CCSD(T)/aVTZ geometry! This value
corresponds ta\H*, not to Eo*.

(298 K) kcal/mol3° These results differ by less than 1 kcal/mol
from our best values of 17.2 kcal/mdl@K and 17.4 kcal/mol
at 298 K.

Given the calculated energy barrier and structural parameters

of structures3 (2A"") and3-TS, the temperature-dependency of
the canonical rate coefficients for decompositik(T,), can be
evaluated within either the framework of conventional transition
state theory (TST) or RRKM theory. For comparison, the
entropy of activationASt at 298 K defined as the difference
betweenS(3) and(3-TS), is calculated to be 2.23 cal/(mKl)
using the scaled CCSD(T)/aVDZ data. This value A is
similar to that of 1.7 cal/(mekK) at the CBS-RAD levef? We
initially treated the internal rotation of the methyl group as a
vibration. One could include a more rigorous treatment of the
internal rotations but previous workéfshave shown these

effects to be negligible. The calculated torsion barrier about the

C—C bondis~2.1,~2.5, and~1.4 kcal/mol in3 (2A"), 3 (?A"),
and3-TS, respectively. A correction was made on the thermo-
dynamic partition function to account for hindered rotation
following the method of Pitzer and Gwiffhas implemented
by Ayala and Schlegéf Our calculations treating the internal
rotation in3 (2A’) show a change of 0.04 kcal/mol on the ZPE
and 0.25 cal/(moeK) on Sas compared to the treatment of the
internal rotation as a harmonic vibration. The use of scaled

frequencies increases the vibrational component of the molecular

entropy of3 and 3-TS by less than 0.1 cal/(md{) but this
essentially cancels iNS.

We first evaluated the high-pressure rate constant using the

conventional TST approximatio.The thermal rate constant
in the thermodynamic formulation is given by

keT  AS

_ —AH*
k. (TST)= h exp R exp

RT

(@)

and the high-pressure limit pre-exponential factor is thus given
by A = (kgT/h) exp(AS*/R). Note that theE, of the Arrhenius
expression from TST andH* are related by, = AH* + RT

for a unimolecular proced8.Our calculated zero-point-corrected
barrier heighEgy* is 17.4 kcal/mol which results inH* = 17.4

the Wigner expression (eq &8 which just requires the

1 [hw;)?
Qtunnel,\/\[r) =1+ ﬂ @ (8)
imaginary frequencyy; for motion along the reaction path at
the transition state structure. An improved approximation for
Qunner Which incorporates not only the imaginary frequency
but also the energy barrigtH* and reaction energgHg, has
been derived by Skodje and Trui&and is given in eq 9 with

Qtunnel,S{T) =

palo. B
sinBrla) a—p

B = kgT and o = 2x/hw; (this expression is valid only for

o > ). Our calculated imaginary frequencies f84TS are

w; = 435i (CCSD(T)/aVDZ) and; = 616i cn't (MP2/aVTZ).
From these values, we obtain values @fnne;w at 298 K of
1.18 and 1.37, from eq 8 with 435i and 616i, respectively. The
use of eq 9 leads to slightly larger values @fnne,s298 K)

of 1.21 and 1.49. We are also interested in the effect of tunneling

exp[(8 — a)(AH* — AHR)] (9)

on atmospheric rate processes. We use an average temperature

for the troposphere of 270 K and obt@nneiw(270 K) values
of 1.22 and 1.45, an@unnei,s€270 K) values of 1.27 and 1.65,
with the CCSD(T) and MP2 frequencies, respectively. Our
results provide only an estimate of the tunneling correction but
show that this will be a non-negligible correction to thermal
rates at temperatures below 1000 K, especially at or below room
temperature (a table oQuwnnel factors as a function of the
temperature is given in Table S6 of the Supporting Information).
The tunneling correction will be important in low-temperature
oxidation processes such as those in the atmosphere but is
unlikely to be very important in higher temperature processes
such as those occurring under hydrocarbon combustion condi-
tions in engines. Using the tunneling correction from eq 9, our
predicted thermal rate constants increase fka(298 K) = 3.2
s~1 (without tunneling correction) t&(298 K) = 3.9 s’ and
4.8 st (with the CCSD(T) and MP2 imaginary frequencies,
respectively). Both rate constants are in excellent agreement
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Figure 2. 3-D plot of the rate coefficientk of the for the3-C—C
bond scission ir3 using the RRKM method with Nas the bath gas in
the temperature rangd)(200-2000 K and pressure rangp) (0.1—
8360 Torr. Tunneling corrections are not included.

with the recent experimental value of 5.2 $y Caralp et af®

Matus et al.

K, using N as the bath gas, comparable to our TST result for
ko = 3.2 s'1 (without a tunneling correction) and 1 order of
magnitude larger than previous RRKM predictidfs.

Conclusion

The enthalpies of formation for methanol and ethanol, and
their corresponding radicals were reevaluated using coupled-
cluster theory CCSD(T) calculations, extrapolated at the CBS
limit. For methanol, the two (C§D*) radicals and ethanol,
theoretical results agree withih0.5 kcal/mol with respect to
available experimental data. On the basis of the results far CH
OH, we estimate that our calculated values forsCH,OH are
good to+0.8 kcal/mol and recommend the following values
for the three (@HsO°) radicals: (a) heats of formation at 0 K
AHio(1) = —9.8 kcal/mol, AHso,(2) = —3.1 kcal/mol, and
AH;o(3) = 0.8 kcal/mol; (b) heats of formation at 298 K
AHs 208(1) = —13.1 kcal/mol AHi 295(2) = —6.2 kcal/mol, and
AHi205(3) = —2.7 kcal/mol; (c) bond dissociation energies of
ethanol €0 K BDE(CH;CHOH—H) = 93.9 kcal/mol, BDE-
(H—CH,CH,0OH) = 100.6 kcal/mol, and BDE(C}CH,O—H)
= 104.5 kcal/mol; (d) bond dissociation energies of ethanol at
298 K BDE(CHCHOH—H) = 94.8 kcal/mol, BDE(H-CH,-

Our calculated value and the experimental value obtained by CH,0OH) = 101.7 kcal/mol, and BDE(C¥CH,0—H) = 105.2

Caralp at 298 K, clearly differ from the review value of Baulch
et al. of 1.9x 102 5189 the value of 1.3x 101 s1in the
review of Heicklen®® Choo and Benson’s value of 756 1072
s 191 and Baldwin et al.’s estimated value of 6561073 571,92

kcal/mol. The bond energyt & K for 5-C—C bond scission in
the ethoxy radical3) is 9.6 kcal/mol. There is a zero-point-
corrected energy barrier of 17.2 kcal/mol, at 0 K, for this
dissociation process. At 298 K, our best value for the high-

These values are all far too low. We can also compare to the pressure limit thermal (Arrhenius) rate coefficient from transition

higher temperature values of Batt at 480and 45@% K and

of Leggett and Thynriéd at 422 K. Our calculated values,
including tunneling with the CCSD(T) imaginary frequency, are
k=8.5x 10 and 1.1x 10° st at 400 and 450 K, which are

state theory ok, = 3.9 st is close to the most recent kinetic
result of 5.2 s1.35 Using RRKM theory, we obtain a general
rate expression dd(T,p) = 1.26 x 10°p%7%3exp(—15.5RT) st

in the temperature rang@)(from 198 to 1998 K and pressure

a factor of 5.7 and 3.7 times higher than the respective valuesrange p) from 0.1 to 8360.1 Torr with Mas the collision partner

of Batt of 1.5x 10% and 3.0x 10*s™1 at the two temperatures.
The calculated value df = 2.8 x 10* st at 422 K does not
support the value ok = 5.3 s! at 422 K from Leggett and

which givesk(298 K, 760 Torr)= 2.7 s'1, without tunneling
andk = 3.2 s with the tunneling correction.

Thyme. Using 270 K as a representative temperature for the Acknowledgment. We are grateful to Dr. Shenggang Li for

atmosphere, we predikt= 1.3 x 10-1 s~ (without tunneling
correction) anck = 1.7 x 107t and 2.2x 107! s71 (with the
tunneling corrections from the CCSD(T) and MP2 frequencies
respectively).

We also used RRKM theoty to predict the rate constants
using the rate expression 10, wherés the symmetry number.
Evaluation of the sumN¥) and density §) of states was carried

N'(E - Ey)

p(E)

out using the KHIMERA prograrf We show the rate constant
as a function ofl andp for the range of temperatures from 200
to 2000 K and pressures from 0.1 to 8360 Torr in Figure 2.
Again, we used the CCSD(T)/aVTZ geometries and CCSD(T)/
aVDZ frequencies combined with CCSD(T)/CBS total electronic
energies. For this range @fandp with N, as the collision gas,
the calculated data can be fit to the general expression

=9

ni — h (10)

—15.
RT

k(Trp)ethoxy radical— 1.26x 109P0'7939XF( (11)

At 298 K and 760 Torrk = 2.7 s°1, without tunneling and =

3.2 s'1, with the CCSD(T) value using the Skodje and Thrular
tunneling expressioQunne stapplied as a multiplicative factor
after the RRKM calculation. At a high pressure-e8000 Torr,
the decomposition thermal rate coefficienkis- 3.0 s’ at 298

his help with some of the calculations. We thank B. Ruscic for
calculating the temperature dependencAldf(CHs;CH,0) with

the inclusion of the Aexcited state. Funding provided in part
by the Department of Energy, Office of Energy Efficiency and
Renewable Energy, under the Hydrogen Storage Grand Chal-
lenge, Solicitation No. DE-PS36-03G093013. This work was
done as part of the Chemical Hydrogen Storage Center. This
work was supported in part by the Chemical Sciences, Geo-
sciences and Biosciences Division, Office of Basic Energy
Sciences, U.S. Department of Energy (DOE), under grant no.
DE-FG02-03ER15481 (catalysis center program). D.A.D. is
indebted to the Robert Ramsay Endowment of the University
of Alabama. M.T.N. thanks the Flemish FWO-Vlaanderen for
partly supporting his sabbatical leave at the University of
Alabama.

Supporting Information Available: Optimized geometries
(Z matrix), calculated vibrational frequencies and comparison
to experiment, total CCSD(T) energieBy) as a function of
basis set extrapolated to the complete basis set limit, zero-point
energy corrections, tunneling corrections. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Kerr, R. A.; Service, R. FScience2005 309 101.
(2) Hileman, B.Chem. Eng. New2006 84 (7), 70.



Enthalpies and Kinetics g8-C—C Scission for GHsO*

(3) (a) Fernando, S.; Hanna, NEnergy Fuels2004 18, 1695. (b)
Farrell, A. E.; Plevin, R. J.; Turner, B. T.; Jones, A. D.; O'Hare, M;
Kammen, D. M.Science2006 311, 506.

(4) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F.; Kerr, J.
A.; Rossi, M. J.; Troe, JJ. Phys. Chem. Ref. Data, MonograptL 297,
26, 521.

(5) Sander, S. P.; Friedl, R. R.; Ravishankara, A. R.; Golden, D. M.;
Kolb, C. E.; Kurylo, M. J.; Huie, R. E.; Orkin, V. L.; Molina, M. J,;
Moortgat, G. K.; Finlayson-Pitts, B. ©hemical Kinetics and Photochemical
Data for Use in Atmospheric Studies: v&luation Number 14 JPL
Publication 02-25; National Aeronautics and Space Administration, Jet
Propulsion Laboratory, California Institute of Technology: Pasadena, CA,
2003; http://jpldataeval.jpl.nasa.gov/pdf/IPL-®5._rev02.pdf.

(6) Johnson, R. D., lll; Hudgens, J. W. Phys. Chem1996 100,
19874.

(7) (a) Buckley, E.; Whittle, ETrans. Faraday Soc1962 58, 529
and 536. (b) Tarr, A. M.; Whittle, ETrans. Faraday Socl964 60, 2039.

(8) (a) Walsh, R.; Benson, S. W. Am. Chem. S0d.964 88, 3480.
(b) Golden, D. M.; Benson, S. WChem. Re. 1969 69, 125.

(9) Alfassi, Z. B.; Golden, D. MJ. Phys. Chem1972 76, 3314.

(10) McMillen, D. F.; Golden, D. MAnn. Re. Phys. Chem1982, 33,
493.

(11) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin.
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Date988 17, Suppl. No. 1.

(12) Meier, U.; Grotheer, H. H.; Riekert, G.; Just, Tthem. Phys. Lett.
1985 115 221.

(13) Ellison, G. B.; Engelking, P. C.; Lineberger, W.L Phys. Chem.
1982 86, 4873.

(14) Holmes, J. L.; Lossing, F. P.; Mayer, P. M. Am. Chem. Soc.
1991, 113 9723.

(15) Ruscic, B.; Berkowitz, JJ. Chem. Phys1994 101, 10936.

(16) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison,
A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B.
J. Am. Chem. S0d.99Q 112, 5750.

(17) Dyke, J. M.; Groves, A. P.; Lee, E. P. F.; Niavaran, MJHPhys.
Chem. A1997 101, 373.

(18) DeTuri, V. F.; Ervin, K. M.J. Phys. Chem. A999 103 6911.

(19) Berkowitz, J.; Ellison, G. B.; Gutman, . Phys. Chem1994
98, 2744.

(20) In ref 5, ref 10 given above was quoted for this value, but the
original reference is ref 9.

(21) Fulle, D; Hamann, H. F.; Hippler, H.;'dsch, C. PBer. Bunsen-
Ges. Phys. Cheni997 101, 1433.

(22) Ruscic, B.; Boggs, J. E.; Burcat, A.; Gga, A. G.; Demaison, J.;
Janoscheck, R.; Martin, J. M. L.; Morton, M. L.; Rossi, M. J.; Stanton, J.
F.; Szalay, P. G.; Westmoreland, P. R.; Zabel, FrcBs, T.J. Phys. Chem.
Ref. Data2005 34, 573.

(23) Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Lineberger, W.
C.J. Chem. Phys200Q 112, 1158.

(24) Sosa, C.; Schlegel, H. B. Am. Chem. S0d.987, 109, 7007.

(25) Curtiss, L. A.; Lucas, D. J.; Pople, J. A.Chem. Phys1995 102,
3392.

(26) (a) Espinosa-Gaia) J.Chem. Phys. Letl997 278 209. (b) Villg
J.; Gonz&ez-Lafont, A.; Lluch, J. M.; Corchado, J. C.; Espinosa-Gardi
J. Chem. Phys1997, 107, 7266.

(27) Yamada, T.; Bozzelli, J. W.; Lay, T. Phys. Chem. A999 103
7646.

(28) Sumathi, R.; Carstensen, H. H.; Green, W.JHPhys. Chem. A
2001, 105, 8969.

(29) Ervin, K. M.; DeTuri, V. F.J. Phys. Chem. 2002 106, 9947.

(30) Rauk, A.; Boyd, R. J.; Boyd, S. L.; Henry, D. J.; Radom{an.

J. Chem 2003 81, 431.

(31) Xu, Z. F.; Park, J.; Lin, M. CJ. Chem. Phys2004 120, 6593.

(32) De Yonker, N. J.; Cundari, T. R.; Wilson, A. K. Chem. Phys.
2006 124, 114104.

(33) (a) Batt, L.Int. J. Chem. Kinet1979 11, 977. (b) Wjnen, M. H.
J.J. Am. Chem. S0d.958 80, 2394. (c) Wjnen, M. H. J.J. Am. Chem.
Soc.196Q 82, 3034. (d) Thynne, J. C. J.; Leggett, €. Chem. Soc. A
197Q 1188. (e) Batt, L.; Milne, R. TInt. J. Chem. Kinet1977 1, 549.

(34) Hoyermann, K.; Olzmann, M.; Seeba, J.; Viscolcz,JB Phys.
Chem. A1999 103 5692.

(35) Caralp, F.; Devolder, P.; Fittschen, C.; Gomez, N.; Hippler, H.;
Mereau, R.; Rayez, M. T.; Striebel, F.; Vizcolcz, Bhys. Chem. Chem.
Phys 1999 1, 2935.

(36) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
1987 87, 5968.

(37) Allendorf, N. D.; Melius, C. FJ. Phys. Chem1993 97, 720.

(38) Ochterski, J. W.; Peterson, G. A.; Montgomery, J. JJAChem.
Phys.1996 104, 2598.

(39) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
Chem. Phys1991, 94, 7221.

(40) (a) Somnitz, H.; Zellner, RPhys. Chem. Chem. Phy200Q 2,
1899. (b)Phys. Chem. Chem. Phy200Q 2, 1907.

J. Phys. Chem. A, Vol. 111, No. 1, 200¥25

(41) Holbrook, K. A.; Pilling, M. J.; Robertson, S. HUnimolecular
Reactions2nd ed.; Wiley: Chichester, U.K., 1996.

(42) Steinfeld, J. I.;Francisco, J. S.; Hase, WChemical Kinetics and
Dynamics 2nd ed.; Prentice Hall: Englewood Cliffs, NJ, 1999.

(43) Faulhaber, A. E.; Szupunar, D. E.; Kautzman, K. E.; Neumark, D.
M. J. Phys. Chem. 2005 109, 10239.

(44) (a) Dixon, D. A.; Francisco, J. §. Phys. Chem. 2006 110,
185. (b) Dixon, D. A.; de Jong, W. A.; Peterson, K. A.; Christe, K. O.;
Schrobilgen, G. . Am. Chem. So2005 127, 8627 and references therein.
(c) Pollack, L.; Windus, T. L; de Jong, W. A.; Dixon, D. A. Phys. Chem.

A 2005 109 6934.

(45) Matus, M. H.; Nguyen, M. T.; Dixon, D. Al. Phys. Chem. 2006
110, 8864.

(46) Frenkel, M.; Kabo, G. J.; Marsh, K. N.; Roganov, G. N.; Wilhoit,
R. C. Thermodynamics of organic compounds in the gas stEtermo-
dynamics Research Center: College Station, TX, 1994; Vol. I.

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.01; Gaussian, Inc.: Wallingford, CT, 2004.

(48) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.;
Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J,;
Eckert, F.; Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.;
McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A,;
Palmieri, P.; Pitzer, R. M.; Rauhut, G.; SthuM.; Stoll, H.; Stone, A. J,;
Tarroni, R.; Thorsteinsson, T. MOLPRO-2002, a package of initio programs;
Universita Stittgart, Stitgart, Germany, University of Birmingham:
Birmingham, United Kingdom, 2002.

(49) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr.Chem. Phys.
1994 100, 7410.

(50) Shimanouchi, TTables of Molecular Vibrational Frequencies
Consolidated Volume 1, NSRDS NBS-39; U.S. Department of Commerce,
National Technical Information Service: Washington, DC, 1972.

(51) Serallach, A. Meyer, R.; Githard, Hs. HJ. Mol. Spectroscl974
52, 94.

(52) Jacox, M. EJ. Phys. Chem. Ref. Da2003 32, 1.

(53) Grev, R. S.; Janssen, C. L.; Schaefer, H. F.,JIIChem. Phys.
1991, 95, 5128.

(54) Coussan, S.; Bouteiller, Y.; Perchard, J. P.; Zheng, W.. @hys.
Chem. A1998 102 5789.

(55) (a) Helgaker, T.; Klopper, W.; Koch, H.; Nagel,JJ.Chem. Phys.
1997, 106, 9639. (b) Halkier, A.; Helgaker, T; Jgrgensen, P.; Klopper, W.;
Koch, H.; Olsen, J.; Wilson, A. KChem. Phys. Lettl998 286, 243.

(56) Davidson, E. R.; Ishikawa, Y.; Malli, G. [IChem. Phys. Letl.981,

84, 226.

(57) Moore, C. EAtomic energy leels as deried from the analysis of
optical spectra, Volume 1, H to;WJ.S. National Bureau of Standards
Circular 467; U.S. Department of Commerce, National Technical Informa-
tion Service, COM-72-50282: Washington, DC, 1949.

(58) Handy, N. C.; Yamaguchi, Y.; Schaefer, HJFChem. Phys1986
84, 4481.

(59) Crawford, T. D.; Sherrill, C. D.; Valeev, E. F.; Schaefer, H. F. PSI
3.2 Program (2003).

(60) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. AJ. Chem. Phys1998 109, 7764.

(61) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
Chem. Phys1997, 106, 1063.

(62) Marenich, A. V.; Boggs, J. El. Mol. Struct.2006 780, 163.

(63) lijama, T.J. Mol. Struct.1989 212, 137.

(64) (a) Kuchitsu, K.Structure Data of Free Polyatomic Molecujes
Landolt-Borstein, New Series; Springer: New York, 1998; Vol. I1/25. (b)
Liu, X.; Damo, C. P.; Lin, T. Y. D.; Foster, S. C.; Misra, P.; Yu, L.; Miller,
T. A. J. Chem. Phys1989 93, 2266.

(65) Chase, M. W., Jr. NIST-JANAF Tables, 4th ed.Phys. Chem.
Ref. Data Mon01998 9, Suppl. 1.

(66) Gurvich, L. V.; Veyts, I. V.; Alcock, C. B.Thermodynamic
Properties of Indiidual Substances4th ed.; Hemisphere Publishing
Corp.: New York, 1991; Vol. 2.



126 J. Phys. Chem. A, Vol. 111, No. 1, 2007

(67) (a) Allendorf, M. D. http://www.ca.sandia.gov/HiTempThermo,
2004. (b) Fockengerb, C.; Weston, R. E.; Muckerman, J. Phys. Chem.

A 2005 109, 8415.

(68) Ma, N. L,; Smith, B. J.; Radom, LJ. Phys. Chenil992 96, 5804.

(69) Smith, B.; Nguyen, M. T.; Radom, LJ. Am. Chem. Sod992
114, 1452.

(70) Finney, C. D.; Harrison, A. Gnt. J. Mass Spectrom. lon Phys.
1972 9, 221.

(71) Tao, W.; Klemm, R. B.; Nesbhitt, F. L.; Stief, J. I. Phys. Chem.
1992 96, 104.

(72) Ruscic, B.; Berkowitz, JJ. Chem. Phys1991, 95, 4033.

(73) In the NASA compilation (ref 5), #10 K value of—2.75+ 0.31
kcal/mol was mistakenly assigned to the heat of formation at 298 K of
CH,OH. The latter is—4.25+ 0.31 kcal/mol as reported in ref 6.

(74) Dobe, S. Berces, T.; Turanyi, T.; Marta, F.; Grussdorf, J.; Temps,
F.; Wagner, H. GgJ. Phys. Cheml996 100, 19864.

(75) Marenich, A. V.; Boggs, J. El. Chem. Phys2003 119 10105.

(76) Osborn, D. L.; Leahy, D. J. Leahy, Ross, E. M.; Neumark, D. M.
Chem. Phys. Lettl995 235 484.

(77) (a) Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Lineberger,
W. C.J. Chem. Phys200Q 112, 1158. (b) Blanksby, S. J.; Ellison, G. B.
Acc. Chem. Reg003 36, 255.

(78) Curtiss, L. A.; Kock, L. D.; Pople, J. Al. Chem. Physl1991, 95,
4040.

(79) Feller, D.; Franz, J. Al. Phys. Chem. R00Q 104, 9017. In this
paper, a value of 8.5 kcal/mol was reported Adt, using UCCSD(T)/CBS
energies.

Matus et al.

(80) Dyke, J. M.J. Chem. Soc., Faraday Trans.1287, 83, 69.

(81) Nee, M. J.; Osterwalder, A.; Zhou, J.; Neumark, D. MChem.
Phys.2006 125, 014306.

(82) Foster, S. C.; Misra, P.; Lin, T. D.; Damo, C. P.; Carter, C. C.;
Miller, T. A. Phys. Chem1986 90, 6766.

(83) Hunter, E. P. L.; Lias, S. Gl. Phys. Chem. Ref. Date098 27,
413.

(84) Ruscic, B.; Wagner, A. F.; Harding, L. B.; Asher, R. L.; Feller,
D.; Dixon, D. A.; Peterson, K. A.; Song, Y.; Qian, X.; Ng, C.-Y; Liu, J,;
Chem, W.; Schwenke, D. Wl. Phys. Chem2002 106, 2727.

(85) (a) Pitzer, K. S.; Gwinn, W. DJ. Chem. Physl942 10, 428. (b)

Li, J. C. M,; Pitzer, K. SJ. Chem. Phys1956 60, 428.

(86) Ayala, P. Y.; Schlegel, H. Bl. Chem. Phys1998 108 2314.

(87) Wigner, E. Z.Z. Phys. Chem. B932 19, 203.

(88) Skodje, R. T.; Truhlar, D. J. Chem. Physl981, 85, 624.

(89) Baulch, D. L.; Cobos, C. J.; Cox, R. A,; Esser, C.; Frank, P.; Just,
Th.; Kerr, J. A.; Pilling, M. J.; Troe, J.; Walker, R. W.; Warnatz,1.
Phys. Chem. Ref. Dati992 21, 411.

(90) Heicklen, JAdv. Photochem1988 14, 177.

(91) Choo, K. Y.; Benson, S. Wint. J. Chem. Kinet1981, 13, 833.

(92) Baldwin, A. C.; Barker, J. R.; Golden, D. M.; Hendry, D. &.
Phys. Chem1977, 81, 2483.

(93) KHIMERA, Version 3.2: A software tool for calculations of
chemical reactions thermodynamics and kinetics from first principles;
Kintech, Kinetic Technologies, Ltd., Moscow, 2003. http://www.
kintech.ru/.



