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RUSCIC ET AL.

This is the first part of a series of articles reporting critically evaluated thermochemical
properties of selected free radicals. The present article contains datasheets for 11 radicals:
CH, CHy(triplet), CH,(singlet), CH, CH,OH, CH;0, CH;CO, GHs0, CsH5CH,,

OH, and NH. The thermochemical properties discussed are the enthalpy of formation, as
well as the heat capacity, integrated heat capacity, and entropy of the radicals. One
distinguishing feature of the present evaluation is the systematic utilization of available

kinetic, spectroscopic and ion thermochemical data as well as high-level theoretical

results. ©2005 American Institute of Physic§DOI: 10.1063/1.1724828
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1. Introduction

1.1. General Introduction

579 Knowledge of accurate thermochemical properties of free

radicals is of great importance in many branches of chemis-
try, in particular atmosphericand combustioh modeling.
Thermochemical kinetic estimations sometimes provide the
only possibility for obtaining rate coefficients and branching
ratios for reactions of short-lived intermediates such as free
radicals.

Thermodynamic quantities for stable molecules are rela-
tively well established and reliable values are available in a
number of compilation’s® (see also Table jide infra). En-
thalpies of formation for stable molecules are typically ob-
tained from calorimetric determinations, while heat capaci-
ties and entropies are derived from the results of
spectroscopic measurements. The situation is not nearly as
favorable for free radicals. For free radicals and other short-
lived intermediates, direct calorimetric measurementgiare
most casesnot possible, while spectroscopic investigations
require more skill and sophisticated instrumentation. Conse-
quently, thermochemical data for a number of free radicals
are still uncertain.

In addition, the ability of quantum chemistry to predict
thermochemical properties accurately for radicals is a rapidly
changing arena. Computational chemistry has made great ad-
vances in predictability, although the open-shell and excited-
state aspects that are normally associated with radicals still
present significant challenges. However, a solid basis of ther-
mochemistry must now be understood to include the best
combination of experimental and computational thermo-
chemistry.

In Table 1, enthalpies of formation are given for a few-
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TaeLE 1. Enthalpies of formation (kJ mot) for selected free radicals a(K) =298.15
McMillen Gurvich Berkowitz NIST Kerr and
and Goldef’ et al3* et allt Tsand? CCCBDB"? Stocket* P
Radical (1982 (1991 (1999 (1996 (1999 (2001-2002 (2003
‘CH; 146.9+0.6 146.3:0.5 146.4-0.4 1471 146.3-0.5 146.4-0.4 146.70.3
CH=C 565+ 4 568.5-5.0 565.3:2.9 568.5-5.0 566.12.9 565.3:2.9
CH,=CH 294.6+8.4 260+10 299.6-3.3 299+5 299+5 300.0-3.4 2995
CH,;CH, 108.4:4.2 107+6 120.9-1.7 119+2 107+6 120.9-1.6 120.9-1.7
CH=CCH, 340.6:8.4 339+ 4 339+4 340.6-8.4
CH,=CHCH, 163.6+6.3 170.7+8.8 1713 171+3 170.7-8.8 166.1-4.3
(CH,;),CH 76.2+4.2 90.0+1.7 882 76.2 86.6-2.0 86.6-2.0
(CH,)5C 36.4+4.2 51.5¢£1.7 483 39.3 51.81.3
CsHsC H, 200+6.3 202.5:6.3 2074 208.0:2.5
‘CN 435+ 8 440+5 441446 440.3:5.0 441.4-4.6 440-5
CH;C'=0 —24.3t1.7 —10.0+1.3 -12+3 —12+3 —10.0+=1.2 —10.0+1.2
‘CH,OH —25.9+6.3 —17.1+3.3 —-9+4 —17.8+2.6 —-17.8+1.3 -11.5+1.3
‘OH 39.5 39.4-0.2 39.3:0.2 39.3:0.2 39.3 37.204
‘NH, 185.4+4.6 188.7+1.3 190.4-6.3 188.71.3 186+ 1
‘'SH 140.6:4.6 140.4+3.5 143.0-2.9 140.4:3.5 143.6-2.8 142.8:2.9

selected free radicals, taken from seven widely used compi-
lations of the last 2 decades. The compilations by McMillen

and Goldef® and by Tsantf evaluate results obtained pri- _ o _ _ _ _
marily from halogenation kinetics and from shock tube or The idea of initiating a project dealing with the compila-

other kinetic measurements, respectively. The review Oron and_ critical evalqa.tion. of thermodyngmic properties of
Berkowitz et al!! derives bond dissociation energies and en- ree radicals, both originating from experiment and compu-

t t
thalpies of formation of radicals from ion thermochemical .tatlons, dates back to the J0UPAC General Assembly held

cycles and from chemical kinetics measurements. The work' Berlin n 199.9' At the d|scus§|pns of the |.4 Commission
. 34 . on Chemical Kinetics, the participants came to the conclu-
of Gurvich et al>” presents the evaluation of measurements_. . . .
. sion that accurate and reliable thermodynamic data, which
compilations select their enthalpy of formation usuall from%re required in modeling of atmospheric processes, combus-
P Py y tion and other complex chemical systems, are not available

prewou;ly published primary evaluations, that is, f,ro.mfor many important free radicals, literature data are often
evaluations that develop a recommended value from Or'g'nar!ontradictory, and in some cases they are based on estima-

studies. The free radicals presented in Table 1 are those fgf s o jepend on a single determination made several years
which the most data are found in the listed compilations. 5, sing indirect methods. It was also concluded that, due

A comparison of the data, given in these compilationsy, the progress made in developing new experimental tech-
shows that the reported enthalpies of formation did no‘hiques, thermochemical properties are becoming increas-
change significantly with time for some of the free radicalsing|y more reliable. In addition, theoretical studies using
(e.9. CH;, G3Hz, NH,, and SH. However, for most other  state-of-the-art quantum chemical techniques have become
radicals, a considerable change occurred regarding the begbe to supply data with remarkable accuracy and with un-
value for the enthalpy of formatiofiFor example, consider certainty that is comparable or even better than the experi-
the data reported for the simple alkyl radicals L,,  mental uncertainty. This analysis of the state of affairs moti-
(CHa),CH and (CH)sC.] Typically, a significant increase in  vated the 1.4 Commission on Chemical Kinetics to suggest a
the enthalpy of formation on the order of 10 kJmbimay  study with the goal of compiling and critically evaluating
be seen for a number of radicals presented in Table 1. Nevhermodynamic quantities for free radicals. The idea was
ertheless, data reported in the compilations published in theupported by the 1.5 Commission on Molecular Structure
last few years seem to have converged to some commandSpectroscopy. Dr. Michel J. Rossi, chairman of Commis-
values. All this suggests that more than twenty years after thsion 1.4, asked Dr. Tibor Bees to organize a Task Group
publication of the comprehensive review of McMillen and and draft aproposal. As a consequence, a Task Group was set
Golden!® a new critical evaluation of available thermo- up that consists of the following six experimentalists and
chemical data becomes timely. seven theoreticians from seven countries:

1.2. Establishment of the Task Group
and Organization of the Project

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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TaBLE 2. List of free radicals and reactive intermediates targeted for evaluation

Hydrocarbon Other carbon-centered Oxygen-centered Miscellaneous
radicals radicals radicals radicals
CH ‘CN "OH "NH,
CH,(°By) CF, CH O '‘NO,
CH,(*A) CCl, CH4CH,0O "SH/'SD
‘CH3 HC'=0/DC=0 CeHsO CH,S
CH=C ‘CH,OH HOO ‘'SSH
CH,=C'H HOC =0 CH,00
CH,;C'H, CH;C'=0
CH=CCH, ‘CH=C=0
CH,=CHCH, ‘CH,C(O)H
(CHa),CH CH3CH,C'=0
CH3CH,C HCH;,4
(CHz)3C
‘CeHs
Ce¢HsC'H,

Experimentalists

Theoreticians

Tibor Bérces (Chairman)

Chemical Research Center
Hungarian Academy of Sciences
Budapest, Hungary

Alexander Burcat

Technion-Israel Institute of Technology
Haifa, Israel

Michel J. Rossi

Swiss Federal Institute of Technology
Lausanne, Switzerland

Branko Ruscic

Argonne National Laboratory
Argonne, IL, U.S.

Phillip R. Westmoreland

University of Massachusetts Amherst
Ambherst, MA, U.S.

Friedhelm Zabel

Universita Stuttgart

Stuttgart, Germany

James E. Boggs
University of Texas
Austin, TX, U.S.

Attila G. Csasza

Lorand Edvos University
Budapest, Hungary
Jean Demaison
Universitede Lille I.
Villeneuve d'Ascq, France
Rudolf Janoschek
Karl-Franzens-Universita
Graz, Austria

Jan M. L. Martin
Weizmann Institute of Science
Rechovot, Israel

John F. Stanton
University of Texas
Austin, TX, U.S.

Peter G. Szalay

Lorand Edvos University
Budapest, Hungary

A work program was developed by the Task Group and a 1.3. Objectives, Scope, and Work Program

project proposal was submitted to the IUPAC Secretariat of the Task Group

with the title of “Selected Free Radicals and Critical Inter-

mediates: Thermodynamic Properties from Theory and Ex- The main objective of this Task Group has been the com-
periment.” The Physical and Biophysical Chemistry Division pilation and critical evaluation of available thermodynamic

and the Project Committee reviewed the proposal and amproperties, including the computation of accurate thermo-
proved the project on May 14, 2001 as one of the Divisionalchemical data for selected free radicals that are of impor-
activities. The assigned project number was 2000-013-1-10tance in atmospheric and combustion chemistry. A distin-
with a project lifetime of 2.5 years. guishing feature of the present evaluation is the systematic

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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utilization of available kinetic, spectroscopic and ion thermo- T,

chemical data as well as high-level theoretical results. f AC°(T)dT=2[H*(T)—H*°(0)](products
The free radicals selected for study are given in Table 2. !

Species for which datasheets are presented in this publication —2[H°(T)—H°(0)](reactants,

are given in bold. Datasheets for the rest of the radicals will ®)

be published in Parts Il and Il of this series.

which may either be obtained from experiment or calculated

from structural parameters and vibrational frequencies using

. . standard statistical mechanics expressions. In the simplest
2. Thermodynamic Quantities case, the rigid rotor-harmonic oscillat®RRHO) approxima-

2.1. Fundamental Thermodynamic Quantities tion may be used® However, in case of significant anharmo-

_ - _nicity or for species with large amplitude motiofesg., those
The three fundamental thermodynamic quantities of Gibbgontaining internal roto)s more refined treatments are

energy G, also known as free enthalpyenthalpy ), and  required!’~*°
entropy §) are related by the defining equation The reaction entropy

G=H-TS (1) A,S°r=3%S°¢(product§— 3 S°r(reactants  (9)

In thermochemical calculations, differences of thermody-may be obtained either from equilibrium measurements as a
namic quantities usually occur rather than their absolute valfunction of temperature, or it may be calculated from
ues, thus the fundamental relationship for a reaction is structural parameters and vibrational frequencies using stan-
3 3 ) dard statistical mechanics expressions. The RRHO
AG =AH"—TAS. (2 approximatiot® or more refined treatmertfs®may be uti-
The molar enthalpy change in the reactianyki®) is related Iized.. The change of reaction entropy with temperature may
to the molar internal energy chang&,U°) by the equation P& given as

AH°=AU°+A(pV), 3 ASr,=ASr + sz(llT)ArC°pdT. (10)
wherep, V, andT are the pressure, molar volume, and tem- n
perature, respectively. Using the ideal gas law, the last term
in Eq. (3) may by expressed &TAn, whereAn designates
the change in the mole number in the reaction TAK=0 Atomization energy denotes the energy change in a gas-
hase process in which a substance is separated into its con-
AG7o=AH"=4,U". “) Fs)tituentpatoms in their respective groundpst?ﬁtEor a tri-
The Gibbs energy of the reaction is related to the equilib-atomic species ABC, the atomization process is

rium constank °: ABC—A+B+C. (11)

2.2. Dissociation Energies

AG°r=—RTInK®r. (5 within the ideal gas approximation, the atomization enthalpy

The enthalpy change in a reaction may be expressed ifat1"7) and atomization energy\U°y) are related by

terms of the enthalpies of formation for reactants and prod- A Ho =AU+ ANRT, (12

ucts . :
whereAn designates the change of the mole number in the

AH° =3 AH°r(products — > A¢H°r(reactants. atomization process. The atomization energy is related but
(6) different from the “bond energy” term, which is sometimes

used in qualitative and semiquantitative physical organic

The regction enthalpy may be calculated”acg:ording o Eq(':hemistry?o While these bond energy terms are assigned in
(6), or it may be computed from the equilibrium constant uch a way that their sum over all bonds corresponds to the

determined as a function of temperature using the van't HoffHeh 8 W o : .
. L atomization energy, the individual bond energies typically
relation. (The enthalpy of formation is itself an enthalpy of B ) . )
. : . . . _correspond to “average” energies over equivalent bonds
reaction for the hypothetical reaction forming the species

from its elements in their standard states at standard preg-ﬂher than to actual thermochemical processes describing

Sequential bond cleavages. Hence, these “bond energies” are

sure) not particularly useful in deriving enthalpies of formation of
The change of reaction enthalpy with temperature can b? parti y /INg € PIe:
given by ree radicals and other transient intermediates, and they are

entirely different from the “bond dissociation energies,”
T, which follow a more rigorous thermochemical definition and
AH®r,=AH 7+ L A Co(T)dT. (7)  are described below.
' Of particular relevance to this work are the bond dissocia-
The last term in Eq(7) is the integrated heat capacity or tion energies A,U°1) and enthalpiesX4H°), which are
enthalpy increment defined as the internal energy change and the enthalpy

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



578 RUSCIC ET AL.

change, respectively, in a process in which a specific bond ielated to the energy changes in the electron removal pro-
cleaved and the products are formed in their ground statesesses of an electron from a neutral spe¢is. (18)] and

For the dissociation of the R—X bond, the fragmentation profrom an anionEq. (19)], respectively?!??

cess is

AB—AB*+e~ (18
RX—R+X. (13
) o ) o AB™—AB+e". (19
The bond dissociation enthalpy and bond dissociation energ ) _ ) ) )
are related by Eq(14) E’Note that with this convention stable anions are associated
. s with positive values of electron affinitylf the transitions
AH r=AU°r+RT. (14 occur between the ground vibrational states of neutral spe-
At T(K)=0, AgH°,=A4U°,, and this quantity for the cies and ions, the energy changes are termed adiabatic ion-
cleavage of the R—X bond will be designatediagR—X).  ization energiesk; .y and adiabatic detachment enerdies
D, differs from D, by the zero-point energyE,d electron affinities (Eeaad. Note that E;,q=A,U(18)

=AHy(18) andEg, .7 AUo(19)=AH((19). As opposed

to these adiabatic quantities, vertical ionization energies
(Ejve) and vertical detachment energi@s electron affini-
whereD, is the bond dissociation energy for the appropriateties) (E,,9 cannot be used in a simple fashion to relate
hypothetical molecule without zero-point energy, andthermochemical quantities of the neutral species AB and its
E,pdX) =0 if X is an atom. charged counterpart.

At finite temperatures, we prefer the use of the bond dis- Another frequently used ion thermochemistry quantity is
sociation enthalpy £¢4H°r) which will be designated as the fragment appearance enerdy,(r) which is the mini-
D+(R—-X) for the cleavage of the R—X bond at temperaturemum energy required to form a cationic fragment from a
T. This quantity is traditionally designated B$H°(R-X), neutral molecule via dissociative ionization. The appearance
however, here we retain the simpler form. Eby, the use of  energy(often called appearance potential in older literature
the expression bond energy instead of bond dissociation emf cation A" from molecule AB in electron impact or photon
ergy or bond strength is discouraged because it may causgpact processes
confusion with the bond energy ter(eee above

Do(R-X)=D¢(R—X) — E,pd RX) + E,pd R) + E pd X),
(15

AB+e —A"+B+2e, (20)
AB+hv—A"+B+e" (21)

is designated byE.,+(A"/AB). Note thatE,, {A"/AB)
The measurement of a bond dissociation energy may result A U,(20,21)=AH,(20,21), but thatEapT(A+/AB) is

in the determination of the enthalpy of formation for a spe-not equal either ta\,U+(20,21) or toA,H(20,21) at anyl
cies provided that the enthalpies of formation are known forgifferent from 0 K23

the rest of the species involved in the dissociation process. The enthalpy change of reacti¢?)
The fundamental relationship for the dissociation process

R1R2—> Rl+ R2 (16)

2.3. Enthalpies of Formation

BH' -B+H" (22)

. is traditionally called the proton affinity of molecule B
IS (A, H1(B)), while the Gibbs energy change of reacti@2)
D+(R;—Ry)=AH°+(Ry) + A(H°+(R,) — A(H°+(R;Ry), is the gas-phase basicity of molecule B (G(B)). The
17) proton affinity of anion A, expressed either as the enthalpy

G H (), A (R, andsH° (R designae hanSe Of he Gbbe energy change of eackdd, s
the standard enthalpies of formation fof ,RR, and RR,, w gas p ity u
respectively. (AacidHT(HA)) or (AxidGr(HA))

Auxiliary data used in the derivation of thermodynamic HA—A +H*. (23

guantities in this work are taken from various compilations The treat t of ion th hemical tit iated
mentioned in the comments attached to the tables in the ¢ ‘eatmentorion thermochemical quantilies associate

datasheet¢vide infra). However, where possible, thermody- W'th processes producing or consuming electring., ion-
ation energy, electron affinity, and appearance ener@y

namic quantities for atoms and simple molecules are takelf bl ic b wo diff ‘ i
from CODATA Key Values for Thermodynamicand for fetcom((ej prto dem?h'c d (—:_cgtgse ¢ t?] |theren dconve_n |onfstrz]a re
neutral molecules, they are obtained preferably from thTten adopted in the definition ot the thermodynamics ot the

24
compilation of Gurvichet al3* electrom. . o
In the “electron convention”(or “thermal electron con-

vention”) the standard reference state of the electron is de-
fined in the same way as for the elements, i.e., while the
enthalpy of formation and the Gibbs energy of formation are
The two basic ion thermochemistry quantities are the iondefined to be zero at all temperatures, the integrated heat
ization energy E;) and the electron affinityH,,), which are  capacity is (5/2RT or 6.197 kmol* at T/K=298.15, cal-

2.4. lon Thermochemical Quantities

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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culated using classical Boltzmann statistics for an ideal gas. If k; and k, are available from kinetic studies only at a
(Note that Bartme$4 has recently pointed out that using single temperature or in a limited temperature range, experi-
guantum Fermi—Dirac statistics, the proper integrated heanent provideK; and, by means of Eq5), A,G°; at one
capacity should be 3.145kIJmdl at T/K=298.15) The temperature. However, if,S°; can be calculated from the
“electron convention” is adopted, for example, in the NIST- entropies of reactants and products available in the literature,
JANAF table$ and in the compilation of Gurvickt al3* the reaction enthalpy,H°; and from this the required en-

In the “ion convention” (or “stationary electron conven- thalpy of formation of the particular radical as well as the
tion”) the enthalpy of formation of the electron is similarly appropriate bond dissociation energies are easily derived us-
defined to be zero at all temperatures, but the integrated heattg the relationships given in Sec. 2.1. This is the third law
capacity[H°(T)—H?°(0)] is also defined to be zero at all method for obtaining thermochemical data from kinetic stud-
temperaturegshence “stationary). The “ion convention”is ies. The third law method may provide more accurate enthal-
used in virtually all papers dealing with ion thermochemistry.pies of formation for radicals than the second law method if

As a result of the different definitions, atK=298.15 the accurate reaction entropy,S°t, can be provided. This is
enthalpies of formation of cations are higher and those ofisually the case if a relatively small radical is considered for
anions are lower by 6.197 kJmd! in the electron conven- which reliable structural data and vibrational frequencies are
tion than in the ion convention, although they are the same available from experiment and/ab initio calculations pro-
T/K=0. In practice, either convention can be used as long agiding the basis for accurate determination of the required
enthalpies of formation of charged species derived on thentropies.
basis of different conventions are not combined without The determination of the equilibrium constant by kinetic
proper conversion. In this work the idstationary electron  methods requires the accurate knowledge of rate coefficients

convention is adopted. for the reversible reaction in the forward and reverse direc-
tion (see Eq(24)). This is, however, sometimes not the case.
3. Sources of Information Therefore, in earlier studies often assumptions were made.

Bond fission reactions, like reactiaii6), were frequently
IL_lsed to derive bond dissociation energisscond law deter-

In this section, the major methods used to determine the ) o o .
mochemical quantities are reviewed. For more detailed inform'nat'or) by estimating the activation energy for the radical

mation, reference is made to the appropriate literature. comblnatlon regcnon. It IS generally accepted t.hat freg ra.d"

cal recombination reactions have small negative activation

3.1. Thermochemical Data from Kinetics Studies energies, depending on the molecular complexity of the radi-
o - cals involved.

The kinetic approach of determining the enthalpy of for- Various kinetic techniques have been developed for the

mgthnl forfadre:d!F%ch (Iamy othe;.siﬁ)emesst b?se:i c;n thefl.bdetermination of bond dissociation energies and enthalpies of
principle of detaiied bajance, Which asserts that at €quiliby, ation of free radicals. Detailed description of these tech-
rium the specific rate of every elementary process is exactl

Hhiques can be found in the literatuf®2 Here we mention

equal to the specific _rate Of Its reverse Process. _Fr_om this I(Bnly those kinetic studies of equilibria which have supplied
follows that a correlation exists between the equilibrium con-

tantK of th bl tion | hich th feul most of the recent thermochemical information for free radi-
stantis of the reversible reaction in whic € particular .ois. The most important types of kinetic studies in this con-
radical participates and the rate coefficients of the elementa

"
) . ! . xt are as follows.
tr;arllc.tlons in the forwardke) and in the reversek) direc- (i) Thermal decomposition and radical combination stud-

ies. Single pulse shock tube studies have supplied a signifi-
K=k¢/K,. (24)  cant part of the determinations of the rate expressions for
bond cleavage processes. These, combined with lower-

If k; andk, (expressed in molar unjtcan be measured . o
: . . temperature data for radical recombination, gave the value of
accurately as a function of temperature in an appropriate” . . )
. : - ._equilibrium constants from which a number of enthalpies of
wide temperature range, the Arrhenius activation energie

E..andE,, are obtained in the usual way and the reactionFormatlon of radicals could be derived. A special case of this

enthalpy is established at the midtemperature of the experltyppf .Of kinetic studies is theilnvestlgatlon .O.f radical decom-
ments: position and the reverse radical/atom addition to an unsatur-

ated bond.
AH°r=(Ea+—E,)+RT. (25 (ii) Time-resolved kinetic studies of abstraction reactions

From the reaction enthalpy, the enthalpy of formation of thel" the forward _and reverse direction. A '?rge number of S.tUd'
es have obtained radical thermochemistry from the direct

particular radical and the appropriate bond dissociation enet L S
gies are obtained using fundamental thermodynamic reldnvestigation of the kinetics of the

tionships as described in Sec. 2(Note that in this ap-

proach,A,H°/R corresponds to the negative of the slope of X+RH=HX+R (26)

the plot of InK°; versus 1T.) This procedure is known as

the second law method for deriving thermochemical dataequilibria, where X indicates a halogen atom, in most cases
from kinetic studies. Br atom and sometimes Cl or |. These time resolved kinetic
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equilibrium studies may be considered as the continuation aibgether with reaction$28) and (29). Note thatA,H°(30)
the iodination or bromination technique originally introduced + A H°(31)=A,H°(27) and that at 0 KA,H°,(30)
and reviewed by Golden and Benson. +AH°,(31)= Eap’((CD*/ABCD). Process(30) is known
as heterolytic bond dissociation or ion-pair formation, and in
a limited number of casd®ecause its partial cross section is
usually extremely lowthe determination ofA,H°, (30) is

While kinetic measurements utilize the second and/or thirfccessible to photoionization-type experiments. The enthalpy
law of thermodynamics to derive thermochemical valuesf reaction(31) at T/K=0 corresponds to the electron affin-
thermochemical cyclegwhether ion cycles or otherwise 1Y Of AB, AH®0(31)=Ee,4AB), obtainable from photo-
rely on the first law of thermodynamics. The most frequenﬂyelectron spectroscopic measurements of negative ions, for
used ion thermochemical cycles are known, in their simplesgX@mple. The negative ion cycle is most readily applied to

variants, as the “positive ion cycle” and the “negative ion the case where CD is simply a hydrogen atom. Replacing CD
cycle” They are described in significant detail With H and AB with R, the pertinent reactions acquire the

3.2. Thermochemical Data from lon Studies

elsewher&-?223 and hence only a brief summary is given form

below. - RH—R +H", (32
The simplest positive ion cycle that leads to the AB—CD
bond dissociation energy of some molecule ABCD involves R —R+e™, (33
the following three reactions:
B H-H"+e, (39
ABCD—AB+CD"+e", (27

CD-CD" +e-, 28) RH—R+H. (35
ABCD—AB + CD. 29) In this case, the enthalpy/Gibbs energy of reacti®®) cor-

responds to the gas-phase acidity of R¥H+(RH), or

The enthalpy of reactiof27) at T/K=0 corresponds to the A_.Gt(RH), which can be determined via various experi-
T/IK=0 appearance energy of the CDfragment from mental techniques, most frequently &K =298.15. By vir-
ABCD, A/H°,(27)=E,,{CD"/ABCD). This appearance tue ofAH°(35)=AH°(32)+AH°(33)—AH°(34), it fol-
energy can be obtained, for example, from photoionizatioows that Dy(R—H)= A ¢dH°o(RH)+ Eeq 2 R)— Ei(H).
mass spectrometric experiments. The enthalpy of reactiorlence, in the negative ion cycle, as applied to hydrogen
(28) at 0 K corresponds to the adiabatic ionization energy obond dissociation energief),(R—H) can be determined
fragment CD (which is usually a radical AH°y(28) (with necessary conversion between Gibbs energy and en-
=E; ,((CD), obtainable from photoelectron or photoioniza- thalpy and between temperaturésm two measured quan-
tion mass spectrometric studies of radicals, for example. Théties, the gas-phase acidity of RH and the electron affinity of
enthalpy of the third reaction corresponds to the desired bonR. A slight disadvantage of the approach that combines gas-
dissociation energy\,H°y(29)=Do(AB—-CD). By virtue of  phase acidity and electron affinity is that it is limited to dis-
AH°(29)=AH°(27)—AH°(28), it follows that sociation energies of bonds involving hydrogen. Thus, the
DO(AB—CD):Eap,((CDWABCD)—Ei,ad(CD). Hence, in determination of gas-phase acidities is somewhat less accu-
the positive ion cycle, the bond dissociation energy can beate than that of typical photoionization-type experiments
determined as a difference of two measured quantities, onemployed in determining electron affinities. Nevertheless,
usually for a stable species and the other for a radical. Atvell executed and interpreted experiments can produce
least in principle, both measurements can be performed iD,(R—H) values with accuracies in the range of
the same laboratory and even on the same apparatus. The(1-4) kJmol . In a limited number of cases, where na-
experimental challenges are typically centered around th&ire makes ion-pair formation processes accessible to spec-
cleanin situ preparation of the radicals of interest, and some-+roscopic determinations, accuracies as hightdscm * (or
times also around the proper interpretation of the spectradven bettercan be achieved.

data, particularly in determining=,,,. While electron- The positive ion cycle and the negative ion cycle are often
impact methods are easier to apply, they are notorious fatomplementary in the sense that bond dissociation energies
producing results that have high uncertainty limits. On thethat are not accessible to one type of ion cycle are accessible
other hand, properly executed and well-interpretedio the other andiice versa This relationship is due to the
photoionization-type and photoelectron-type measuremenisstability of certain negative ion®ot all species have stable
can produce Dy(AB-CD) with accuracies of negative ionsand facile rearrangements of ions during pho-
+(1-2) kIJmol'l, and in selected cases0.5kJmol'* or  todissociative processe@vhich usually produce only the

even better. most stable positive ignA good example is the comparison
The simplest negative ion cycle that leads to the AB—CDof the two hydrogen bond dissociation energies in methanol.
bond dissociation energy involves The C—H bond dissociation energy is readily obtainable via
- the positive ion cycle, but not via the negative ion cycle
ABCD—AB™ +CD", 30
- (30 because CKHOH™ appears not to be stable and the H atom on
AB™"—AB+e, (31)  the oxygen side is the acidic hydrogen. In contrast, the O—H

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



IUPAC THERMOCHEMICAL PROPERTIES OF SELECTED RADICALS 581

bond dissociation energy is obtainable via the negative iosimilar approach in common use today is the CRS
cycle, but is not readily obtainable from the positive ion schem& providing comparable accuracy. One of the best
cycle (although the ionization energies of both gBH and  black-box model chemistries is the Wprotocol®? In prin-
CH30 are known, the photodissociative ionization of metha-ciple the Wn methods are able to provide subchemical ac-
nol produces the more stable @BH™, rather than CHO"). curacy. All these procedures are aimed at reaching a con-
verged energetic estimate, the focal pdinof electronic
structure computations.
3.3. Thermochemical Data from Theoretical From the calculated internal energies one can derive the
Studies principal thermochemical entities, most importantly the en-

In recent years sophisticated and highly efficient teCh_thalp|es of formation. The most straightforward way to the

nigues have been developed for the solution of the electroni(éonvergeChb initio determination of e_nth_alples of form{:ltlon
and nuclear motion problems of quantum chem&tappli- goes through the converged determination of zero-point cor-

cable for small to medium sized molecules and transient spé—eCted atomization energies. While this route is viable for

cies. These new techniques, coupled with the enormous a&_mall systems, its accuracy is extremely difficult to be
’ t.3* For systems with several at-

vances witnessed in computer technology, make possible trﬁaUShed below 1-2kJmo

theoretical determination of thermochemical quantities withoMs @ more efﬂmen_t computational route is the apphcatlon
an accuracy matching that of experiment of appropriate reaction schemgsreferably conserving the

The internal energy of molecules and radicals is usuallynumber of electron paiys which pffer distinct advantages
calculated within an adiabatic approximation, i.e., as a su hrough favorable error cancellat_@)l . .
of the electronic and nuclear motion energiesTAK =0 the Further thermoqhemlcal quantities, !ncludlng temperature-
latter is equal to the zero point energgPE), while the dgpendent_entroples and heat capacities, can also' be Qeter—
former is calculated by an approximate solution of the elec-m'ned straightforwardly through the RRHO approximation

tronic Schralinger equation. The success of computationafq the nuclea_lr motion problem. Nevertheless_, if higher pre_ci-
guantum chemistry is based on the ability to simultaneousl| ion is required one has to resort to the direct summation

and systematically converge the quantum chemical descri _ephr_ﬂque fo_r the detgrminz_ation of _partit_ion functions. While
tion to all appropriate limits. For the electronic structurethls is possible for triatomic speciéShis fully computa-

problem the limits include that of the Hamiltonian, of the tional approach to supplementary thermochemical quantities
n-particle space, and of the one-particle space. has not been pursued actively for larger systems.

Ab initio determination of the internal energy usually starts
with the nonrelativistic Born—Oppenheim@O) electronic .
Hamiltonian, represents thepartri)gle space by higher order 4. Guide to the Datasheets
coupled-cluster wave functioffs’® and uses Gaussian-type 4.1. Construction of the Datasheets
orbitals optimized through well established proceddres,
yielding a hierarchy of basis sets with good convergence Each datasheet essentially consists of two parts. The first
properties. To achieve the desired accuracy of aboupart details the critical evaluation of published experimental
1 kJmol * in the enthalpy of formation it is not sufficient to and theoretical data on the enthalpy of formation for the
saturate the one an‘d.partide spaces, i.e., to reach the non-given free radical. The central pOI’tiOﬂ of this part is a table
relativistic complete basis séEBS) full configuration inter-  of the enthalpy of formation determinations carried out since
action limit; small corrections must also be consideredthe publication of the last comprehensive critical review by
These corrections include core—valence corrections, as it fcMillen and Golder® in 1982. The table is supplemented
usually considerably cheaper to converge the valence-onlpy detailed comments describing the method of determina-
problem, relativistic contributions, including the spin—orbit tion, the original measured data on which the particular de-
correction when needed, and the diagonal BO correctiorf€rminations are based, and the auxiliary data used in the
The ZPE must also be computed accurately since its contriderivation or rederivation of the final results.
bution is usually larger than those of the other corrections At the end of this part, a preferred value of the enthalpy of
mentioned. To that end, the harmonic oscillator approximaformation is given, together with the associated overall un-
tion, employed in all model chemistri¢see below, may not ~ certainty. This is supplemented by comments justifying the
be sufficiently accurate since anharmonic corrections magelection of the preferred value. The given uncertainty rep-
not be accountable by simple scaling procedures. The anhaiesents the expected 95% confidence limit.
monicity problem is especially important when the molecule In the selection of the preferred value weighted averages
has low-frequency and very anharmonic vibrational modes.had to be calculated. The weighted averagef a list of n

Several so-called model chemistries exist for refimbd valuesx;, (i=1,...n), where each value has an associated

initio energetic predictions. One of the most developed systncertaintyu;, i=1,...n, is obtained from the expression
tematic efforts is the Gaussianseries>® Although the pro- _ .2

.. . z:I=:L..J’1(XI/UI )
cedure uses an empirical parameter, the so-called higher- = (36)

Bt SNV TR
level correction, its average accuracy does not exceed i=1..n !
+1 kcalmol !, the so-called chemical accuracy limit. A The variances,, of u is then
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TaBLE 3. Auxiliary thermodynamic values (kJ mdi)

Species A{H°(298.15 K) A{H°(0 K) H°(298.15 K)—H°(0 K) Reference
C (graphite 0 0 1.050£0.020 5
H, 0 0 8.468-0.001 5
0O, 0 0 8.680:0.002 5
N, 0 0 8.67G-0.001 5

F, 0 0 8.825£0.001 5
Cl, 0 0 9.1810.001 5

C 716.68-0.45 711.1940.45 6.536:0.001 5

H 217.998:0.006 216.035%0.006 6.19%0.001 5

O 249.180-0.100 246.795%0.100 6.7250.001 5

N 472.68-0.40 470.8180.40 6.1970.001 5

F 79.38£0.30 77.27-0.30 6.518-0.001 5
Cl 121.301-0.008 119.626:0.008 6.272-0.001 5
CH, —74.60-0.30 —66.630+0.30 10.016 3,4
CH;l 15.5+0.8 37
CH,O —108.7+0.5 —104.862-0.5 10.020 3,4
CH,CO —47.71.6 —44.508-1.6 11.796 39, 40
CH;C(O)H —165.8-0.4 12.732 37,38
CH;OH —201.0=0.60 —190.115-0.60 11.441 3,4
CH;3CH,0OH —234.8-0.5 —217.082-0.5 14.126 3,4
CcO —110.53£0.17 —113.81:0.17 8.6710.001 5
H,O —241.826-0.040 —283.923-0.040 9.905:0.005 5
H,O, —135.88-0.22 —129.890-0.22 11.158 3,4
NH; —45.94+0.35 —38.946-0.35 10.04%0.010 5

Sic1 L6 — w)?lu?]\ 2 were relevant to the selection of the final preferred value.
Su= 1S, 1u:2 - (37 The auxiliary enthalpies of formation used in the rederiva-
(n ) |:l,..n( Ui ) . . .
_ _ _ _ _tions are summarized in Table 3.

To obtain the final uncertainty corresponding to 95% confi-  For the sake of consistency, heat capacity, integrated heat
dence limits, we multiplys,, by the appropriate factdrfrom  capacity, and entropy values were recalculated for a number
the Student distribution of free radicals using the selected structural data and vibra-
u,=txs,. (39) ti'ongl frequencies. This recglculation was cgrried out prima-

. o . rily in those cases where either better quality data could be

Next, checking for outliers is carried out. If each abs( gptained than those published in the literature or a more

—p) difference is less than the greater wf or u;, the  gophisticated computational procedure in generating the ther-
calculated average and uncertainty is accepted. However, jfa functions was possible.

this is not the case, the uncertainty of the worst offender is
enlarged to itsX; — w) value and a new iteration is started in
order to obtain the final average and uncertaifiote that
this procedure is borrowed from network analysis and it is  The tabular form of thermochemical data is not very con-
part of the algorithmic procedure built into Active Thermo- venient for computerized application. In order to facilitate
chemical Tables currently under development at Argonnehe use of thermochemical quantities, Gordon and McBtide
Laboratory?®) have developed during the last four decades the so called

In the second part of the datasheet, structural informationNASA polynomials.
vibrational frequencies, heat capacities, and entropies are For the calculation of the thermochemical properties and
given. In this part, no critical data evaluation of the pub-generation of their polynomials, the NASA program of
lished quantities is carried out. Instead, data that appear ®icBride and Gordof was used. This program calculates
represent the best results available in the literature are prehermochemical properties from partition functions as de-
sented. scribed by McBride and Gord8hand/or in the introduction
of the NIST-JANAF Thermochemical Tabledhe calcula-
tions were performed using the most recent version of the
program known agAcea Details pertinent to the individual
calculations are given in the datasheets.

In a number of cases, a fully documented effort has been In cases where the thermochemical functions were not re-
made to rederive the published enthalpies of formation usingalculated, but were adopted from the literature or other pre-
more recent and/or consistent thermodynamic quantitiescious compilationgnotably Gurvichet al4), the originally
This effort was primarily directed toward published data thatreported values were used for deriving the polynomials using

4.3. Polynomials

4.2. Rederivations and Recalculations
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the PaC99 program. The polynomial representation of ther-all the reactant and product specjewith the stoichiometric
mochemical properties is given in two different fornig:ithe  coefficientsy; taken to be positive for products and negative
older 7-constant NASA polynomialsisually in the range of for reactants.

200-6000 K, which are widely used in kinetics and com-  The 7-constant polynomials actually include 15 constants.
bustion and(ii) the newer 9-constant NASA polynomials The first set of 7 constants belongs to the 1000-6000 K
(usually in the range 50—5000)KIt may be noted that the polynomial, the second set of 7 constants belongs to the
9-constant polynomials can reproduce the original value00-1000 K polynomial, and the fifteenth constant is
more accurately by two orders of magnitude than the sevehl(298.15)R=A{H°(298.15)R. This value is not used by
term polynomials. It should also be noted that the NASAmost other programs, such aseMkiN*2 and therefore does
polynomials are “pinned” at thd/K=298.15 and thus they not interfere with their calculations.

reproduce this value exactly. The 7- and 9-constant polyno- The 9-constant polynomials can be used to calculate the
mials have two branches in the range of 200—1000 andbllowing functions:

1000-6000 K and both branches yield the same valueat

1000 K. For the 9 constant polynomials, where an additional P — 5. T-24+ 2, T~ 1+ ag+a,T+asT2+agT3+a, T4,
lower branch in the 50-200 K range is presented, the first

two branches are fitted to give the same value at 200 K. (44)
The thermochemical properties can be calculated in genH° 72 a,InT aT a5T2 aeT3
eral with confidence in the fourth and fifth digit in the range g = —a T+ T Tttt
of 150—-3000 K. This is the range which has been chosen to
be shown in our tabulation. However since many engineering a;T*  ag 45
problems require the knowledge of data above and below + 5 +?’ (45)
this range, we are providing them—where appropriate—in__ _2 ) 3
the form of polynomials. Sr__al —aT ta.nT+a, T+ asT + adl
The seven-constant NASA polynomials can be used to cal-R 2 2 3 4 2 3
culate the following functions: "
a;T
co + 7 +ag, (46)
—P_a,+a,T+asT2+a,T3+asT?, (39 . o _ .
R and alsoG°/RT andK_, following a similar design as given
. ) 3 4 above for the seven-term polynomial.
Hor al agT” a,7° asT” as In order to get a better fit of the polynomial to the gener-
=a;+ + + + + =, (40
RT 2 3 4 5 T ated values, a set of values was used at smaller temperature
intervals than those listed in our tables.
S SR L7 A L 41
R AN iT&iTT 3 a4 T “D .
4.4. Notation
o o 0 2 3
C’r — Hy S'r - _ _ 3T aT" aT The symbols and terminology used in this paper, including
a,(1-InT) )
RT RT R 2 6 12 the datasheets, correspond to the recommendations of the
aT* a International Union of Pure and Applied Chemistry
5 1% 4 42)  (IUPAC).® In this work, all extensive thermodynamic prop-
20 T %7 (42) : o -
erties are molar quantities, therefore the subscript m for

“molar” is omitted in the symbols of extensive quantities;
for example, for the standard molar entropy the symbol
S°(298.15 K) 0rS°,95 (R) is used instead d8°,(298.15 K)

ar S®m20d R). The subscript 298 refers to 298.15 K through-
out this work. For the convenience of the reader, a list of
mbols is given. For the spectroscopic homenclature, the
f§~*"is followed.

It should be noted that the valud°; obtained from the
polynomials is the “engineering enthalpy” defined B
=A¢H°(298.15 K)+f£98C°pdT. However, H°; for reac-
tants and products can be combined directly to obtain th
reaction enthalpyA,H®(T). Similarly, theG°/RT functions

of the species in a reaction can be used directly to comput§y .
the reaction’s equilibrium constant in terms of concentration®ractice of Herzbe

through

. Aa, T Aa,T? List of Symbols

K:=(RT) AVexp(Aal(ln T-1)+ > + 6 p, T,V pressure, temperature in Kelvin, and
volume, respectively
Aa, T3 AasT*  Aag p° standard pressure
12 "0 T thar) SE gas constant
g statistical weight of théth electronic

where the change in mole numberAg=X»; and the coef- state
ficient changes arda;=Xv;a;;, the summations are over oy external symmetry number
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symmetry number of internal rota- change in the bond-cleavage process
tion that forms ground state products
rotational constant in the ground vi- AaH°1(X) atomization energy defined as the en-
brational state thalpy change in a gas-phase process
principal moments of inertia in which species X is separated into
reduced moment of inertia for an in- its constituent atoms in the ground
ternal rotation(symmetric top state .
n-fold barrier to internal rotation, A¢H®(T) or A{H®+(X) standard molar enthalpy of formation
where the effective potential for the of species X frpm its constituent ele-
internal rotationV;, is usually repre- ments in their standard reference
sented a¥/;,= 3=V, (1—cosng) states at temperatuie
ith vibrational wave number AU°(T) or A,U°+(i) change in standard molar internal en-
ith harmonic wave number ergy for reaction at temperaturd
anharmonicity and vibration—rotation A/H°(T) orAH°+(i) change in standard molar enthalpy
constants, respectively for reactioni at temperaturd
zero-point energy A, S°(T) or A, S°¢(i) change in standard molar entropy for
ionization energy of species X _ reactioni_ at temperaturd
adiabatic and vertical ionization en- A,G°(T) or A;G°¢(i) change in standard molar Gibbs en-
ergies, respectively ergy for reaction at temperaturd
electron affinity or detachment en-  |n the table of literature data for the enthalpy of formation,
ergy of species X ~ abbreviations are given to indicate the name of the method
adiabatic and vertical electron affini- ysed in the particular determination. These are explained at
t|e+s, respectively the bottom of the table. Exceptions are the names of the
X" fragment appearance energy computational methods for which well known abbreviations
from species XY at temperatuiie are adoptedsee Table %
proton affinity of species X at tem-  For a summary of the preferred thermochemical data, see
peratureT Table 5.

gas-phase basicity of molecule B
4.5. Standard State

gas-phase acidity of molecule HA

rate coefficient of a chemical reac-

tion at temperaturd

Arrhenius parameterfi.e. preexpo-

The definition of the standard state corresponds to that
published by IUPAC®i.e., the standard state for a pure gas-
eous substance is that of the substance #@sypothetical
, A ideal gas at the standard pressprep°. The conventional
nential factor and activation energy, \aiue for the standard pressung®, was 1 standard atm
respectlvgly for reactioni (101325 Py and this was used in all older publications.
rate coefficients at temperatufefor - ,vever, JUPAC has recently recommended 1 {10 000
a stated reversible chemical reaction py 45 the value for the standard pressure. The value of
in the forward and reverse directions, ge affected by the choice of the standard pressure. The
respectively present work adopts the recommenggd= 100 000 Pa. To
Arrhenius parameters for a stated re- getermine the value @&°(298.15 K) conforming to the older
versible reaction in the forward and gianqard state gf° =101 325 Pa1 atm), all S°(298.15 K)

reverse directions, respectively given at 100000 Pa should be decreased by 0.109
equilibrium constant for a reaction at Imorl K1
temperaturel

standard molar heat capacity of spe-

cies X at constant pressupeand at

temperaturel

standard molar entropy of species X 4.6. Units

at temperaturd

standard molar enthalpy increment Sl units are typically used, i.e., energies and enthalpies are
(integrated heat capacjtyf species expressed in kJmol, while heat capacities and entropies
X between temperaturég and zero  are given in JK!mol 1. Other traditionally used units, like
“absolute enthalpy,” usually known kcalmol !, eV, and cm?, occur occasionally when refer-
as “engineering enthalpy,” at tem- ence is made to the originally measured/calculated quanti-
peratureT ties. In these cases conversion is made using the CODATA
dissociation energy or strength of the recommendation€ ie., 1caF4.184J and 1leV
X=Y bond defined as the enthalpy =96.4853 kJmol®.
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TaBLE 4. Glossary of computational terms

ab initio

(aug-)cc-p(C)\Wnz

BAC

Born—Oppenheimer approximation

CASSCF

CBS
CBS-4, CBS-q, CBS-Q and variants
CcsOT)

DFT

FCI

G1, G2, G3, and variants
GTO

Hamiltonian
Hartree—Fock method

HO

HOMO

MPn

Potential energy surfad®ES
PT

RRHO

W1, W2, and variants

ZPE

Latin for “from first-principles” or “from scratch”
Correlation-consistenicc) basis sets including diffus@ug and core correlatioC) functions
Bond additivity correction

Separation of the nuclear and electronic motion; the nuclei are moving in a potential defined as the
electronic energy along the nuclear coordinates
Complete active space SCF; generalization of the one-deterittitattee—Fockwave function which
includes several determinants constructed by all possible occupation of the active orbitals
Complete basis sétmit)

Complete basisnseipdel chemistries

Coupled cluster theory with all single and double substitutions and including a perturbative estimate of
triples
Density functional theory
Full configuration interaction

Gaussiamnodel chemistries
Gaussian-type orbital
Operator employed in the ScHimger equation

Simplest leveladf initio electronic structure theory built upon the independent particle approximation.
Sometimes called self-consistent-fi¢BICH approximation
Harmonic oscillator
Highest occupied molecular orbital
nth-order Mgller—Plesset perturbation theory
Defines the molecular energies as a function of geometrical variables
Perturbation theory
Rigid rotor harmonic oscillator approximation

Weizmamm-model chemistries
Zero point energy; it is the energy of the lowest energy level corresponding to nuclear motion with
respect to the potential energy minimum

4.7. Uncertainties

In this work, recommended values for thermochemical
guantities are given together with uncertainties which are
intended to represent 95% confidence limits. The use of un-
certainties for thermochemical values that correspond to 950/3
confidence limits(rather than one standard deviatiowas
originally introduced by Rossiff® and subsequently ac-

are often obtained by combining the results of different mea-
surements characterized with error limits representing differ-
ent confidence limits. Finally, even when given by the origi-
nal authors, the uncertainties are often—without explicitly
tating so—intended to represent only 1 s.d., rather than the
5% uncertainty limit(which is roughly equivalent to 2 or
more s.d., depending on the number of measurements and

cepted as a standard for thermochemical data by virtually af’® type of uncertainly Therefore, the uncertainties/error
major thermochemical compilationgFor uncertainty evalu- limits given in the literature had to be reestimated/

ations see also Ref. 50.

recalculated in many cases, and new uncertainties had to be

Unfortunate|y, data pub||shed in the literature are oftenderiVEd in order to meet the required 95% confidence limits.
given without thorough error analysis. The uncertainties/ In the derivation of thermochemical quantities, auxiliary

error limits are sometimes not given at all, or represent onlydata are often required, such as enthalpies of formation, heat
random errors without taking into account the systematic ereapacities, and entropies. The uncertainty of the derived
rors. In addition, thermochemical quantities in the literaturequantity depends significantly on the reliability and consis-

TABLE 5. Summary of the preferred thermochemical data

AHO(298.15K)  AH0K) Ho(298.15K)-H(0K)  C%(298.15K)  S%(298.15 K)

Radical Formula (kI molt) (kJ molt) (kJ molt) (JK T mol™?) (JK T mol™)
Methylidyne CH @Il,) 595.8+ 0.6 592.5+0.6 8.625 29.175 183.037
Methylene(triplet) CH,(%B,) 391.2-1.6 390.7+1.6 10.032 35.130 194.436
Methylene(single)  CH,(*A,) 428.8+1.6 428.3+1.6 9.940 33.781 189.220
Methyl CHy(2A,") 146.7-0.3 150.0:0.3 10.366 38.417 194.008
Benzyl GHsCH,(2B,) 208.0-1.7 226.8-1.8 18.178 109.700 318.229
Hydroxymethyl CHOHCA[2A"]) ~17.0:0.7 ~10.7£0.7 11.781 47.401 244.170
Acetyl CH,CO(A") ~10.3+1.8 ~36:18 12.385 50.785 267.448
Hydroxyl OH (1) 37.3+0.3 37.1+0.3 8.813 29.886 183.737
Methoxyl CH,0(E) 21.0:2.1 28.4+2.1 10.719 42.541 234.278
Ethoxyl CH,CH,O(%A") —13.6:4.0 —0.2+4.0 14.235 66.321 277.642
Amidogen NH(2B,) 186.2-1.0 189.1+1.0 9.911 33.663 194.868
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tency of the auxiliary data used in the derivation. This situ- 7(Thermcdynamics Research Center, College Station, TX, 198 1.
ation led us to rederive some of the thermochemical quanti- NIST-JANAF Thermochemical Tahldsh ed., edited by M. W. Chase, Jr.,

ties published in the literature.

Uncertainties of computed values represent a special case,

J. Phys. Chem. Ref. Data, Monograph No(NIST, Gaithersburg, MD,
1998.
. Burcat, Third Millennium Ideal Gas and Condensed Phase Thermo-

since an error estimation is usually not made in the original chemical Database for CombustioTAE Report No. 867, Technion,

literature. However, for certain methods, a systematic analy- Haifa,

2001 (see also ftp://ftp.technion.ac.il/pub/supported/aetdd/

sis of the deviation from experiment of the computed vaIuesgthefmOdslnamiC)s _ _ _
has been carried out, using relatively large test sets of freeH: Y- Afeefy, J. F. Liebman, and S. E. SteiNeutral Thermochemical

radicals. For such theoretical methods, twice the average de-

Data in NIST Chemistry WebBopNIST Standard Reference Database
Number 69 edited by P. J. Linstrom and W. G. Malla(NIST, Gaithers-

viation in the test set is adopted as the uncertainty of the pyrg, MD, 2001 (see also http:/iwebbook.nist.gov

computed values.
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7. Datasheets

7.1. Hydrocarbon Radicals

7.1.1. CH Radical
3315-37-5

CH (°II3p)

Cov (0ex=1)

A{H°(298.15 K)=595.8+0.6 kJmol !
C°,(298.15 K)=29.175 JK * mol~*
$°(298.15 K)=183.037 JK 1 mol*

AH°(0 K)=592.5-0.6 kimor !
H°(298.15 K)—H°(0 K)=8.625 kmot?!
p°=100000 P&1 bayp

Literature Data for the Enthalpy of Formation at 298.15 K

AH°/kImol™t Authors and Reference Methbd Comments
Measurements
596°+ 21 Brewer and Kestef1964* KE (1a
593+8 Linevsky (19672 KE (1b)
597.3+1.3 Herzberg and Johri§9693 SPEC (10
595.6+1.3 Brooks and Smit{1974* SPEC (1d)
596.2+1.1 Brzozowskiet al. (1976° SPEC (le
595+13 Jesinger and Squir¢$999° CID (1f)
Computations
613.7-9.%F Zachariahet al. (1996 BAC-MP4 (19
596.6+13° Curtisset al. (19988 CBS-Q (1h)
590.4+7. Curtisset al. (1998° G3 (1i)
596.7+2.5° Peterson and Dunningd.997° ccsoT) (1))
595.9+ 1.9 Parthiban and Martii2007)* w2 (1K)
587.7+ 7.8 Janoschek and Ros&002'? G3MP2B3 (1)
595.82F 047 _ ¢ Csaza et al. (20022 FPA (1m)
Reviews and Evaluations
596.2+1.1° Huber and Herzber¢1979** ST-A (1n)
595.8 NBS(1982%° TT-U (10)
594.1+17.5 JANAF (19851 CDE (1p)
597.4+1.3 Gurvichet al. (1992 CDE (19
597.4+1.3 NIST CCCBDB(1999 TT-A (1r)
595.8 CRC HCR2001)*° TT-U (19
596.4+1.2 Kerr and Stockef2001)%° TT-A (1t)
596.4+1.2 Atkinsonet al. (20002* TT-A (1u)
597.4+1.3 Burcat(2001%? TT-A (1v)
597.37+1.3 Sandeket al. (200322 TT-A (1w)
594.13 NIST WebBook2003% TT-A (1x)

8KE: kinetic equilibrium study; SPEC: spectroscopic study; CID: collision induced dynamics; CDE: critical data evaluation; ST-A: annotatéahtalbula
spectroscopic data; TT-U: unannotated tabulation of thermodynamic data; and TT-A: annotated tabulation of thermodynamic data.

"The quoted value was either not given explicitly by the au#ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of

Formation (C, graphite)= 1.050+ 0.020 kJ molt. The value listed in

(1a) A spectroscopic observation of the temperature variatiohe table corresponds to the obsenzg{CH) when coupled

of the intensity of emission from CH i

and graphite, leading tdy(CH)=80+5 kcalmol 1=3.5

+0.2eV  (335-21kJmol'l), and
=709.5 kJmol®. Note that the latter

n equilibrium with,H with additional auxiliary values as recommended by

CODATA,® A¢H® ,04(H) =217.998 0.006 kJ mot %,
. [H°(298.15 K)—H°(0 K)](H)=6.197+0.001 kJ moi %,
also AH%(C) 5y [H°(298.15 K)— H°(0 K)](H,) = 8.468

is close WH°(C) 0001 kJmol?,  together  with [H°(298.15K)

=711.194+0.45 kI mol', which can be obtained from the —H°(0K)](CH)=8.625 kimol%, as given by Gurvich
CODATA recommended values A;H°,qC)=716.68 et alY’

+0.45kImolt,  [H°(298.15K)-H°(0K)](C)=6.536  (1b) Spectroscopic determination of the concentration of CH
+0.001 kJ mot %, and [H°(298.15 K)-H°(0 K)] in equilibrium with H, and graphitesimilar to (1a above,
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leading toDy(CH)=80.7+2 kcalmol' *=3.5+0.1 eV (338 set of 0.23 kcal mal*, which corresponds roughly to 1 s.d.
+8 kJmol'1). The value in the table has been derived byAt the W31 level of theory A{H°,qq CH)=595.6
using auxiliary thermochemistry given {ia above. +3.1 kJmol'!, where the uncertainty has been obtained in
(10 Analysis of lifetimes of observed predissociatidmoad-  an analogous way.

ening of rotational linesin v =0 and 1 ofB 2 states of CH  (1l) G3(MP2)/B3LYP ab initio calculations for 32 selected
and CD, based on data by the autfand that of Shidef®  free radicals. The uncertainty given in the table corresponds
resulting in Do(CH)=27856+ 100 cm 1=3.45,+0.01, eV  approximately to 95% confidence limits based on twice the
(333.2-1.2 kIJmol ). This value supercedes the older esti-quoted average absolute deviation of 3.9 kJmhdlor the
mate of Herzberd of D,(CH)=3.47 eV. The value in the calculated set of radicals, which corresponds roughly to 1
table has been derived by using auxiliary thermochemistry.d. Note that the average absolute deviation for all enthalp-
given in(1a above. ies in the G2/97 test set using the same method is very
(1d) Further improvement on lifetimes of observed predisso-slightly larger®® 4.7 kJmol ! [see alsqli) abovd.

ciation of B 23 state of CH. Their limiting curve of dissocia- (1M High-quality ab initio study, including higher-order
tion suggests a slightly higher dissociation energy than thagoupled — cluster —and full ClI  benchmarks with
observed by Herzberg and Johh®(CH)~28000cm®  (aug)-cc-pC)VnZ, n=3, 4, 5, 6, extrapolated to CBS limits
=3.4, eV. The value in the table has been derived by usingthd very high level corrections, producin@®q(CH)
auxiliary thermochemistry given ifla) above and assuming =334.74° %% _g3,kdmol™*,  A(H°o(CH)=592.48 %47

an uncertainty oft 100 cm * for D(CH). —osskdmol™?, and A{H® 594 CH)=595.82 %47

(1e) Further studies of lifetimes of observed predissociation-o.ss kJ mol™*, using auxiliary thermochemical values as in
of B 23 state of CH. The limiting curve of dissociation based (18 @bove.(Note that the authors obtain a very slightly dif-
on new data produce®(CH)=27950+80 crm 1=3.46 ferent value for the enthalpy at 298.15 K,

+0.0J, eV. The value in the table has been derived by using?95-93 **/ 056 kJmol"*, because they adopt the enthalpy
auxiliary thermochemistry given ifla) above. increment for CH of 8.730 kImol from the JANAF

(1f) Collision-induced dissociation study of CHGICFCI", Tables®)
and CCJ. The study reports A{H®,of CH)=142.2 (In) Huber and Herzberg repoidy(CH)=3.46; eV, and
+3.2 kcal mofl L. quote the refinements of Brooks and Sthiifid) above and

(19 BAC-MP4 ab initio computations. The originally Brzozowski et al® [(1e) abovd to the original finding of
quoted uncertainty ist4.6 kJmol %, and has been multi- Herzberg and Johfigsee(1c) abovd.

plied by factor of 2 to bring it closer to the desired 95% (10) Critical data evaluation, but does not provide a pedigree
confidence limit. of the selected value nor does it quote uncertainties.

(1h) CBS-Q value. The reported average absolute deviatioflP) Extensive compilation of thermodynamic data. The CH
of 1.57 kcal mol * was multiplied by 2 to bring it closer to properties have been last revised in December 1967. The
the desired 95% confidence limit. The equivalent CBS-q and@lue is based on the outdated older estimate of HerZberg
CBS-4 enthalpies of formation are 594.18 kimol'* and ~ 0f Do(CH)=3.47 eV[see(1c) abovd. There are no changes
597.5+ 26 kJmol %, where the uncertainties have been ob-in the NIST-JANAF Tables!

tained in an analogous way. (19 Extensive compilation of thermodynamic data. The
(1i) G3 ab initio calculation. The value listed in the table is Value is unchanged from the previotRussia edition*
converted from 141.1 kcal mot. The uncertainty quoted in and is based on the dissociation enem@y(CH)=3.454

the table corresponds approximately to 95% confidence lim=0.01 eV given by Herzberg and Jofirisee(1c) abovd.

its, based on twice the average absolute deviation oflr) The compilation lists theoretical results at various levels
0.94 kcalmol* for the enthalpies in the G2/97 test set, of theory, but also makes a reference to one experimental
which roughly corresponds to 1 s.d. At the @®2) level of ~ benchmark. The quoted experimental benchmark value is
theory?®  AHC 0 CH)=588.7-9.9 kmol'l, where the from Gurvichet al!’ [see(1q) abovd.

quoted uncertainty has been derived in a similar fashion agls) The tabulation gives a list of compilations as sources,
for the G3 value. At the G2 level of thediyA;H°,0f(CH)  but no specific references for individual species. However,
=593.7+13.1 kJmol 1. the value appears to correspond to that adopted by the NBS
(1j) CCSO(T)/cc-pVnZ ab initio calculations extrapolated to Tables® [see(10) abové.

complete basis set and corrected for core-valence effects prétt) These authors cite Huber and HerzBé&rgs a source
duce Do(CH)=333.9 kamoal! after inclusion of ZPE. An [(1n) abové.

estimated standard deviation of 0.3 kcalmblhas been (1u) Critical evaluation of atmospherically relevant kinetic
quoted by the authors for the sequential set of bond dissociatata. Their table of enthalpy data lists Kerr and Stotkas

tion energies of Clj; the uncertainty listed in the table cor- the source.

responds to 2 s.d. (1v) Thermochemical database for combustion. Burcat
(1k) W2 ab initio calculation. The uncertainty quoted in the quotes Gurvictet all” as the source for the enthalpy.

table corresponds approximately to 95% confidence limit§1w) Critical evaluation of atmospherically relevant kinetic
based on twice the average absolute deviation for the W2 teslata. The quoted value is from Gurviehall’
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(1x) An un-evaluated tabulation of available values, listinghigh level theoretical study by Csza et all® produces a
the thermochemistry of CH from the NIST-JANAF Tadtes value AH°(CH,g,298.15 K}=595.82 %47 _ s kI mol 2,
[see(1p) abovd. which is fully compatible with the experimental values but
claims higher accuracy. It should be also noted that the W2
value of Parthiban and Martihis practically the same, albeit
A{H°(298.15 K=595.8-0.6 kJmol?! with a slightly higher uncertainty than the experiment.
AHO(0 K)=592.5+0.6 kJmol? Hence, the, p,referre(lj3 value corresponds to the theoretical
value of Csaza et al.
The best available experimental value, The preferred value corresponds to the C—H bond disso-
A¢H°(CH,9,298.15 K)=596.2+ 1.1 kJmol !, was obtained ciation energy Do(CH)=334.74-0.34 kJmol'* (338.85
in a spectroscopic study by Brzozowsét al,” who im- 10 34 kmot at 298.15 K, which produces the listed en-

proved upon earlier studies by Brooks and thi_ﬂnd thalpy when used together with auxiliary thermochemical
Herzberg and JohrisThe value is in good accord with the values as recommended by CODAFPA AH°,eH)

coarser determinations obtained in older studies of graphite/ 1 o o
H, equilibria in a graphite ovérf and with the more recent =217.998-0.006 kimol [H°(298.15 K)=H*(0 K)]

— 1 o o
studies by collision-induced dissociation. The weighted av—(H)_G'lgh 0.001 kJmol ", - [H*(298.15 K)~H"(0 K)]

erage of all experimental values listed in the table is(C:9raphite)=1.050 OiOZO kymot*, AfH®208(C)
AH°(CH,g,298.15 K}-596.3+ 1.0 kJmol %, in excellent = 716.68-0.45kJmol~,  [H®(298.15 K)-H"®(0 K)](C)
agreement with the result by Brzozowskial® =6.536+0.001 kJmol*, and [H°(298.15 K}-H°(0K)]

Since this is a hydrogen-containing diatomic molecule,(Hz) =8.468+0.001 kmol *, together with
one can expect that theory at the highest level will producéH°(298.15 K)-H°(0 K)](CH)=8.625 kimol* as listed
reliable values for the dissociation energy. Indeed, the verpelow and given by Gurvickt all’

Preferred Value of the Enthalpy of Formation

Geometry(distance in A%?

Cartesian coordinates

Z matrix X y z
C C 0.000 000 0.000 000 —0.086 768
H 1 1.1199 H 0.000 000 0.000 000 1.033132

Moments of inertia in the electronic ground st&te
lg=1.973x 10 4’ kg n?

Vibrational wave numbers in the electronic ground sfate/(cm™1)]?°
2732.46(c)

Heat capacityC°,, entropyS°, and enthalpy incremerfiti °(T) — H° (0 K)]?92®

C°p(T) S$(T) [H*(T)—H°(0K)]
T/K (JK tmol™ 1) (JK tmol™ 1) (kJmol™1)
150 29.187 162.988 4.301
200 29.179 171.388 5.762
250 29.173 177.899 7.221
298.15 29.175 183.037 8.625
300 29.175 183.217 8.679
350 29.190 187.715 10.138
400 29.225 191.615 11.598
500 29.398 198.152 14.529
600 29.743 203.540 17.484
800 30.860 212.238 23.536
1000 32.272 219.273 29.847
1200 33.748 225.288 36.450
1500 35.825 233.046 46.892
2000 38.551 243.750 65.528
2500 40.342 252.560 85.285
3000 41.491 260.024 105.762
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5901

7-Constant NASA Polynomial

METHYLIDYNE JUNO3 C 1.H 1. 0.

0.25209369e+01 0.17653639E-02-0.46147660E-06 0.592896756-10-0.33474501e-14
0.70946769e+05 0.74051829e+01 0.34897583E+01 0.32432160E-03-0.16899751E-05
0.31628420E-08-0.14061803E-11 0.70612646E+05 0.20842841e+01 0.71658188E+05

0.6 200.000 6000.000 13.01864 1

2
3
4

9-Constant NASA Polynomial

METHYLIDYNE
2 JUNO3 C 1.00H
200.000  1000.

.223590108D0+05-0.

-0.447225508p-08 0.
1000.000  6000.

.205925350p0+07-0.

-0.196956391D-10 0.

1.00 0.00

Comments on Molecular Data, Heat Capacity,
Entropy, and Enthalpy Increment

(2a) The geometry reflect r (CH)=1.119 A, congruent
with B,=14.457 cm'*.

IUPAC Task Group on geggcted Radicals
0007 -2.0 -1.0 0.0 1.0 2.0 3.0
3424522570+03 0.554012095D+01-0.581298373D-02 0.798678629D-05
959824993p-12 0.0000000000+00 0.722287398D+05-0.9158167390+01
0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0
539216675D+04 0.785217657D+01-0.794574549D-03 0.175907549D-06
499532673D-15 0.000000000D+00 0.1060089170+06-0.3151787400+02

0.00 0 13.01864

4.0 0.0

595800.000
8625.000

8625.000

Jr., M. R. Zachariah, W. Tsang, and P. R. Westmoreland, Prog. Energy
Combust. Sci21, 453(1995.
8L. A. Curtiss, K. Raghavachari, P. C. Redfern, and B. B. Stefanov, J.
Chem. Phys108 692 (1998.
L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.

(2b) The listed moment of inertia is based on the experimen- Pople, J. Chem. Phy409, 7764 (1998.

tal rotational constait Bo=14.190 cm *.

(200 The listed vibrational frequency is the funda-
mental, AG;,, correspondinf to w.=2858.5cm?,
weXe=63.02 cm L,

(2d) The heat capacity, entropy, and enthalpy increment val-

|l7

ues are adopted from Gurviat al.”* These authors calcu-

10K, A. Peterson and T. H. Dunning, Jr., J. Chem. PH@as, 4119(1997.
s, Parthiban and J. M. L. Martin J. Chem. Phy&4, 6014 (2001).

12R. Janoschek and M. J. Rossi, Int. J. Chem. KiBd}.550 (2002.

BA. G. Csaza, P. G. Szalay, and M. L. Leininger, Mol. Phyk00, 3879
2002

K. P. Huber and G. Herzberdylolecular Spectra and Molecular Structure.
IV. Constants of Diatomic Moleculé¥an Nostrand, New York, 1979

lated the thermodynamic functions for CH by direct summa-sy Wagman, W, E. Evans, V. B. Parker, R. H. Schumm, |. Halow, S. M.

tion over the rovibrational levels oK 2I1, a%3~, A2A,

Bailey, K. L. Churney, and R. L. Nuttall, “The NBS tables of chemical

B23~, andC 23" states, terminating appropriately the sum- _thermodynamic properties,” J. Phys. Chem. Ref. DiitaSuppl. 2(1982.
i i i i imiti i i.1°M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.
mations in accord with estimated limiting curves of dissocia- s I ' » I ,

tion for these statee) The standard heat capacity, entropy,
and enthalpy increment values reported in the JARARd
NIST-JANAF*' Thermochemical Tables a@°®,(298.15 K)
=29.171JK mol 1, $°(298.15 K)=183.040

JK tmol™, and  H°(298.15 K)-H°(0 K)=8.730
kJ mol~ 1. The Thermochemical Database for Combustfon
lists values in accord with the compilation by Gurvich
et all’ [C°,(298.15 K)=29.175 JK * mol~* and
S°(298.15 K)=183.037 JK 1 mol~1]. The values obtained
from G3MP2B3 computatio$ are C°,(298.15 K)
=29.16 JK 1mol™!, $°(298.15K)=182.92 JK *mol 1,
andH°(298.15 K)-H°(0 K) =8.68 kJ mol ™.
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7.1.2. CH, Triplet Radical
7.1.2. Methylene Radical(triplet) 2465-56-7

C HZ(SBl) Coloexi=2)

A{H°(298.15 K=391.2+1.6 kJmol ! A{H°(0 K)=390.7+1.6 kJmol'*
C°p(298.15KW=35.130 JK ' mol™* H°(298.15 K—H°(0 K)=10.032 kJ mol*
$°(298.15 K=194.436 JKmol ! p° =100 000 P&1 bap

Note: For applications where triplet methylene is not equilibrated with singlet methyleneAg#ty0 K) is identical to the one given above; it is different
at all other temperatures. For examplgH°(298.15 K) for pure triplet methylene is nominally lower by 0.005 kJ mofrom the value given abovévhich

is well outside the stated significant digitsut at 1000 K the difference in the enthalpies becomes 1.1 kJ'raad at 3000 K it becomes 6.8 kJ malAlso,
for pure triplet methylene:

C°p(298.15 K=35.014 JK *mol*
$°(298.15 K=194.418 JKmol ™.

H°(298.15 K—H°(0 K)=10.027 kJ mat*

Literature Data for the Enthalpy of Formation at 298.15 K

A{H°/kImolt Authors and Reference Methbd Comments
Measurements
387.4+2.9 Chupka and Lifshit#1967* PIMS-PIC (1a)
<396°+2 Chupka(196872 PIMS-PIC (1b)
391.3+1.8 McCulloh and Dibelef19763 PIMS-PIC (1o
388.8+2.1° Lengel and Zar¢1978* SPEC (1d)
389.4+2.1° Feldmannet al. (1978° SPEC (le
394.4+3.CF Haydenet al. (1982° SPEC (1f)
392.4+1.6 Chenet al. (1988’ SPEC (19
390.3+0.7 Litorja and Rusci¢1998°8 PIMS-PIC (1h)
391.9+0.7 Willitsch et al. (2002° PES-PIC (1i)
Computations
387.9-11.6 Melius (1990° BAC-MP4 (1))
389.7+2.5 Peterson and Dunnin@997) CCSsDT) (1k)
389.2+1.% Doltsinis and Knowle$1997)*2 MRCI (1)
396.2+ 1% Curtisset al. (19983 CBS-Q (1m)
386.6:7.9F Curtisset al. (1998 G3 (1n)
391.0+1.9 Parthiban and Martii2007)*° w2 (10)
385.2+7.8 Janoschek and Rosg0026 G3MP2B3 (1p
390.87798_ 4, Csaza et al. (2003 FPA (1)
Reviews and Evaluations
390.4 NBS(198218 TT-U (1
386.4-4.2 JANAF (19851° CDE (19
390.4+4 Gurvichet al. (1992%° CDE (1t)
387.P+2.F Berkowitz et al. (1994 CDE (1u)
390.4+ 4 NIST CCCBDB(1999%2 TT-A (1v)
390.4-0.8 Ruscicet al. (199923 CDE-TN (1w)
390.4 CRC HCR2001)** TT-U (1x)
390.4 4 Kerr and Stockef2001)2° TT-A (1y)
390.4 4 Atkinsonet al. (20002° TT-A (12)
390.4+4 Burcat(2001)?’ TT-A (1aa
390.4-0.8 Sandeet al. (200328 TT-A (1bb)
386.4 NIST WebBook2003?%° TT-A (1co

#PIMS-PIC: positive ion cycle based on combining photoionization measurements of fragment appearancégpédrggn(a stable molecule with ionization

energy €;) of the radical; SPEC: spectroscopy; PES-PIC: positive ion cycle based on combining the ionization energy, derived by using photoelectron
spectroscopy, with the enthalpy of formation of the appropriate cation; CDE: critical data evaluation; CDE-TN: critical data evaluation threugb-a t
chemical network; TT-U: unannotated tabulation of thermodynamic data; and TT-A: annotated tabulation of thermodynamic data.

PThe quoted value was either not given explicitly by the au#ar it was recalculated using auxiliary thermochemical values that differ from those used by

the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.
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Comments on the Enthalpies of Formation =10.032 kI mol ! given below, yields the enthalpy of me-

(1a Photoionization mass spectrometric study of methyithYlene listed in the table. .
radical at several temperatures in the 810—-1110 K range(,ld) Photodissociation study of ketene on the singlet surface

producing tle 0 K appearance energy of CHragment of with laser induced fluorescence detection of,Cldroducing

_ =1 — 1 :
Eapd CH /CHy) = 15.09+0.03 eV. This value is combined Eo(CHZTCO toa AfCHZ; th356& 1'? kJ an:r : :’X'th. o
with the adiabatic ionization energy of GHietermined by € spectroscopic value ot Ihe separation between the singie

Herzberg® (by extrapolating thend %A, Rydberg series (3 A,) and triplet X °B,) states of methylerf&" of 3147

from the first four membels E;.CH,)=10.396 *5cm ', this leads to Dy(CH,=CO)=318.9

+0.003 eV to produced o(H—CH,)=452.9+2.9 kmor L. =1.3kJmol ! and hence the listed value fagH® 54 CH,)

However, the authors recognized that while the pyrolysidS€€(10) above for auxiliary thermochemisfryin the same

temperature itself was under experimental control, subsedtudy the authors also report a singlet-triplet separation of

71 . . . . .
quent collisions relax the GHradical to an unknown tem- 2850300 cm =, which mllphesrlshght(ljy Ahlgtler values
perature. Hence, the appearance energy was extracted by Rg(CH,=CO0)=322.4-3.8 kimol = and AH® 504 CHy)

= 1
unusual procedure: instead of the customary threshold e271395'1t4'1hk‘] mdqf L 4 of k he sinal
trapolation method, which entails accurate knowledge of th € Laser photodissociation study of ketene on the singlet

sample temperature, they made use of the inflection point aQturface with laser induced fluorescence detection of,CH

. o 1 _
the foot of the fragment yield curve. While this approach isproducmg Do(CH,=CO 103 A, CH,)=357.3

l — =
essentially correct, in practice it leads to considerable uncer- 1.3kimol, and hence Do(CH,~=CO)=319.7

. . . . +1.3kJmol ! and the enthalpy of formation of methylene
. Their Dy(H- h th the ) 18
?gg ATA33eI2ecgr(rwmecr:1l;jlze)é \\I/VaIEgsA(:aTbg(]E?—\gi7 998e listed in the tabldsee(1c) above for auxiliary thermochem-
29 = . ; X

R TR S R it o o i
+0.001 kImot?, with [H°(298.15 K)-H°(0 K)](CH,) p p , ply
=10.032 kImol! given below, and withA{H®,qCHj) slightly lower valuesDo(CH,=CO)= 3116-6“:6-1 kJ mof
=146.7-0.3kIJmol* and [H°(298.15K)-H°(0K)] and AH° 505 CHy) = 386.4+ 6.3 ka mof . .
X(CHs)=10.366 kJmol® given elsewhere in this evalua- (1f) Laser photodissociation study of ketene with measure-

tion, yields the value listed in the table ment of photofragment kinetic ) energies, producing
) : _ — +

(1b) Photoionization mass spectrometric study of methane20(CH=CO0) §214'7(_ 2'5)_ kJ mol 1 and

An estimated upper limit, based on Herzbettys? Do(CH,=CO tod A, CH,)=360.2-2.1 kimal' . In the

. same study, the authors also report a singlet—triplet separa-
E 2 CHy) and an upper limit to the fragment appearanc udy u P ng P P

e. —1 . .

tion of 3000+300 cm ~. The value listed in the table fol-
energy of the CHl fragment from CH, E,,{CH;/CHj) . . o
<15.19+0.02 eV. The latter process, corresponding to H lows directly from theirDo(CH,=CO) [see(1c) above for

limination that has t te with ll-develobed | auxiliary thermochemistry Their
elimination that has to compete with a Well-developed lowerr, oy co toa A, CH,) produces the slightly lower

energy process leading to GHragment, is relatively weak value of A{H® e CH,) =392.3+ 2.7 kJ mol *. Finally, their
and expected to suffer from a “kinetic shift.” The value (CH,—CO toa A, CH,), coupled to their singlet—
listed in the table is based on the resulting upper limit to thetricr))let Zseparation v&oulds broducé)o(CH2=CO)=324.3
enthalpy for the H elimination from methanetad K of +4.2 kImol! anciAfH°298(CH2)=394 1+4.5kImolL in

1 - o _ *4. 1+ 4. ,
462.62.0 kJ Tor togethez withA¢H 298(C°H4) =—74.60  400d agreement with their direct measurement of the disso-
+0.30 kImor %, L [H°(298.15 K)ZB H*(0K)I(CHs)  (iation to triplet methylene.
= 12-016 kJmol® from Gurvich et al'i [H°(298.15 53) (1g) Photodissociation study of ketene on the singlet surface
—H®(0 K)J(H2) =8.468+0.001 kI mol * from CODATA, ., Wwith laser induced fluorescence detection of,Ciiroducing
and [H°(298.15 K)-H*°(0 K)](CH,)=10.032 kJ mol Do(CH,—CO to@ A, CH,)=30116.2-0.4 cm *
given below. =360.270-0.005 kI mol* and, from the best available
(1o) Photoionization mass spectrometric study of methanginglet—triplet  separatioff;®”  D,(CH,—CO)=26 969
and ketene. Based on the upper |inﬁfap,c(C|_‘|2+/CH4) +6 cm 1=322.62-0.06 kJmol* and hence the listed en-
<15.16-0.02 eV and aUXIllaI’y thermochemical values tha|py of formation of methy|en§ee(1c) above for auxil-
given in (1b) above, A{H°,qf CH,)=<394+ 2 kJmol L. iary thermochemistrly
From the study of keteneE,,dCH,/CH,CO)=13.729  (1h) Combined photoionization mass spectrometric study of
+0.008eV. When combined with Herzber§s*®  methyl and methylene radicals. From measurements of the
Eiad(CHy), this  vyields  Do(CH,=CO)=321.6 CH, fragmentation threshold from methyl that has been well

+0.8 kImor L. This value, together with  equilibrated at 298 K, and careful fitting of the fragment
A{H® 50 CH,CO)=—47.7+1.6 kImol'!  from Nuttall yield, the study reports Eap,({CH;/CHS) =15.120
etal,* [H°(298.15 K)-H°(0 K)](CH,CO)  +0.006 eV. From measurements of parent ionization of me-
=11.796 kImol! estimated from known frequenci&s, thylene, the study findg; . CH,)=10.393:£0.011 eV, in
A{H®,0f(CO)=—110.53-0.17 kI mol %, and very good agreement with Herzberg's value of 10.396
[H°(298.15 K)—H°(0 K)](CO)=8.761+0.001 kJ mot* +0.003eV. The two measured Vvalues produce

from CODATA® and [H°(298.15 K-H°(0K)](CH,)  Do(H—CH,)=456.1-0.8 kImol'l, and, with auxiliary
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thermochemistry given in(1c) above, AH,qdCH,) viation which corresponds roughly to 1 s.d. for all enthalpies
=390.6+1.3 kJmol'*, while the combination of their ap- in the G2/97 test set using the same method is very slightly
pearance energy with Herzberf's®? E, ,(CH,)=10.396 larger®® 4.7 kImol* [see alsd1n) abovd.

+0.003 eV producesD,(H-CH,)=455.8-0.7 kmol . (190 High-quality ab initio study, including higher-order
The latter bond dissociation energy is the basis for the listedoupled cluster and full Cl benchmarks with extended basis
enthalpy. sets extrapolated to CBS limits and very high level correc-
(1i) Photoelectron spectroscodieEKE) study of CH,, pro-  tions.

ducing E; a( CH,) =10.3864-0.0004 eV (83772 (1r) Critical data evaluation, but does not provide a pedigree
+3cm 1), With Eap’dCH;/CHg): 15.120+0.006 eV from  of the selected value nor does it quote an error bar, although
Litorja and Ruscié, this results in Dy(H-CH,)=456.7 the value seems to be quite close to that adopted by Gurvich
+0.6 kIJmol', and, with auxiliary thermochemistry given et al8[see(1t) below.

in (1c) above, the enthalpy of formation of methylene listed(1s) Extensive compilation of thermodynamic data. The,CH

in the table. properties have been last revised in December 1972. The
(1j) BAC-MP4 ab initio computations. The originally quoted enthalpy of formation is based on the original value from the
uncertainty of+5.8 kJmol'* was multiplied by factor of 2 PIMS-PIC determination of Chupka and LifsHitisee(1a)

to bring it closer to the desired 95% confidence limit. abovd, although other electron impact and older photoion-
(1k) CCSO(T)/cc-pVnZ ab initio calculations extrapolated to  jzation measurements, as well as a mass spectrometric equi-
complete basis set and corrected for core—valence effecfrium study have been considered. These produced an up-

produce Do(H-CH,)=455.4 kJmol* after inclusion of per and lower limit to the enthalpy of 400 and 364 kJ riol
ZPE. An estimated standard deviation of 0.3 kcalmdhas  The CH, properties have not been revised in the new

been quoted by the authors for the sequential set of bondgition!

dissociation energies of Gt the uncertainty listed in the (1t) Extensive compilation of thermodynamic data. The se-
table corresponds to 2 s.d. lected value is based on the PIMS-PIC determination by Mc-
(1l) MRCI calculations using cc-pVZ (n=2-6) basis sets cylloh and Dibelet[see(1c) abovd, as well as a mass spec-
and CCSDT)/cc-pCWhZ (n=2-5) computations for core— yometric equilibrium study, the photoionization study of
valence correlation energies. The “best estimate” 0 K ValueChupka and LifshitZ,and a study of photochemical decom-

for the enthalpy of formation of triplet methylene given by hqsition of ketene. The value is unchanged from the previous
the authors is 38870.6 kJmol'l. The originally quoted (Russian edition®?

uncertainty has been multiplied by 2 to bring it closer to the(; critical data evaluation of R—H bond dissociation ener-

desired 95% uncerta.inty . gies based on three methods: kinetic determinations, positive
(1”‘_) CB?‘? C7a||(CU|IatIO?.l The repolr.telgl g\vte):rage a?)S_OIUtE,) d&on cycle determinations from photoelectron/photoionization
viation of 1.57 kcalmol ™ was multiplied by 2 to bring it measurements, and negative ion cycle determinations from

glgsser o gh(e:;gsdirredtr? SI% conffifdencet. limit. ngejgmvglenbhotoelectron measurements of negative ions combined with
-qan -+ enthaipies ot formation are an gas phase acidities. In their table of recommended values

1 it ;
391.6+26 kJmol *, where the uncertainties have been ob-, i entry for Cbl However, in the table of photo-

tained in an analogous way. S . -~

(1n) G3 ab initio calculation. The uncertainty quoted in the fglzgalt("?zqor feE:EZ’d ontr:ﬁg Stul('jSt ofDéﬁﬂ_lg?]a ﬁ‘iHth
table corresponds approximately to 95% confidence limits,, ™ SR %y P . '
based on twice the average absolute deviation Oflv) The compilation lists theoretical results at varlous'levels
0.94 kcalmol® for the enthalpies in the G2/97 test set of theory, but also makes a reference to one experimental
which roughly corresponds to one standard deviation. At th enchmark. The quoted experimental benchmark value is

P 20
G3MP2) level of theory® AHC,eCH,)=386.2 11OM Gurvichet al: [s.ee(lt) abovg. . -
+9.9 kImol !, where the quoted uncertainty has been de(1W) A critical evaluation of enthalpies of formation based

rived in a similar fashion as for the G3 value. At the G2 leve|ON & local thermochemical network consisting of five nodes
of theor?® AH® yoe CH,) = 396.2- 13.1 kJ mot . (CHg, CH; , CH,, CH2+ and keten)aand 14 most accurate
(10) W2 ab initio calculation. The uncertainty quoted in the Méasurements available at that tifeppearance energies,
table corresponds approximately to 95% confidence limitdonization energies, and one calorimetric determinafion
based on twice the average absolute deviation for the W2 te§tuding measurements from Refs. 1, 3, an@e(1a), (10),

set of 0.23 kcal mal®, which corresponds roughly to 1 s.d. and(1g) above. The reported value was produced by a sta-
At the W1 level of theory A;H°,0CH,)=390.4 tistical analysis of data followed by a simultaneous solution
+3.1 kJmol !, where the uncertainty has been obtained inof the adjusted network.

an analogous way. (1x) The tabulation gives a list of compilations as sources,
(1p) G3(MP2)//B3LYP ab initio calculations for 32 selected but no specific references for individual species. However,
free radicals. The uncertainty given in the table correspondthe value appears to correspond to that adopted by NBS
approximately to 95% confidence limits based on twice theTables® [see (1r) abovd and Gurvich et al?° [see (1t)
quoted average absolute deviation of 3.9 kJmhdlor the  abovd.

calculated set of radicals. Note that the average absolute déty) The tabulation cites Gurvicht al?° as a source for the
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enthalpy value used to calculat®,qf H-CH,)=462.0 thermochemical network to find simultaneous solution to en-
+4 kJmol L. thalpies of CH, CH,, and ketene, the listed values would
(12) Critical evaluation of atmospherically relevant kinetic have been uniformly lower by 1.9 kI mdi, perhaps bring-
data. Their table of enthalpy data lists Kerr and Stotker ing the two groups in even closer agreement. However, the

[see(ly) abovd as their source oA ;H° 59 CH,). analysis of Rusciet al 2% pre-dates the more recent measure-
(1ag Thermochemical database for combustion. Burcaiment of E; . CH,) by Willitsch et al’ The enthalpy of for-
quotes Gurvictet al?® as a source oAH® 4 CH,). mation of methylene arising from the combination of
(1bb) Critical evaluation of atmospherically relevant kinetic EiaCH,) by Wilitsch et al’ with E, ,({CH§/CH3)
data. The quoted value is from Rusait al?® [see (Iw)  =15.120+0.006 eV from Litorja and Rusc%together with
abov. Do(CH,=CO to3 A, CH,) of Chenetal’ and the best

(1co An unevaluated tabulation of available values, listing 4y ailable triplet-singlet separatidh? suggests
the thermochemistry of CiHfrom the NIST-JANAF Table® A{H° 505 CH,CO)= — 48.8+0.7 kI mol ¢, midway between

[see(1s) above. the value of Nuttallet al®* and Ruscicet al?®

The weighted average of the results of Litorja and Ru¥cic,
Willitsch et al,® and Chenet al.” producesAH® g5 CH,)
A{H°(298.15 K=391.2+ 1.6 kamol ! =391.0+1.9 kI mol'L. The weighted average of all experi-

o . 1 mental results listed in the tablexcluding the upper limit of

AH*(0K)=390.7-1.6 kymol Chupkd) produces A;H°,qf CH,)=391.2+1.6 kimol %,

The measurements can be partitioned into two groups: onghich is the currently recommended preferred value. The
group relates the enthalpy of formation of €té methyl and  very small discrepancies between the values from the first
hence to methane, the other group to ketene. In the group @froup and values from the second group add slightly to the
measurements relating methylene to methyl, the most accigyerall uncertainty. The two most accurate theoretical calcu-

rate are the photoionization measurements of Litorja anghtions that of Cssza et all’ and that of Parthiban and
Ruscié and the photoelectron study of Willitset al® Inthe  p1artin 25 are in outstanding agreement with the recom-

second group, the most accurate determination is that %ended value.
Chenet al” All three measurements agree within their un-
certainties. In addition, the measurements of Litorja an
Ruscié and of Willitsch et al® agree well with the coarser
measurement of Chupka and LifsHiand the two existing
upper limits?>3 Similarly, the G=C bond dissociation energy
of ketene, Dy(CH,—=CO)=322.62+0.06 kJmol, ob-

tained from photodissociation studies by Ctegral,’ agrees

1 .
reasonably well with the significantly coarser weighted aver—1.67 kJmol = at 298.15 K, when u;ed with the pref‘?”ed_
age of the other three similar measurements (32(yalue for the enthalpy of methyl given elsewhere in this

+5kJmol %) and with the photoionization measurement on€Valuation,A{H® 564 CHz) = 146.66+0.28 kJ mol*, and the
ketene by McCulloh and Dibel®r(321.6-0.8 kJmor). ~ corresponding  enthalpy  increment, [H®(298.15 K)
The latter measurement was revisited by Rustial2> who ~ —H°(0 K)J(CHz)=10.366 kmol*, together with auxil-
obtain Do(CH,—C0)=322.9+0.6 kimol'!, in excellent iary thermodynamic values from Gurvichet al?°
agreement with the more precise determination of CherH®20s(CHs)=—74.60+0.30 kImol*,  [H°(298.15K)
etal’ —H°(0 K)](CH,)=10.016 kimol', the CODATA*® rec-
The derivation of the enthalpy of formation of methylene ommended values\(H° g H) = 217.998=0.006 kJ mol %,
from the G=C bond dissociation energy in ketene involves[H°(298.15 K)—H°(0 K)](H) =6.197+0.001 kJ mot %,
A{H°(CH,CO), which is on somewhat less firm ground than[H°(298.15 K)—H°(0 K)](C, graphite} 1.050
either methyl or methane. For this group of measurements+ 0.020 kJmoft, [H°(298.15 K)—-H°(0 K)](C)=6.536
the values listed in the table are derived by using=0.001kJmol!, and [H°(298.15K)-H°(0K)](H,)
A{H®,0¢(CH,CO) from Nuttallet al®* With the enthalpy of =8.468+0.001 kJmol®, and the enthalpy increment for
formation of ketene  A{H®,0fCH,CO)=-49.6 CH, listed below, [H°(298.15K)-H°(0K)](CH,)
+0.9 kJmol %, inferred by Rusci@t al,?® who used a local =10.032 kJ moi?.

Preferred Value of the Enthalpy of Formation

The preferred value corresponds to the recommended
c{/alue of the C—H bond dissociation energy of methyl,
Do(CH3)=456.67+1.67 kJmol' ! (462.53-1.67 kmol*

at 298.15 K, or the formal reaction enthalpy of,Helimina-

tion from CH, resulting in triplet methyleneA H®y,(CH,
—H,+ CH,, triplet)=457.32+ 1.67 kJmotl ! (465.80
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Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C 0.000000 0.000 000 0.143379
H 1 1.075 H 0.000 000 0.402 093 —0.853590
H 1 1.075 2 133.93 H 0.000000 —0.402093 —0.853590
Moments of inertia (10*” kg m?) @
| ,=0.379<10" %" kg n? 15=3.313x 10 4" kg n? 1c=3.897x10 4" kg n?
Vibrational wave numbers in the electronic ground sba(@m‘l)(zc)

3031(ay) 963.1 @,) 3190 (,)

Heat CapacityC®,, EntropyS°, and Enthalpy Incremerit®(T) —H° (0 K) ]9
CH,(X ®B;) (including both triplet and singlet excited states

C°P,(T) S°(T) [H°(T)—H®(0K)]
T/K (JK tmol 1) (JK tmol™ 1) (kJmol™ 1)
150 33.327 171.125 4.990
200 33.657 180.750 6.663
250 34.305 188.325 8.361
298.15 35.130 194.436 10.032
300 35.164 194.653 10.097
350 36.107 200.144 11.879
400 37.061 205.028 13.708
500 38.902 213.497 17.507
600 40.667 220.747 21.486
800 44.088 232.918 29.964
1000 47.209 243.100 39.101
1200 49.802 251.945 48.812
1500 52.639 263.384 64.207
2000 55.318 278.942 91.278
2500 56.609 291.441 119.298
3000 57.266 301.827 147.784

7-Constant NASA Polynomial

METHYLENE JUNO3 C 1.H 2. 0. 0.G 200.000 6000.000 14.02658 1
0.31104951E+01 0.37377952E-02-0.13737198E-05 0.22305484E-09-0.13356718€E-13 2
0.45971595E+05 0.46279641E+01 0.38426183E+01-0.73667687E-05 0.61697069E-05 3
-0.69668996€E-08 0.26462098E-11 0.45863153E+05 0.12758447E+01 0.47050492E+05 4

9-Constant NASA Polynomial

METHYLENE IUPAC Task Group on Selected Radicals
3 JuNO3 C 1.00H 2.00 0.00 0.00 0.00 0 14.02658 391200.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10032.012

-0.420671934D+02 0.391404174D+01 0.386151561D+01 0.236445124D-02-0.199247644D-04
0.715660664D-07-0.4954528020-10 0.000000000D+00 0.458324663D+05 0.105346421p+01

200.000  1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10032.012
-0.221205597D+04 0.197311556D+03 0.1700343750+01 0.912972583D-02-0.120887161D-04
0.100639092p-07-0.332377013p-11 0.0000000000+00 0.450946103D+05 0.120796426D+02

1000.000  6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10032.012
0.2031444870+07-0.710125987D+04 0.123667424D+02-0.197780968p-02 0.397363730D-06
-0.416746166D-10 0.178524605D-14 0.0000000000+00 0.901316400D+05-0.604813369D+02
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CH,(X ®B,) (triplet only, excluding singlet excited stajes

f .(T) S°(T) [H°(T)—H°(0K)]
T/K (JK tmol™h) (IK tmol Y (kI mol 1)
150 33.327 171.125 4.990
200 33.650 180.750 6.663
250 34.266 188.320 8.360
298.15 35.014 194.418 10.027
300 35.044 194.635 10.092
350 35.850 200.098 11.865
400 36.615 204.935 13.676
500 37.981 213.256 17.408
600 39.225 220.292 21.269
800 41.729 231.916 29.362
1000 44.247 241.500 37.962
1200 46.540 249.775 47.046
1500 49.319 260.474 61.445
2000 52.381 275.121 86.939
2500 54.180 287.020 113.617
3000 55.285 297.003 141.005

7-Constant NASA Polynomial

TRIPLET CH2 JUNO3 C 1.H 2. 0. 0.G 200.000 6000.000 14.02658
0.31463189e+01 0.30367126E-02-0.99647444E-06 0.15048358E-09-0.85733552€E-14
0.46041260E+05 0.47234171E+01 0.37175785E+01 0.12739126E-02 0.21734725€-05

-0.34885850E-08 0.16520887E-11 0.45872387€E+05 0.17529794E+01 0.47050492E+05

BWN

9-Constant NASA Polynomial

TRIPLET CH2 IUPAC Task Group on Selected Radicals »
3 JUNO3 C¢ 1.00H 2.00 0.00 0.00 0.00 0 14.02658 391200.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10027.357
.215432176D+02-0.351004141D+00 0.397522197D+01 0.824472628D-03-0.876502765D-05
.306600661D-07 0.945515135D-11 0.000000000D+00 0.458468204D+05 0.6007177000+00
200.000  1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10027.357
.551715226D+04 0.105578694D+03 0.1968502700+01 0.967464448D-02-0.155434393D-04
.135338510D0-07-0.442461920D-11 0.0000000000+00 0.455632043D+05 0.1024805250+02
1000.000 6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10027.357
.168256006D+07-0.5304297130+04 0.9491269230+01-0.629021046D-03 0.847808177D-07
.535674973p-11 0.100346421D-15 0.0000000000+00 0.795298631D+05-0.4039228720+02

OO OO OO

Comments on Molecular Data, Heat Capacity, in the accompanying singlet GHlata sheet. The first table
Entropy, and Enthalpy Increment of thermochemical functions includes the following excited

(28 The geometry reflectsro(CH)=1.075A, and state$®*’ of methylene: To(a'A;)=3147+5cm !, and
£ (HCH)=133.93°, from a theoretical analy¥§"*® of  To(b'B;)=11497-10 cm . The values listed here differ
spectroscopic data obtained by laser magnetic resonansggnificantly from those found in Gurvicét al?® and in the
spectroscopy on various isotopomers of LH JANAF tables'® which were calculated within the same ap-
(2b) The listed moments of inertia are based on the experiproximation, but using older values for the molecular con-
mental rotational constants, A,=73.811cm?', B, stants. The second table provides the thermochemical func-
=8.450cm !, andC,=7.184 cmL. tions of CH, as if the singlet states did not exist, and is
(2c) The symmetric stretch is apparently not known experi-useful in situations where triplet methylene is not equili-
mentally, and the corresponding valla italics) has been brated with singlet methylene.

obtained from a fuly optimized B3LYP/6-31@  (2¢) The standard heat capacity, entropy, and enthalpy incre-
calculation® The listed frequency was scaled by 0.9614. ment values reported in the NBS Tabfés are

The other two listed vibrational frequencies are experimenC®,(298.15 K)=33.76 Jmol 1K1, $°(298.15 K)

tally determined fundamentats. =194.87 JmoltK ™1, He (298.15 K- H°(0 K)

(2d) The heat capacity, entropy, and enthalpy increment val=9.937 kJmol !, in the JANAF® and NIST-JANAFL ther-

ues were calculated in the rigid rotor-harmonic oscillator ap-mochemical tables are C°,(298.15 K)=34.600
proximation using the molecular constants given above and mol 1K1, $°(298.15 K)= 193 931 Jmol*K™1,
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H°(298.15 K}~ H°(0 K)=9.994 kJmol !, in the compila-
tion by Gurvich etal?® are C°,(298.15 K)=33.763
JmolrtK™1, $°(298.15K)=194.896 Jmol*K™ !, and
H°(298.15 K)—H°(0 K)=9.939 kamot?!, in the Thermo-
chemical Database for Combustidnare C°p(298.15K)
=33.763Jmol K1, $°(298.15 K)=194.899
JmoltK™!, and those obtained from G3MP2B3
computation¥® are C°,(298.15 K)=34.61 Jmol K1,
$°(298.15 K)=195.48 Jmol 1 K1, and
H°(298.15 K)-H°(0 K)=9.99 kI mol *.
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7.1.3. CH, Singlet Radical

7.1.3. Methylene Radical(singlet) 2465-56-7
CH2(1A1) Cov (0ex=2)

A{H°(298.15 K)=428.8-1.6 kImorl ! A{H°(0 K)=428.3+1.6 kimol'!
C°,(298.15 K)=33.781 JK * mol~* H°(298.15 K)—H°(0 K)=9.940 kJmot?!
$°(298.15 K)=189.220 JK 1 mol~* p°=100000 P41 bayp

Literature Data for the Enthalpy of Formation at 298.15 K

AH°/kImol ™t Authors and Reference Methbd Comments
Measurements
426.2+2.1° Lengel and Zaré1978* SPEC (1a)
427.0+2.1° Feldmannet al. (197872 SPEC (1b)
429.9+2 7 Haydenet al. (19823 SPEC (10
429.9+1 6 Chenet al. (1988* SPEC (1d)
428 £+ 1.7 Litorja and Rusciq1998° PIMS-PIC (le
Computations
429.8+15.9 Zachariatet al. (1996° BAC-MP4 (1f)
426.8+1.F Doltsinis and Knowleg1997)" MRCI (19
430.5:13F° Curtisset al. (19988 CBS-Q (1h)
4259+7.F Curtisset al. (1998° G3 (1i)
429.3-1.9 Parthiban and Martii2007)° w2 (1))
424.7+7.8 Janoschek and Rosg002 G3MP2B3 (1K)
428527078 _ o Csaza et al. (20032 FPA §1)
Reviews and Evaluations
428.1+0.9 Ruscicet al. (19992 CDE-TN (1m)
428.3+4 Kerr and Stockef2001)** TT-A (1n)
428.3+4 Atkinsonet al. (2000*° TT-A (10)
424.7+4 Burcat(2001)® TT-A (1p
428.0:0.8 Sandeet al. (2003’ TT-A (1)

#PIMS-PIC: positive ion cycle based on combining photoionization measurements of fragment appearancdegpdrgyn(a stable molecule with ionization

energy E;) of the radical; SPEC: spectroscopy; CDE-TN: critical data evaluation through a thermochemical network; and TT-A: annotated tabulation of
thermodynamic data.

PThe quoted value was either not given explicitly by the au)ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

‘The uncertainty was either not given explicitly by the original autoor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation (1b) Laser photodissociation study of ketene on the singlet

(1a) Photodissociation study of ketene on the singlet surfacgUrface with laser induced fluorescegcle detection o CH
with laser induced fluorescence detection of,Cliroducing ~ Preducing Do(CH,=CO toa"A, CH;)=357.3

Dy(CH,=CO tod A, CH,)=356.5+1.3kJmol L. In the +1.3kJmol !, The study reports a singlet—triplet splitting
same study, the authors also report the separation betwe&f 3400+=500 cm *, slightly higher, but still in agreement

~ 1 9 i I
the singlet & 'A,) and triplet X °B;) states of methylene of with the best_ consensus vglt?el. The value leted in the
2850+ 300 cm !, which is slightly lower but otherwise in table is obtained from theiDo(CH,=CO t0@~A; CHy)

agreement with the best consensus V&t of 3147 alnd "Eux'l'aryhthe;mmhem'cal va(ljuesfgllven(lm) ‘?";’10"8-
“5cm L. Their Do(CH,—CO tod A, CHy), together (10 Laser photodissociation study of ketene with measure-

with AH® 0 CH,CO)=— 47.7+ 1.6 kI mol * from Nuttall rjent of~p[1otofragm_ent kinetic energy,1 prodgciD@(CHz
et aII’ZO [Ho(29815 K)_Ho(o K)](CH2CO) =CO toa Al CH2)—3602i 2.1 kd mol , which is the

=11.796 kImol® estimated from known frequenci®s basis for the listed value together with auxiliary thermo-
A{H® 50 CO)=—110.53+ 0.17 kJ mor * and, chemical values given iflla) above. The separation between
[H°(298.15 K)— H°(0 K)](CO)=8.761+0.001 kJ mot * the singlet & *A;) and triplet X °B;) states of methylene

from CODATA??? and [H°(298.15 K)—H°(0 K)](CH,) reported in the same study is 300800 cmi !, in good
=9.940 kJ mol ! given below, yields the enthalpy of meth- agreement with the best consensus vaftld. The authors

ylene listed in the table. also explicitly reportDo(CH,=CO toX °B, CH,)=324.7
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(=2.5) kImol'*, which, when coupled to the best available + 18 kJmol* and 437.6 26 kJmol %, where the uncer-
value for the singlettriplet splittin§'® producesDo(CH,  tainties have been obtained in an analogous way.

=CO toa'A; CH,)=362.4(x2.5) kimol'!, and would (1i) G3 ab initio calculation. The uncertainty quoted in the
correspond to A{H® 04 CH,, singlet}=432.0  table corresponds approximately to 95% confidence limits,
+3.0 kImorl L. based on twice the average absolute deviation of
(1d) Photodissociation study of ketene on the singlet surfac@.94 kcalmol'! for the enthalpies in the G2/97 test set,
with laser induced fluorescence detection of,Cldroducing  which roughly corresponds to 1 s.d. At the B2) level of

Do(CH,=CO toa'A; CH,)=30116.2-0.4 cm * theory’’ A¢H® 504 CH,, singlet)=425.5+9.9 kJ mol ¢,
=360.270-0.005 kI mol *, resulting in the value given in where the quoted uncertainty has been derived in a similar
the table[see(1a) above for auxiliary thermochemistry fashion as for the G3 value. At the G2 level of theSry

(1e) Photoionization mass spectrometric study of methyl and\{H°,o¢(CH, ,singlet)=424.3+ 13.1 kJmol *.

methylene radicals. From measurements of the CHag-  (1j) W2 ab initio calculation. The uncertainty quoted in the
mentation threshold from methyl equilibrated at 298.15 K,table corresponds approximately to 95% confidence limits
and fitting of the fragment vyield, the study reports based on twice the average absolute deviation for the W2 test
Eap,({CH2+/CH3):15.120t 0.006 eV. From measurements set of 0.23 kcal molt, which corresponds roughly to 1 s.d.
of parent ionization of methylene, the study findsAt the W1 level of theoryA:H®,9¢CH,,singlet)=428.8
EiadCH,)=10.393-0.011 eV, in very good agreement =3.1 kJ mol 1, where the uncertainty has been obtained in
with Herzberg’$®~?°value of 10.396:0.003 eV. Their mea- an analogous way.

suredE; , CH,, triplet), together with the known singlet— (1k) G3(MP2)//B3LYP ab initio calculations for 32 selected
triplet separation in methylef&!® implies  free radicals. The uncertainty given in the table corresponds
E; a CH,,singlet)=10.003-0.011 eV. With Eap,({CHZ*/ approximately to 95% confidence limits based on twice the
CH,), this producesDo(H-CH, to @'A; CH,)=493.7 quoted average absolute deviation of 3.9 kJmdlor the
+1.2kIJmol! and hence A{H°,q4 CH,,singlet}=428.2  calculated set of radicals, which corresponds roughly to 1
+1.3kJmol'!, when used in conjunction with the s.d. Note that the average absolute deviation for all enthalp-
CODATA?? recommended valuesA{H®,o(H)=217.998 ies in the G2/97 test set using the same method is very
+0.006 kImol?, [H°(298.15 K)-H°(0 K)](H)=6.197 slightly larger?® 4.7 kJ mol ! [see alsq1i) abovd.

+0.001 kJmol?, with [H°(298.15 K-H°(0K)](CH,)  (1l) High-quality ab initio study, including higher-order
=9.940 kJmol! given below, and withAH°,of(CH;)  coupled cluster and full Cl benchmarks with extended basis
=146.7-0.3kdJmol'* and [H°(298.15K)H°(0K)] sets extrapolated to CBS limits and very high level correc-
X (CH;)=10.366 kJmol! given elsewhere in this evalua- tions.

tion. Using Herzbergs=2° E; ,(CH,,triplet) in a similar  (1m) A critical evaluation of enthalpies of formation based
fashion produces E; ,(CH,,singlet)=10.006-0.003 eV, ~ on a local thermochemical network consisting of five nodes
Do(H-CH; to @ *A;CH,) =493.4+ 0.7 k mor ! and  (CHs, CH", CH,, CH,", and ketenpand 14 most accu-
AH° 595 CH,, singlet)=427.9+ 0.7 kJ mol L. Finally, using rate measurements available at the titappearance ener-
the recentE; ,(CH,,triplet)=10.3864+ 0.0004 eV (83772 gies, ionization energies, and one calorimetric determina-
+3cm !) of Willitsch et al?® leads toE; ,CH,,singlet) ~ tion). The reported value was produced by a statistical
=9.996+ 0.001 eV, Do(H-CH, toa*A; CH,)=494.4 analysis of data followed by a simultaneous solution of the
+0.6kImolt and AH®,4 CH,,singlety=428.8-0.7  adjusted network.

kJmol™ L. The weighted average of these three approaches {§n) The tabulation cites Gurvictet al.”> combined with
A{H® 0d CH, , singleti=428.4+ 1.3 kI mol %, which is the Bunker and Seat8” as a source for the enthalpy.

value given in the table. (10) Critical evaluation of atmospherically relevant kinetic
(1f) BAC-MP4 ab initio computations. The originally quoted data. Their table of enthalpy data lists Kerr and Stotker
uncertainty, = 15.9 kJmot , is rather large, probably re- [see(ln) abovd as their source oA{H®,0(CH,,singlet).
flecting the fact that methylene is a classical example of 41P) Thermochemical database for combustion. Burcat
multi-reference system; it is unclear if its intended meaningiuotes ~ Meliudt  BAC-MP4 as a source  of

is one standard deviation or 95% confidence limit. AH®20¢(CH, ,singlet).

(1g) MRCI calculations using cc-p¥Z (n=2-6) basis sets (10) Critical evaluation of atmospherically relevant kinetic
and CCSD(T)/cc-pCWZ (n=2-5) computations for core— dgta. The quoted valug has.been obtained by applying the
valence correlation energies. The “best estimate” 0 K valudriplet-singlet - separation in methylefie® of 3147

for the enthalpy of formation of singlet methylene given by *5 cm * to the selected enthallpy of formation
the authors is 426:40.6 kimol *. The originally quoted ~AH"o(CH,triplet)=390.4-0.8 kImol *, which has been
uncertainty has been multiplied by 2 to bring it closer to thedopted from Rusciet al:

desired 95% uncertainty limit.

(1h) CBS-Q calculation. The reported average absolute de- Preferred Value of the Enthalpy of Formation

|30

viation of 1.57 kcalmol! was multiplied by 2 to bring it o 1
A¢H°(298.15 K=428.8-1.6 kJmol

closer to the desired 95% confidence limit. The equivalent H( K

CBS-q and CBS-4 enthalpies of formation are 427.6 AH°(0 K)=428.3+1.6 kimol'!
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The prefered value AH"of(CH,, singlet)=428.8 =167 kJmol* (503.35 1.67 k mol * at 298.15 K, when
+1.6 kJmol * corresponds to the selected enthalpy of for-ysed with the preferred value for the enthalpy of methyl,
mation of triplet methyleneA{H°y(CH,, triplet)=391.2 A{H°08(CHs) = 146.66-0.28 kimol L, and the corre-
+1.6 kImol'!, combined with the best available value for sponding enthalpy incremenf,H®(298.15 K}~ H°(0 K)]

ﬂlea separation between t?: singled 191)_?nd triplet (CH3)=10.366 kJ mol!, together with auxiliary thermody-
(X3B,) states of methyled&'®of 3147=5cm . The pre-  amic values from Gurvich et al,®  AHC 0 CH,)

ferred value is in outstanding agreement with the weighted_ —74.60+0.30 kJ mot ! [H°(298.15 K- H°(0 K) ]

average of all Iiste;j experimental resultsH® 04 CH,) (CH,)=10.016 kJmoi!, CODATA?® recommended values
=428.3+1.9 kJmol -, and also with the two most accurate AH® oo H) = 217.998+ 0.006 kJ mol L, [H°(298.15 K)

. : . 12
g]aer‘fgle;gs 'acnzlcl\ljlfrttﬂgs that of Gzt etal. = and that of - —\ 1o )l 1(H)=6.197-0.001 kimol >, [H®(298.15 K)
The preferred value corresponds to the recommended H° (0 K)1(C, graphite)=1.050+0.020 kJ mot ™,
value of the C—H bond dissociation energy of methyl to[ H®(298.15 K)~H*(0 K) ](C)=6.536+ 0.001 kJ mol
singlet methylene Dy(H-CH, toa'A, CH,)=494.31 and [H®(298.15 K)~H*®(0 K)](H) = 8.468
+1.67 kJmol'! (500.08-1.67 kJmol'* at 298.15 K, or +0.001 kJmot?, and the enthalpy increment for singlet
the reaction enthalpy of Helimination from CH on the CH, listed below, [H°(298.15 K)-H°(0K)](CH,)
singlet surface, A;H°o(CH,—H,+CH,, singlet=494.96 =9.940 kamot .

Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C 0.000 000 0.000000 —0.158272
H 1 1.107 H 0.000 000 —0.119555 0.942 253
H 1 1.107 2 1024 H 0.000000 0.119555 0.942 253

Moments of inertia in the lowest singlet electronic stite
| A=1.391x 10" 47 kg n? | 5=2.498% 10~ 47 kg m? | o=3.960< 10 47 kg

Vibrational wave numbers in the lowest singlet electronic sta(tem‘1)<2°)
2806.0@,) 1352.6@,) 2865.00,)

Heat CapacityC®,, EntropyS°, and Enthalpy Incremerit*(T) —H°(0 K)]??
CH,(aA;) (including only singlet states

C°f.(T) S°(T) [H°(T)—H*(0K)]
T/IK (JK tmol 1) (JK tmol™ 1) (kI mol™ 1)
150 33.261 166.281 4.989
200 33.305 175.854 6.653
250 33.468 183.300 8.321
298.15 33.781 189.220 9.940
300 33.796 189.429 10.002
350 34.274 194.673 11.703
400 34.864 199.287 13.431
500 36.253 207.211 16.985
600 37.814 213.957 20.688
800 41.122 225.287 28.581
1000 44.231 234.805 37.122
1200 46.872 243.110 46.241
1500 49.974 253.919 60.791
2000 53.658 268.833 86.755
2500 56.335 281.108 114.285
3000 58.339 291.566 142.979
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7-Constant NASA Polynomial

SINGLET CH2 JUNO3 C 1.H 2. 0. 0.G 200.000 6000.000 14.02658 1
0.31350169€+01 0.28959393E-02-0.81666809E-06 0.11357270E-09-0.63626284E-14 2
0.50504050E+05 0.40603062E+01 0.41933133E+01-0.23310518E-02 0.81567645E-05 3
-0.66298598E-08 0.19323320E-11 0.50366225E+05-0.74673431E+00 0.51572728E+05 4

9-Constant NASA Polynomial

SINGLET CH2 IUPAC Task Group on Selected Radicals
3 JuNO3 C 1.00H 2.00 0.00 0.00 0.00 O 14.02658 428800.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 9939.626
0.4282865690+02-0.312687389D+01 0.409278287D+01-0.143967938D-02 0.124079048D-04
-0.5664925770-07 0.107845083D-09 0.0000000000+00 0.503870852D+05-0.401884480D+00
200.000 1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 9939.626
-0.171248260D+05 0.286746303D+03 0.233336488D+01 0.364329463D-02-0.1845501490-05
0.166775532D-08-0.749403072D-12 0.0000000000+00 0.490372633D+05 0.931123971D+01
1000.000 6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 9939.626
0.194687527D+06-0.1777640180+04 0.650212651D+01 0.359050391D-03 0.676094197D-07
-0.289156372D-10 0.221373722D-14 0.000000000D+00 0.606188535D+05-0.187386842D+02

Comments on Molecular Data, Heat Capacity, N. L. Doltsinis and P. J. Knowles, J. Chem. Soc. Faraday Tia®2025

Entropy, and Enthalpy Increment (1997.
8L. A. Curtiss, K. Raghavachari, P. C. Redfern, and B. B. Stefanov, J.
(28 The geometry reflects r(CH)=1.107 A, and Chem. Phys108 692 (1998.

/£ (HCH)=102.4°, as obtained from spectroscopic data. o A Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.
(2b) The listed moments of inertia are based on the experi- Pople, J. Chem. Phy409, 7764 (1998.

mental rotational constarfs Ap,=20.118cm?, By 105, parthiban and J. M. L. Martin, J. Chem. Phys4, 6014 (2001).
=11.205cm?, and Co=7.069 cm 1 1R, Janoschek and M. J. Rossi, Int. J. Chem. KiBd£.550 (2002.

(20) The listed vibrational frequencies are experimentally de-“A- G- Csaza, M. L. Leininger, and V. Szalay, J. Chem. Phyi press

termined fundamentals, 13éooRuscic M. Litorja, and R. L. Asher, J. Phys. Chem.183 8625

(2d) The heat capacity, entropy, and enthalpy increment val- (1'999_ cee alsdbid 1164 seodE(éooo r o PIYS. '

ues were calcu]ated in the rigid rotor—harmomc oscillator ap1s3 o kerr and D. W. StockerStrengths of Chemical Bondin CRC

proximation using the molecular constants given above. The \angnook of Chemistry and Physjosdited by D. Lide Ed., 82nd ed.

% 'A,; state of methylene, normalf§® at To(a'A,) =3147 (CRC, Boca Raton, FL, 20012002

+5cm !, becomes the ground stat€y=0) of singlet me-  15R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.
thylene. The next excited singlet st&t&® at To(b'B,) J. Rossi, and J. Troe, J. Phys. Chem. Ref. 28al67 (2000.
—11497+ 10 cni- ! has also been included with a term value 6, Burca.t, TAE. Report No. 867, Technion, Haifa, 2(_)01, see &ftm/

of To=11497-3147 cn1=8350 cnl. ftp.technion.ac.il./pub/supported/aetdd/thermodynamics

17 - .
33 . 30 . S. P. Sander, R. R. Friedl, D. M. Golden, M. J. Kurylo, R. E. Huie, V. L.
(26) JANAF™ and Gurvichet al™" do not report on Smglet Orkin, G. K. Moortgat, A. R. Ravishankara, C. E. Kolb, M. J. Molina, and

CH,. The standard heat capacity and entropy values reporteds ;. Finlayson-Pitts, JPL Publication 02-25, NASA and JPL, February 1,
in the Thermochemical Database for Combustforare 2003.

C°p(298.15K)=33.775Jmol ' K™ and S$°(298.15K) (@ P. R. Bunker, P. Jensen, W. P. Kraemer, and R. Beardsworth, J. Chem.
=188.716 Jmol? K_l, and those obtained from G3MP2B3 Phys.85, 3724(1986; (b) P. R. Bunker and T. J. Searibjd. 83, 4866
computation%l are C°p(298.15 K)= 33.75 Jmot? K_l. (1989; (c) P. Jensen and P. R. Bunkiaid. 89, 1327(1988; (d) A. R. W.

S°(298 15 K)= 189.27 Jmotl K1 and H°(298 15 K) McKellar, P. R. Bunker, T. J. Sears, K. M. Evenson, R. J. Saykally, and S.
“H Q(O'K) —9.924 k:] mot L ! ) R. Langhoff,ibid. 79, 5251(1983; (e) D. G. Leopold, K. K. Murray, A. E.

Stevens Miller, and W. C. Linebergehid. 83, 4849(1985.
19M. E. Jacox, J. Phys. Chem. Ref. D&3 1 (2003.
2R, L. Nuttall, A. H. Laufer, and M. V. Kilday, J. Chem. Thermody.167

References (1979.
2lFor the enthalpy increment for ketene the RRHO approximation is used,
'R. K. Lengel and R. N. Zare, J. Am. Chem. SA60, 7495(1978. together with vibrational frequencies froif® C. B. Moore and G. Pimen-
2D. Feldmann, K. Meier, H. Zacharias, and K. H. Welge, Chem. Phys. Lett. tel, J. Chem. Phys38, 2816(1963; (b) J. L. Duncan, A. M. Ferguson, J.
59, 171(1978. Harpper, and K. H. Tonge, J. Mol. Spectro$g2, 72 (1987); (c) 125 196

3C. C. Hayden, D. M. Neumark, K. Shobatake, R. K. Sparks, and Y. T. Lee, (1987.

J. Chem. Phys76, 3607(1982. 223, D. Cox, D. D. Wagman, and V. A. Medvede€ODATA Key Values for

4 -l
I('lgé;hen’ W. H. Green, Jr,, and C. B. Moore, J. Chem. PB§s314 Thermodynamics (Hemisphere, New York, 1989(see also http://

5M. Litorja and B. Ruscic, J. Chem. Phyk08 6748(1998. www.codata.org/codata/databases/keyl1.html
6 . . 23G. Herzberg, Proc. R. Soc. London Ser282 291 (1961); see also G.
M. R. Zachariah, P. R. Westmoreland, D. R. Burgess, Jr., W. Tsang, and C. ’ y ’

F. Melius, J. Phys. Chem. 200, 8737(1996); see also D. R. F. Burgess,  Herzberg and J. Shoosmith, Natuteondon) 183 1801(1959.

Jr., M. R. Zachariah, W. Tsang, and P. R. Westmoreland, Prog. Energ§*G. Herzberg, Can. J. Phy39, 1511(1961).

Combust. Sci21, 453(1995. 25G. Herzberg and J. W. C. Johns, J. Chem. PB¥s2276(1971).
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263, Willitsch, L. L. Imbach, and F. Merkt, J. Chem. Phg47, 1939(2002. Individual Substancegith ed.(Hemisphere, New York, 1991\ol. 2.

27, A. Curtiss, P. C. Redfern, K. Raghavachari, V. Rassolov, and J. A3'C. Melius, Database of 3500 species calculated by the BAC/MP4 method
Pople, J. Chem. Phy410, 4703(1999. at Sandia National Laboratories, 1998tp://z.ca.sandia.gowimelius)

2L, A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. ChemS?H. Petek, D. J. Nesbitt, P. R. Ogilby, C. B. Moore, and D. A. Ramsay, J.
Phys.94, 7221(1997). Chem. Phys91, 6566(1989.

297, G. Baboul, L. A. Curtiss, P. C. Redfern, and K. Raghavachari, J. Chem33M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.
Phys.110, 7650(1999. McDonald, and A. N. Syverud, JANAF Thermochemical Tables, 3rd ed.,

30L. V. Gurvich, 1. V. Veyts, and C. B. AlcockThermodynamic Properties of J. Phys. Chem. Ref. Dat4, Suppl. 1(1985.
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7.1.4. CH; Radical
7.1.4. Methyl radical 2229-07-4

C Hs(ZAZ D3n(0ex=6)

AH°(298.15 K=146.7+0.3 kI mol ! A¢H°(0 K)=150.0+0.3 kI mol'?
C°p(298.15 K=38.417 JK 'mol™* H°(298.15 K—H°(0 K)=10.366 kJ moi*
$°(298.15 K=194.008 JK*mol ! p° =100 000 P&1 bap

Literature Data for the Enthalpy of Formation at 298.15 K

AiH°/kImort Authors and Reference Methbd Comments
Measurements
146.4£+0.5 Chupka(1968* PIMS-PIC (1a
146.8+0.4 McCulloh and Dibelet1976? PIMS-PIC (1b)
144 .8+2.F Traeger and McLoughlii1982)?3 PIMS-PIC (1o
145.4+1.7 Russekt al. (1988* KE (1d)
148+ 3 Russelet al. (1988° KE (le
146+ 1 Seetulaet al. (1990° KE (1f)
147.7+2.5 Nicovichet al. (1997 KE (19
146.6+ 0.4 Litorja and Rusci¢1997°2 PIMS-PIC (1h)
146.7+0.4 Weitzel et al. (2000° PIMS-PIC (1i)
Computations
146.0+10.% Zachariahet al. (1996° BAC-MP4 (1))
146.6+2.5 Peterson and Dunnin@.997)* CCsOT) (1k)
147. 7413 Curtisset al. (19982 CBS-Q (1)
142.2¢+7.F Curtisset al. (1998*3 G3 (1m)
145.6+ 1. Parthiban and Martiti2007)** w2 (1n)
144.0+7.8 Janoschek and Ros&002%° G3MP2B3 (10)
Reviews and Evaluations
145.69 NBS(198216 TT-U (1p)
146.9+0.8 McMillen and Golder(1982" CDE (10)
145.7+0.8 JANAF (198518 CDE (1
146.3+0.5 Gurvichet al. (199*° CDE (19
146.4+0.4 Berkowitzet al. (19942° CDE (1t)
147+ 1 Tsang(19962 CDE (1u)
146.3+0.5 NIST CCCBDB(1999?2 TT-A (1v)
146.66+0.28 Ruscicet al. (19992 CDE-TN (Aw)
145.7 CRC HCR2001%* TT-U (1x)
146.4-0.4 Kerr and Stockef2001)%° TT-A (1y)
146.4+0.4 Atkinsonet al. (20002° TT-A (12)
146.9+1 Burcat(2001)?’ TT-A (1aa
146.65+0.29 Sandeet al. (2003%® TT-A (1bb)
145.7 NIST WebBook2003%° TT-A (1co

#PIMS-PIC: positive ion cycle based on combining photoionization measurements of fragment appearancégyédrggn(a stable molecule with ionization
energy E;) of the radical; KE: kinetic equilibrium study; CDE: critical data evaluation; CDE-TN: critical data evaluation through a thermochemical network;
TT-U: unannotated tabulation of thermodynamic data; and TT-A: annotated tabulation of thermodynamic data.

bThe quoted value was either not given explicitly by the au#ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation ergy of CH, determined by Herzbet§ as E; .{CHs)/hc

(18 Photoionization mass spectrometric study of methane=79392¢5¢cm ' to  produce Do(H—CH;)=431.9
producing tle 0 K appearance energy of GHfragment of ~ =0.4 kJmof ™, implying AfH® 20¢(CH3) =145.9
E.pd CHs*/CH,) = 14.320- 0.004 eV. This value was origi- 0.5 kImol'*. However, Litorja and Ruscidsee(Lh) be-
nally combined by Chupka with the adiabatic ionization en-low] have subsequently shown that Herzbetg's(CHj) is
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slightly too high. With the ZEKE valu® for the adiabatic
ionization term value of Cklof 79 349+ 3 cm 1, the appear-
ance energy of CH/CH, of Chupka produces
Do(H-CH;) =432.4-0.4 kI mol %, corresponding  to
AH® 505 CH3) = 146.4+ 0.5 kI mol L.

RUSCIC ET AL.

rate data for several Brhydrocarbon reactions. Finally, the
second-law derivation was used to obtain the enthalpy of
formation for CH;.

(1f) Reaction CH+HI—CH,+| studied in a tubular
reactor coupled to a photoionization MS. In the temperature

(1b) Photoionization mass spectrometric study of methaneange of 292-648 K, the rate coefficient expression

producing tle 0 K appearance energy of GH fragment
Eap,()(CH3*/CH4)=14.324tO.OO3 eV. This was originally
combined by McCulloh and Dibeler with Herzberd's
E;ad CHs) to produce Do(H—CHs)=432.3+0.3 kI mol *

and hence A{H®,ofCH3)=146.3+0.4kJmol't. With

ZEKE® E;,{(CH;) [see (1a above and(1h) below],

Do(H-CH;)=432.8-0.3 kI mol %, corresponding  to
AH° 505 CH3) = 146.8+0.4 kI mol L.

(1c) Photoionization mass spectrometric study of;BHand

CHsl. The reported appearance energies of the; CHag-

ment at 298.15 K areE,p,,0{CH;"/CH3Br)=12.77

+0.01 eV andEg, 20 CH3*/CHgl) =12.18+0.01 eV. The

of ki=(4.5+0.8)x 10 2exd(1.2+0.6) kJmol /RT] cnm?®
molecule ! s™! was obtained for the forward reaction. Ki-
netic data for the reverse reaction were taken from the
literature® Thus, a second-law ar{avith S°,q CHs) =194
+0.4JK 'mol 1] a third-law enthalpy of formation of
A¢H®56=150 and 145 kJ molt, respectively, have been de-
rived. The value given in the table corresponds to their pre-
ferred value.

(1g) Laser flash photolysis/resonance fluoresceiBreatom
monitoring study of reaction CgHHBr— CH,+Br. In the
temperature range of 257-422 K, the rate coefficient expres-
sion of ki=(1.4+0.1)x10 2exf(1.9+0.2) kImol/

approach of Traeger and McLoughlin applies all the necesRT] cm® molecule ' s™* was obtained for the forward reac-

sary thermal transformations from 298.16Q K in onestep,
without explicitly giving E,p o values. The two determina-
tions produce an average valugH®,qCH;")=1093.3
+1.7 kImol ! (stationary electron conventiyrwhich relies
on AH® 504 CH3Br)=—37.2-0.8 kImorl ! and
A{H® 05 CH3l) =15.5+0.8 kJmol'  from Pedley and
Rylance® ZEKE®! E,; ,(CHs) [see(1a above and1h) be-

tion. This is combined with the best available kinetic data
for the reverse reactiork,=(1.70.9)x 10 Pexf(—73.9
+1.8) kImol'Y/RT] cm® molecule s (in the tempera-
ture range 298-621 Kto obtain the second-law value and
(with the appropriate entropi&s the third-law heat of for-
mation for CH. The arithmetic mean of these, given as
35.3+0.6 kcalmol 2, is listed in the table.

low] and additional 298.15-0 K corrections lead to the listed1h) Reexamination of the CH fragment appearance po-
value. Herzberg¥® E;,CHy), as used by Traeger and tential from CH, by photoionization mass spectrometry. The
McLoughlin, produces slightly lower values. However, avalueEap'({CH3+/CH4)=14.32&0.003 eV, which was ob-
closer inspection of the fragment ion yields in question sugtained by fitting accurately the appearance threshold of
gests that the linear extrapolation used by Traeger andH,*/CH,, effectively reconciles the very slight difference
McLoughlin ignores inward curvature of the thresholds, re-petween the two best previous measurem&fihe princi-
sulting in too low E,, values and hence a too low pal subject of the paper is the investigation Ef,{CHs),
A{H°(CHs). Linear analysis of all experimental values, dis- showing that the ZEKE valié is to be preferred over
cussed in conjunction with the selection of the preferred{erzberg’go value. The combination of the remeasuﬁ&!)

value, indicates that a larger nominal

uncertainty,with the preferred ZEKEE;,q produces Do(H-CHy)

+2.2 kJmol %, is more appropriate than the uncertainty of =432.6+0.3 kJ mol .

+1.7 kImol ! that was given originally by the authors.
(1d) Reaction CH+HCI— CH,+ Cl studied in a tubular re-

(1i) Reexamination of the CH fragment appearance energy
from CH, by PFI-PEPICO. The reported value

actor coupled to a photoionization MS. In the temperaturee,, { CH;*/CH,) =14.323-0.001 eV is in excellent agree-

range of 296—-495 K, the activation energy Bf = —5.9

ment with the measurement of Litorja and Rusgtithe

+1.3kIJmol' ! was obtained for the forward reaction. Re- guoted uncertainty of-0.001 eV is quite tight and appears
ported literature data at 298—-504 K were used to derive théo have an intended meaning of 1 s.d., rather than the more

activation energy ok, ,=13.0+ 1.3 kJ mol ! for the reverse
reaction. Thus, a second-law value af;H°,q4CH,)

=145.2-2.5kImol! is derived. In addition a third-law
value of A¢{H® 9= 145.6+ 1.3 kamol ! is obtained from the

customary 95% confidence limit. With the ZEKE value for
Eiad(CHs) [see(1h) abovd this appearance energy yields
Do(H—CH,) =432.7+0.1 kI mol ..

(1j) BAC-MP4 ab initio calculations. The originally quoted

reaction Gibbs energy derived from the kinetic data of theuncertainty of+5.1 kJ mol * was multiplied by a factor of 2

forward and reverse reactions and the reaction entfoply
ASpog=—29.7+1.7 IK 1 mol L.
(1e) Reaction CH+ HBr— CH,+ Br studied in a tubular re-

to bring it closer to the desired 95% confidence limit.
(1k) CCSD(T)/cc-pWiZ ab initio calculations extrapolated
to complete basis set and corrected for core—valence effects

actor coupled to a photoionization MS. In the temperaturgoroduce Do(H—CH;)=432.6 kamol! after inclusion of

range of 296-532 K, an activation energy Bf~=1.3

ZPE, which leads to the listed enthalpy of formation. An

+0.9 kJmorl'! was derived for the forward reaction. The estimated standard deviation of 0.3 kcal mblhas been

activation energy for the reverse reaction Bf,=73.9

quoted by the authors for the sequential set of bond dissocia-

+2.5kJmol'! was obtained from literature data of direct tion energies of Cll; the uncertainty listed in the table cor-

measurements for the C,Hg+ HBr reaction and relative

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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(11) CBS-Q calculation. The reported average absolute deviagas phase acidities. The recommended value fog i§ftom

tion of 1.57 kcal mol'* was multiplied by 2 to bring it closer Do(H-CH;) =432.2-0.4 kJmol ! based on PIMS-PIC by

to the desired 95% confidence limit. The equivalent CBS-gvicCulloh and Dibelet [see (1b) abovdg coupled to

and CBS-4 enthalpies of formation are 14528 and Herzberg’§O Eiad(CHs), and appears in good agreement

144.8+26 kJmol !, where the uncertainties have been ob-with KE determination of Seetulat al® [see(1f) abovd.

tained in an analogous way. The value listed in the table is converted from 35.0

(1m) G3 ab initio calculation. The value listed in the table is +0.1 kcal mol .

converted from 34.0 kcalmof. The uncertainty quoted in (1u) Critical data evaluation for selected free radicals based

the table corresponds approximately to 95% confidence limen kinetic measurements. The recommended value is an av-

its, based on twice the average absolute deviation ograge of five KE determinatioffs*~"[see(1qg) and(1d)—(1g)

0.94 kcalmot! for the enthalpies in the G2/97 test set, abovd.

which roughly corresponds to 1 s.d. At the BB2) level of  (1v) The compilation lists theoretical results at various levels

theory®  A{H°,0 CH3)=143.1+9.9 kJmol'* (34.2 kcal  of theory, but also makes a reference to one experimental

mol~1), where the quoted uncertainty was derived in a simi-benchmark. The quoted experimental benchmark value is

lar fashion as for the G3 value. At the G2 level of theéBry from Gurvichet al*® [see(1s) abovd.

AH° 509 CH3) =146.9+13.1 kI mol * (35.1 kcal mot'1). (1w) A critical evaluation of enthalpies of formation based

(1n) W2 ab initio calculation. The uncertainty quoted in the on a local thermochemical network consisting of five verti-

table corresponds approximately to 95% confidence limitges (CH, CH;", CH,, CH,", and ketengand 14 most

based on twice the average absolute deviation ofccurate measuremer@ppearance energies, ionization en-

0.23 kcalmol? for the W2 test set, which corresponds ergies, and one calorimetric determinajioimcluding mea-

roughly to 1 s.d. At the W1 level of theor{H® 95 CHs) surements from Refs. 1, 2, 8, 9, 30, and[3&e(1a), (1b),

=144.6+3.1 kJmol !, where the uncertainty has been ob- (1h), and(1i) abovd. The reported value was produced by a

tained in an analogous way. statistical analysis followed by a simultaneous solution of the

(10) G3(MP2)//B3LYP ab initio calculations for 32 selected adjusted network. The value listed in the table is converted

free radicals. The uncertainty given in the table correspondom 35.052-0.067 kcal mol L.

approximately to 95% confidence limits based on twice the1x) The tabulation gives a list of compilations as sources,

quoted average absolute deviation of 3.9 kJmdlor the  but no specific references for individual species. However,

calculated set of radicals, which corresponds roughly to the value appears to correspond to that adopted by the NBS

s.d. Note that the average absolute deviation for all enthalpFables® above[see (1p) abovd and JANAF® tables[see

ies in the G2/97 test set using the same method is ver{lr) and(1a) abovd.

slightly larger®” 4.7 kJ mol'! [see alsd1m) abovd. (1y) Thermodynamic data compilation. The tabulation se-

(1p) Critical data evaluation, but does not provide a pedigredects D o H-CH,) =438.9+0.4 kI mol * citing Berkowitz

of the selected value nor does it quote uncertainties; thet al?’ as a sourcésee(1t) abovd.

value seems to correspond to that adopted by JANfAsee (12 Critical evaluation of atmospherically relevant kinetic

(1r) below]. data. Their table of enthalpy data lists Kerr and Stotker

(19) Recommended value from extensive evaluation of datésee(ly) abovd as their source of\{H°®,9(CHg), who in

(mainly kinetic determinationspublished until 1981. The turn adopt the recommendation of Berkowétzal ° [see(1t)

selected value for CHis based primarily on chlorination above.

kinetics of Dobis and Bensofi.The value listed in the table (123 Thermochemical database for combustion. Burcat

is converted from 35:£0.2 kcal mol L. quotes Pamidimukkalet al* as a source afi{H° 204 CH),

(1r) Extensive compilation of thermodynamic data. The;CH Who have in turn adopted the value given by Baghal-
. . . H 49 o _ 1

properties have been last revised in June 1969. The enthalpfyjooeeet al:™ of AjH® 0 CHz) =35.1 kcal mol *.

of formation is based on PIMS-PIC determination of (1bb Critical evaluation of atmospherically relevant kinetic

Chupké [see(1a abovd coupled to Herzberg® E,(CHy).  data. The quoted value is from Rusait al? [see (1w)

The CH, thermochemical properties have not been revised if0ove. _ _
the new editiors® (1co An unevaluated tabulation with several values.

. I . 39 ia | : H

lected value is based on PIMS-PIC determination by McJists Tsang's valueAsH® of CHz) =147+ 1kJmol * [see
Culloh and Dibelét[see(1b) abovd coupled to Herzberg®d  (1U) above.

E|(CH3). The compilation has also critically analyzed a
number of older kinetic measuremert$’~*°The value is
unchanged from the previoRussian edition?’ A{H°(298.15 K=146.7-0.3 kImol !
(1t) Critical data evaluation of R—H bond dissociation ener- R

gies based on three methods: kinetic determinations, positive AfH?(0K)=150.0-0.3 kI mor *
ion cycle determinations from photoelectron/photoionization The photoionization and kinetic results are in very good
measurements, and negative ion cycle determinations froragreement, although the latter group has more scatter and
photoelectron measurements of negative ions combined witlarger uncertainties. Linear analysis of the data set shows that

Preferred Value of the Enthalpy of Formation

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005
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all experimental measurements listed above are in mutual The preferred value corresponds to the C—H bond disso-

agreement within their uncertainties, with the exception ofciation energy of methane Dy(H-CHs;)=432.72

the result of Traeger and McLoughfiiThe analysis shows +0 14 kJ mof ! (439.27-0.14 kJmol* at 298.15 K,

that the latter measurement deviates consistently from afjhich produces the listed enthalpy when used together with

others significantly more than its quoted uncertainty Ofauxiliary thermochemical values from Gurvickt al.t®

+1.7 kImol'! would suggest, and that reconciliation with o ° )

the other data can be a?ghieved only if an amplified uncer-AfH 20o(CHy) = —74.60:.0.30 ki mof %, [H°(298.15K)
—H°(0 K)](CH,)=10.016 kI mol*, and CODATA® rec-

tainty of +2.2 kJmol'! is assumed. . N 1
The preferred value is based on the data analysis using gmmended valuesiH® ;o H) =217.998 0.006 kJ mo*,

thermochemical network of Rusciet al>®> The preferred [H°(298.15 K)~H*(0 K)](H):6'197i0'001 kmor*,
value can be compared to the weighted average of the PIM$H®(298.15 K)—H*(0 K) J(C,graphite)= 1.050+ 0.020 kJ
PIC determinations (146:70.3 kJ mof %, excluding the low ~ mMol™ %, [H°(298.15 K)-H°(0 K)](C) =6.536+ 0.001 kJ
result of Traeger and McLoughlth, or 146.6-0.5 mol™*, and[H°(298.15 K)-H°(0 K)](H,)=8.468+0.001
kJmol %, if that result is includey and to the weighted kJmol*, together with[H°(298.15 K)—H°(0 K)](CHs)
average of kinetic determinations (146.2.2 kJmol'1). =10.366 kI mol?! as listed below.

Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C 0.000 000 0.000000 0.000 000
H 1 1.0790 H 1.079000 0.000 000 0.000 000
H 1 11790 2 120 H —0.539500 0.934 441 0.000000
H 1 10790 2 120 3 180 H —0.539500 —0.934441 0.000 000
Moments of inertia in the electronic ground st&te
I o=15=2.923x10 %" kg n? |c=5.903x 1047 kg n?
Vibrational wave numbers in the electronic ground statem™*) 29
3004.42 @;) 606.453 @5 3160.821 ¢") 1396 €’)
C°p(T) S°(T) [H°(T)—H°(0K)]

T/K (JK tmol™ 1) (JK tmol™ 1) (kJmol™ 1)

150 34.105 169.342 5.010

200 35.400 179.323 6.747

250 36.892 187.380 8.554
298.15 38.417 194.008 10.366

300 38.477 194.245 10.437

350 40.120 200.300 12.402

400 41.780 205.765 14.450

500 45.023 215.439 18.791

600 48.100 223.923 23.449

800 53.820 238.557 33.650

1000 58.910 251.127 44.935

1200 63.210 262.260 57.161

1500 68.174 276.929 76.910

2000 73.449 297.336 112.441

2500 76.483 314.081 149.991

3000 78.329 328.202 188.729
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7-Constant NASA Polynomial

METHYL RADICAL JUNO3 € 1.H 3.

0.6 200.000 6000.000 15.03452 1

0.
0.29781206€E+01 0.57978520E-02-0.19755800E-05 0.30729790E-09-0.17917416E-13 2
0.16509513€e+05 0.47224799€+01 0.36571797E+01 0.21265979E-02 0.54583883E-05 3
-0.66181003E-08 0.24657074E-11 0.16422716E+05 0.16735354E+01 0.17643935E+05 4

9-Constant NASA Polynomial

METHYL RADICAL
3 JUNO3 C
50.000

1.000  3.00
200.0007 -2.0 -1.0 0.0

IUPAC Task Group on Selected Radicals
.00 0.00 0

.00 0 15.03452 146700.000
1.0 2.0 3.0 4.0 0.0 10366.288

0.118053714D+04-0.803021345D+02 0.612539341D+01-0.272411169D-01 0.168957527D-03

-0
-0.

200.000 1000.0007 -2.0 -1.0 0.0

.436387090D-06 0.428176848D-09 0.000000000D+00 0.166563130D+05-0.8211956670+01

1.0 2.0 3.0 4.0 0.0 10366.288

318321530D0+05 0.553269109p+03-0.456705168D-01 0.143269736D-01-0.153738893D-04

0.1092196540-07-0.326622436D-11 0.000000000D+00 0.138774782D+05 0.215922594D+02

1000.000  6000.0007 -2.0 -1.0 0.0

1.0 2.0 3.0 4.0 0.0 10366.288

0.268335802D+07-0.913670211D+04 0.146793592D+02-0.1342717700-02 0.219685901D-06
-0.1907045340-10 0.678982878p-15 0.000000000D+00 0.7352245400+05-0.777538285D+02

Comments on Molecular Data, Heat Capacity,
Entropy, and Enthalpy Increment

(2a) The geometry reflectso(CH)=1.079 A (rather than
re), congruent with the rotational constant given bel®se
(2b)]. The rotational constatlt of CD;, B,=4.802 cm'?,
impliesr,(CD)=1.078 A.
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3, A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Chem5M. E. Jacox, Vibrational and Electronic Energy Levels of Polyatomic
Phys.94, 7221(199). Transient Molecules]. Phys. Chem. Ref. Data Monogr(B994).

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



IUPAC THERMOCHEMICAL PROPERTIES OF SELECTED RADICALS 611

7.1.5. C¢HsCH, Radical

7.1.5. Benzyl radical 2154-56-5
C6H5CH2(281) ColTexi=2)

A{H°(298.15 K)=208.0+1.7 kI mor ! A{H°(0 K)=226.8-1.8 kimol !
C°p(298.15 K)=109.700 JK * mol~* H°(298.15 K)—H°(0 K)=18.178 ki moi?!
$°(298.15 K)=318.229 JK 1 mol~* p°=100000 P41 bayp

Literature Data for the Enthalpy of Formation at 298.15 K

A{H°(kJmol 1) Authors and Reference Methbd Comments
Measurements
203+6 Walker and Tsang1990* ST/IKE (1a
210.5+4 Hippler and Trog1990? ST/KE (1b)
205.0+6.3 Elmaimouniet al. (1993° KE (1)
207.9+2.5 Ellisonet al. (1996* FA/KE (1d)
210+8 Songet al. (2002° ST (19
Computations
206.6-4.5 Hrovat and Borde1994° CASSCF (1)
209.4+7.8 Smith and Hal(1997)’ G2(MP2,SVP (19
211.3+5.2 Henry et al. (2001)8 CBS-RAD (1h)
2123+ 7.8 Janoschek and Ros&002° G3MP2B3 (2i)
206.6+ 4° Martin (2003° W1,04 (1))
Reviews and Evaluations
200.0+6.3 McMillen and Golder(1982* CDE (1K)
201.3 Hayashibarat al. (19862 CDE (1)
202.5-6.3 Berkowitzet al. (19943 CDE (1m)
207+4 Tsang(1996* CDE (1n)
207.9+2.5 Kerr and Stockef2000*° TT-A (10)
210.5 Burcat(2001)® TT-A (1p)
207+ 4 NIST WebBook(2003*’ TT-A (19

8K E kinetic equilibrium study; ST shock tube experiment; FA flowing afterglow study; CDE critical data evaluation; TT-A annotated tabulation @f therm
dynamic data.
bThe uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation thalpy of formation of  A{H°110d CsHs5CH,)

(]_a) n-Penty|benzene decomposed in Sing|e-pu|se shock tube 184.1 kdmol?! is derived from the above reaction en-
experiments over the temperature range of 940—1100 K anépalpy. Finally, with the estimated heat capacity of benzyl,
pressures of 2—3 atm. Mesitylene is used as chemical inhibthe authors obtaithH° 30§ CgHsCH,) =203 kJ mof *.

tor to inhibit chain processes. The internal standard used iftb) The results of measurements of the dissociation and
these studies is the decyclization of 4-methylcyclohexene téeverse recombination rates of benzyl-containing molecules
form equal amounts of propene and 1,3-butadiene for whiclin shock waves have been used to derive the enthalpy of
the rate expression ' k=2x10"exp(—335007T) s . formation for benzyl radical. The studied systems are:
Analysis of the reactants and products is carried out by gatluene=benzyk-H (1), benzyliodide=benzyk| (2) and
chromatography. The Arrhenius plot for the decompositiondibenzyl=2 benzyl (3). System (1): Previous shock tube
reaction, GHsCH,CH,CH,CH,CH,— CgHsCHz+n-C4Hy, measurements on toluene decompostficand the reverse
leads to the rate expression k=1x10%exp combinatiod® gave the equilibrium constant expression of
(—36500T) s . Assuming zero activation energy for the K;=5 exgd —(360+20) kJ mol Y/RT] molcm 3 over the
combination reactionE, =0kJmol!, the reaction en- temperature range 900-1500 K. From this, a third-law en-
thalpy of A,H°(1100 K)=E;+RT=312.43kJmol?! is ob- thalpy of formation of A{H®,qqCsH5CH,)=210.5
tained. Forn-butyl radical,A(H°(n-butyl)=77 kJmol' at =8 kJmol'! is obtained. Systen(2): Shock tube resulfd

300 K and 50.2 kJmol* at 1100 K is derived from an as- gave K,=12exp(181 kImol Y/RT) molcm 3 for the
sumed C-H bond dissociation energy mbutane of temperature range 790-950 K from which the third-law
421.5 kImol?!, obtained as an average of primary C—Hvalue of A{H®,eqCsHsCH,)=210.3 kImol?! is derived.
bond dissociation energies in ethane and propane. With thiSystem (3): Shock tube resulf8 led to K,

and A{H® ;04 n-pentylbenzeney —78.2 kamol !, the en- =160exp(248.1 kImol/RT) molecm 3, from which
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AH® 504 CsHsCH,) =210.6 kI mol ! is obtained. The final 6.7+0.8 kJmol'?, Dy(CgHsCH,—H)=368.6+2.5 kI mol %,
result, obtained from these three determinations, isvas obtained. These, together with the estimated

A¢H® 04 CgH5CH,) = 210.5+ 4 kJ mol ™. A¢H°(CeHsCH3) =73.6=1.3 kJmol' ! lead to the benzyl
In all three third-law determinations the benzyl radical en-radical enthalpy of formation oAH°(CsHsCH,)=226.4
tropy values ofS°+/JK tmol *=321.1(298.16 K, 540.7  +2.5kImol? and A{H® 504 CeHsCH,) = 207.9

(1000 K) and 650.31500 K), were used which are higher by + 5 5 k3mor?.

-1
about 7 Jmol” K™~ than the value calculated by Walker and (1 The decomposition of benzylamine studied in the tem-

Tsand using different frequencies and more extensive es“'perature range 1225-1599 K and pressure range of 1.19—

mations. In a more recent calculation of the entropy of ben- ; . .
: . . 1.46 bar using shock tube technique. Rice—Ramsperger—
zyl radical, Berkowitzet al!® arrived atS°;qod CsHsCH,) 9 d Perg

=534.3-2.7 Jmol 1 K1, Recalculating the data with the KadsseIt—Matl)rtcgs(lt?hRKtI:{l)hcalculatlonsl. V\-/teretperformeq n f
entropy reported by Berkowitz etal. leads to OrC¢€r 0 obtan he high-pressure—imi rate expression o

AH® pod CsHLCH,) = 204.6+ 4 kJmol' L, in  reasonable k.=1.07x10%exp(—364.70M) s ! for the temperature
agreement with Tsang’s recommendation. range 100—-1600 K. From the results of the RRKM calcula-
(1) The equilibrium GHsCH,+ O,= CsHsCH,O0O studied  tions, based on the shock tube results, an activation energy
between 393 and 433 K using a kinetic method. Flow techfor the C—N bond dissociation in benzylamine @ K is
nique with detection of benzyl radicals by laser induced fluo-derived: E,¢=297.12 kImol*. A more accurate value of
rescence has been used. The radical decay plots were fittedfg;=305+4 kJmol'* can be obtained from the RRKM
a double exponential equation which enabled to derive thanalysis of results based on both the shock tube data and the
decay parameters. These supplied the kinetic paramieters VLPP measurements. Then, the enthalpy of formation of
andk, and the equilibrium constamt=k¢/k,. The standard benzyl radical at 0 KA{H®,(CsHsCH,)=228+5kImol %,
reaction enthalpy,A;H®5s3, has been derived by both was derived from the equatiomH®y(CgHsCH,)=Eq;
second- and third-law analysis. From a modified van't Hoff + A \H° (C,H:CH,NH,)—AH°o(NH,), using auxiliary
plot, the second—law values o ,H®,q5=—(79.1+5.0) datg42° AfH°o(CsHsCH,NH,) = 115.5+ 2.7 kJ mol! and
kImol * and A,S°se=—(105.410.5) JK“mol * are pye (NH,)=192+1 kdmol L. Finally, a -18 kJmol* in-
obtained. V\{'th a lstandgrd reaction e””‘?Py, BfS” 295~ tegrated heat capacity correction was applied to obtain
—.121.3 JK mol- , estimated from addIEIVIty rules, a AH® o CeHsCH,) = 210+ 5 kImol L. However, taking
Tzdz_l)a\a] mor? ?Cti':n derslr(]etgal%ln tﬁl;s Atr)lgsizsg,BA_l'T 0(85;8 into account the assumption of 0 kJ mblfor the reverse
:(53.7i 4.2) kImol * is préferred. This togethrer vz\}gl?h an reaction(implicit in the derivation and the difference of the

' results derived from ST and VLPP experiments, an uncer-

estimated enthalpy of formation for benzyl- ™ 1 )
peroxy radical (121.3 kIJmol), leads to the enthalpy of @ity of 8 kJmol™ appears to be more appropriate.

formation of A(H® od CsHsCHy) = 205.0+ 6.3 kd mol L. (1f) The isodesmic reactioq GG5CH3+-CH2:CHCH2
(1d) A flowing afterglow/selected ion flow tube instrum@ht — CeHsCHz+CH,:CHCH; studied at various levels of
is used to measure the rates of reactighgCH;+CH,O~  theory. The calculated reaction enthalpy, which corresponds

—CgHsCH, ™+ CH;OH. At 300 =1 K, the rate coefficients to the difference between the primary C—H bond dissociation
determined for the forward and reverse reactions wgre energy in toluene and propene, has been found from the
=(8.08+0.13)x 10 1 cm® molecule *s™? and k.  complete active space calculations CASSCF/6-31@nd
=(6.22+0.06)x 10 % cn® molecule *s™1, from whichthe  CASPT2N/6-31G* to be 5.9 and 11.7 kJmot, respec-
equilibrium constanK (300 K)=1.30+0.03 and the reaction tively. On this basis a value 0fD,qqCsHsCH,—H)

free energy chang@ G°z;= —0.67-0.08 kImol ' were  —D o CH,:CHCH,—H)=9.5:3kJmol * was adopted.
obtained. The acidity of toluene was derived from this freecombining this difference with D g CH,: CHCH,—H)
energy change and the acidity of metharlthken as —364.9+2.9kJmor%,28 leads to D e CgHsCHy—H)
AacidGSOO(CH3O_ H): 1569.5-0.8 kJ mofl] by using the =374.4+4.2 kImol L. With AfH°298(C6H5CH3)
relationship AG°300=AacidGaod CeHsCHa—H) = AacidG300  =50.17:0.42 kdmor%,2”  and  A{HC e H) =217.998

(CH;O—H). Next, with the calculated entropy of deprotona- __ K 1128 tai Abe H.CH
tion,  AugSsod CeHsCHp—H)=103.3-6.7 JK Tmol 2, ;gbosogt i mot’, 0" obtains AfH® 0 CsHsCHy)

A cidH30d CeHsCH,—H)=1599.6-2.1 kJmol '  was ob- . .
tained.  Finally, the expression Dsof CeHsCHo—H) (1gp G2(MP2,SVPB calculations to obtain the enthalpy of

= AiH 0o CsHsCHo— H) + Ey d CsHsCH,) — E; o H) formation for benzyl radical. Six isogyric reactions have
aci ea, i . . . .

+[thermal correctiohwas used to determine the C—H bond P€eNn investigated to obtain the erlthalpy of formation

dissociation energy in toluene. Combining the value ofAH"20dCeHsCHz)=209.427.8 kJ mol“_, which compares

of benzyl radicaf? the ionization potential of hydrogen atom atomization energies.
and thermal correction (estimated to be 0.12 (1h) Bond dissociation energig8DES) for monosubstituted

+0.4 kImol'Y), Do CgHsCH,—H)=375.7-2.5kImol?  methyl radicals calculated at a variety of levels including
was derived. With an estimated heat capacity correction o€BS-RAD, G3MP2)-RAD, and W1. The gHsCH,—H
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BDEs obtained with G@MP2)-RAD and CBS-RAD, the two (10) Thermodynamic data compilation. The listed value is
methods which gave results that were generally close to ththat reported by Ellisort al?

experimental values, were 367.5 and 377.8 kJthotespec-  (1p) Thermodynamic database for combustion. The listed
tively. From these, one obtain®q(CsHsCH,—H)=372.6  value is that reported by Hippler and Troe.

+5.2 kJmol ! which, together with auxiliary thermochemi- (1g) An unevaluated tabulation of available values from
cal dat&’?® lead to A{H°,(CsHsCH,)=229.8-5.2 other sources. The listed value is that reported by T34ng.
kJmol ! and A{H® ,oq CsHsCH,) =211.3+5.2 kI mol .

(1i) G3(MP2)//B3LYP ab initio calculations for 32 selected
free radicals. The uncertainty given in the table corresponds A{H°(298.15 K =208.0+ 1.7 kmol !
approximately to 95% confidence limits based on twice the R 1

quoted average absolute deviation of 3.9 kJmdlor the AH"(0 K)=226.8-1.8 k) mol

calculated set of radicals, which corresponds roughly to 1 Part of the spread in the listed values is related to using
s.d. Note that the average absolute deviation for all enthalpdiffering values for auxiliary thermochemical quantities, and
ies in the G2/97 test set using the same method is verparticularly for the elevated-temperature values for the en-
slightly larger?® 4.7 kJ mor *. tropy of benzyl. In spite of this, the values are still in general
(1j) W1 ab initio computation, with core correlation and sca- agreement within their respective uncertainties. The
lar relativistic effects estimated by MSFT bond additivity weighted average of the experimental values,
modef® based on benzefleW1 results. The uncertainty A;H°,qCsHsCH,)=207.9+3.0 kdmol'* differs by only
quoted in the table corresponds approximately to 95% cond.4 kimol'! from the weighted average of calculations,
fidence limits. It is based on twice the average absolute deAH° e CsHsCH,)=208.3+3.1 kJmol . Hence, the pre-
viation of 0.37 kcal mol?® for the W1 test set? which cor-  ferred value corresponds to the weighted average of all listed
responds roughly to 1 s.d., additionally increased for the facexperimental and computed resultdH°,q9¢ CeHsCH,)

that some corrections were estimated rather than computeds 208.0+ 1.7 kJ mol .

(1k) Recommended value from extensive evaluation of data The preferred value corresponds Beg CsHsCH,—H)
(mainly kinetic determinationspublished till 1981. The re- =375.8-1.7 kJmol'! (369.7-1.8kJmol'! at 0 K). This
ported value is based on previous kinetic determinations. bond dissociation energy produces the listed enthalpy when
(1) Do CeHsCH,—H)=369.0 kJmol'! and the corre- used together with auxiliary thermochemical values as fol-
spondingA¢H® 505 CsHsCH,) = 201.3 kI molt was derived  lows: A{H® 504 CsHsCH3) =50.17+0.42 kJ mol * from Cox
using the relative chloride affinity between (@HC* and and  Pilchef’  [H°(298.15 K)—H°(0 K)](CgHsCHs)
CeHsCH, " from Sharmaet al.* the enthalpy of formation =18.252 kJ mol* from Ruscic¢® (estimated from scaled fre-

of (CH3)3CCl and GHsCH,CI from Cox and Pilchet/  quencies of GHsCH; calculated at the B3LYP/6-31@)
A¢H°(CI) from theNational Standard Ref. Data Serigsthe  level of theory, and taking the GHorsion as free internal
ionization potential of @HsCH, (7.20 eVj from Houle and rotor, as obtained at the same level of thepry
Beauchamp? and the recommended value of [H°(298.15 K)—H°(0 K)](CsHsCH,)=18.178 kJ moti *

A¢H® 504 C(CHs)37) =696.7 kI mol * derived from various as given below, and the CODATA recommended values

Preferred Value of the Enthalpy of Formation

literature sources. AH® 50q(H) =217.998+ 0.006 kJ mol %, [H°(298.15 K)
(1m) Critical data evaluation of R—H bond dissociation en-—H°(0 K)](H)=6.197+0.001 kJmol?, [H°(298.15 K)
ergies based on three methods: kinetic determinations, posi-H° (0 K)](H,) =8.468+0.001 kJ mol* and

tive ion cycle determinations from photoelectron/[H®°(298.15 K)-H°(0 K)](C,graphite}= 1.050+0.020
photoionization measurements, and negative ion cyclé&Jmol .

determinations from photoelectron measurements of negative The preferred value implies a benzyl resonance stabiliza-
ions combined with gas phase acidities. The recommendetibn energy of D,gg RCH,—H)— D59 CsH5CH,—H)
value is based on the kinetic equilibrium measurements of 46+ 3 kdmol !, if 422+2 kJmol ! (see, e.g., ethyl in the
Walker and Tsangand Hippler and Troéreinterpreted by present compilationis taken to represent the prototypical
using different entropies than the original authors. primary C—H bond dissociation energy at 298.15 K in satu-
(1n) Critical data evaluation for selected free radicals basedated hydrocarbons. Moreover, a radical stabilization energy
on kinetic measurements. The recommended value is basell D o CHz—H)-D 50 CsHsCH,—H)=56.6+ 1.9 kJ mol !

on the results of Walker and Tsanas well as Hippler and is obtained with the C—H bond dissociation energy of,CH
Troe? taken from this compilation.
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Geometry(distance in A, angles in degro&8
Cartesian coordinates
Z matrix X y z
C 1 1.0 C 0.000 000 0.000 000 2.402 343
C 2 14068 1 90.0 C 0.000 000 0.000 000 0.995555
X 3 10 2 90.0 1 0.0 C 0.000000 0.000000 —1.839938
C 3 28355 4 90.0 2 180.0 C 0.000 000 1.218018 0.251 895
X 5 10 3 90.0 4 0.0 C 0.000000 —1.218018 0.251895
C 3 14271 2 121406 1 90.0 C 0.000000 1.211955 —-1.133936
C 3 14271 2 121.406 1-90.0 C 0.000 000 —1.211 955 —1.133936
C 7 1.3858 3 121.155 2 180.0 H 0.000 000 0.928 199 2.964 500
C 8 1.3858 3 121.155 2 180.0 H 0.000 000 —0.928199 2.964 500
H 2 1.0852 3 121.201 7 0.0 H 0.000 000 2.160 886 0.793 562
H 2 1.0852 3 121.201 8 0.0 H 0.000 000 —2.160 886 0.793 562
H 7 1.0874 3 118.717 2 0.0 H 0.000000 2.153917 —-1.676575
H 8 1.0874 3 118.717 2 0.0 H 0.000000 —2.153917 —1.676575
H 9 10871 7 119.694 3 180.0 H 0.000000 0.000000 —2.926247
H 10 1.0871 8 119.694 3 180.0
H 5 1.0863 6 90.0 3 180.0
Moments of inertia in the electronic ground st&te
| A=151.704x 104" kg n? lg=311.214<10 *" kg n? |c=462.918<10 4" kg n?
1,=2.830x 10 4" kgn? (V,=3880 cm !, oi=2)
Vibrational wave numbers in the electronic ground statem™1) 29
3087 @) 3070 @) 3056 @;) 3051 @) 1555 @,) 1465 @,)
1456 @,) 1248 @,) 1151 @) 1004 @,) 958 (@) 801 (a,)
513 (@;) 923 (a,) 803 (a,) 485 (a,, torsion 378 (ay) 947 (by)
862 (by) 744 (by) 675 (by) 657 (b,) 463 (by) 195 (by)
3141 (b,) 3075 (b,) 3058 (b,) 1534 (b,) 1433 (b,) 1313 (b,)
1295 (b,) 1140 (b,) 1083 (b,) 944 (b,) 604 (b,) 343 (b,)
Heat CapacityC®,, EntropyS°, and Enthalpy Incremeriti®(T) —H° (0 K)]@¥®
C°u(T) So(T) [H°(T)—H°(0K)]
T(K) (JK tmol™t) (JK tmol %) (kJmol™1)
150 56.114 263.875 6.002
200 73.023 282.278 9.221
250 91.564 300.547 13.332
298.15 109.700 318.229 18.178
300 110.388 318.910 18.382
350 128.458 337.298 24.358
400 145.168 355.559 31.205
500 173.805 391.146 47.206
600 196.664 424,933 65.772
800 230.276 486.427 108.685
1000 253.664 540.471 157.211
1200 270.494 588.289 209.716
1500 287.645 650.637 293.633
2000 303.786 735.865 441.957
2500 312.200 804.651 596.162
3000 317.011 862.034 753.568
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7-Constant NASA Polynomial

BENZYL RADICAL JUNO3 C 7.H 7. 0. 0.G 200.000 6000.000 91.13048 1
0.14723052E+02 0.23034244E-01-0.84847359e-05 0.13916962E-08-0.84247967E-13 2
0.17990189E+05-0.55950989E+02-0.12303836E+01 0.48986376E-01 0.13815518E-04 3
-0.62587233e-07 0.31595731E-10 0.23192877E+05 0.305554956+02 0.25016622E+05 4

9-Constant NASA Polynomial

BENZYL RADICAL IUPAC Task Group on Selected Radicals
3 JUNO3 C 7.00H 7.00 0.00 0.00 0.00 O 91.13048 208000.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 18178.294
-0.756495439p0+03 0.376311027D0+02 0.366107184D+01-0.1509762430-01 0.357926180D-03
-0.107968568D-05 0.143603017D-08 0.000000000D+00 0.226915530D+05 0.128978231D+02
200.000 1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 18178.294
-0.165413161D+06 0.404634790D+04-0.343823664D+02 0.173587185D+00-0.218575878D-03
0.145307561D-06-0.393164608D-10 0.0000000000+00 0.560557100D+04 0.203565978D+03
1000.000 6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 18178.294
0.530285955D+07-0.265513279D0+05 0.567373699D+02-0.606930760D-02 0.120158407D-05
-0.125587992D-09 0.538552853D-14 0.0000000000+00 0.176378374D+06-0.345315385D+03

Comments on Molecular Data, Heat Capacity, sion is treated as a pseudovibration of 485%mOne could
Entropy and Enthalpy Increment obtain yet other sets of slightlfor not so slightly different
(2a) The structural datéZ-matrix and Cartesian coordinajes thérmochemical functions by replacing some of the calcu-
are the results of G3MP2Bab initio computations. lated vibrational frequencies by experimentally observed

(2b) The moments of inertia are a result from a geometryfundamentals and scaling the others by some other factor, as

optimization at the B3LYP/6-31(@) level of calculatior?38  Was, for example, done by Berkowiet al** (their footnote

The listed moments correspond to rotational constants 1.7111 ?r by slightly a|;erirf1g II? IOneI way or another the rela-
—0.1845 cm'*, B,=0.0899 o, C,—0.0605 o, and the  tvely large number of soft skeletal vibrations present in ben-

rotational  constant of the internal  rotationB;, zyl (to the exact value of which the final answer is quite

—9.892 cm. Experimentdl’ rotational constants areA sensitive. Although not inconsequential by themselves, the
—0.184 le' B.—0.090 et andCe=0.060 cni L "0 (differences between these various possible sets of thermo-
—VU. f o— V. ’ o— V. .

(2c) The listed vibrational wave numbers are those obtained hemical fu.nctions are relatively sr_nall pompgred to the main
from optimized B3LYP/6-31G) calculation&® [see (2b) source of inaccuracy: the soft vibrations in quesuon are
abovd, scaled by a factor of 0.967% Where comparison is highly an_harmomc. Unf_ortunately, lack of spectroscofuic
possible, the values appear to provide a reasonable match computationgl information frustrates a better treatment,

\mﬂch would have to go beyond the current rigid rotor-
the experimentally known subset of fundamentaldhe harmonic oscillator appgr]oachy g

(.:HZ torsion correspo%ds to the vibrational wave n_umber(Ze) The standard heat capacity, entropy, and enthalpy incre-
I|§ted abqve as 485, cm (a,), as expected for a relatively ment values reported in thEhermochemical Database for
h|gh torsional bar”er[see (Zd) beIO\N]. The other low- Combustiohﬁ are Cop(29815 K): 10874\]m011 K—l

frequency modegat least four of which are lower than the $°(298.15 K)=316.72 Imol 1 K1, those obtained from
CH, torsion, with the softest being as low as G3vp2B3 computatiofs are C°,(298.15K=108.74

195 cmi t (b;)] correspond to highly anharmonic skeletal JK 1mol ™}, $°(298.15 K)=316.72 JK 'mol 2,
bends.[See(2d) below for further discussion of the conse- °(298.15 K}~ H°(0 K)=17.94 kI molL. Note that Hip-
quencey. pler and Troé reported C°,(298.15K)=74.81
(2d) The heat capacities, integrated heat capacities and eg«-mol1, $°(298.15 K)=321.1 JK Y mol™ ¢,

tropies were calculated in the rigid rotor-harmonic oscillatorH°(298.15 K}~ H°(0 K)=18.54 kimol*, Walker and
approximation using the spectroscopic constants listedsand estimatedS°(298.15 K)=315.6 JK ' mol™*, while
above. The history of benzyl is replete with attempts to cal+enteret al° obtained(based on semiempirical frequendies
culate the thermochemical functions of this species, leadings®(298.15 K)=316.0 JK  mol™ .

for example, to considerable differences in the interpretation

of otherwise similar resultksee, for example(1a) and (1b) References

abovd. The present functions have been calculated from the

constants given above, and by treating the,@btsion mo- :J- A. Walker and W. Tsang, J. Phys. Chedd, 3324(1990.

tion as a hindered rotor with a barrier of 3880¢ch - Hippler and J. Troe, J. Phys. Che@#, 3803(1990.

_ 1 L. EImaimouni, R. Minetti, J. P. Sawerysyn, and P. Devolder, Int. J. Chem.
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7.2. Other Carbon-Centered Radicals
7.2.1. CH,OH Radical

7.2.1. Hydroxymethyl radical 2597-43-5
CH,OH(*A[*A"]) Ci[Cil(gex=1)

A{H°(298.15 K=—17.0+0.7 kI mol ! A{H°(0 K)=—10.7+0.7 kI mol'*
C°p(298.15 KW=47.401 JK ' mol™* H°(298.15 K—H°(0 K)=11.781 kJ mol*
$°(298.15 K=244.170 JK*mol ! p° =100 000 P41 ban

Literature Data for the Enthalpy of Formation at 298.15 K

AHe(kImol™h) Authors and Reference Methbd  Comments
Measurements
—15.9+3.1° Dyke et al. (1984* PES-PIC (1a)
—24+8° Holmes and Lossing1984? EIMS-PIC (1b)
<-14.9+29 Ruscic and Berkowitz1991)° PIMS-PIC (10
-8.9+1.8 Seetula and Gutmgn992* KE (1d)
-9+6 Dobe et al. (1993° KE (le
—18.8+1.1° Traeger and Holme&1993° PIMS-PIC (1f)
-16.9+0.9 Ruscic and Berkowitz1993’ PIMS-PIC (19
—16.651.3 Ddbe et al. (19968 KE (1h)
—17.3+0.9 Litorja and Rusci¢1998° PIMS-PIC (1i)
Computations
—17.3+6.3 Sana and Lerog1991)*° MP4 (1))
-21.8 Pardoet al. (1992 MP4 (1k)
-10.0+8.4 Bauschlicheet al. (19922 MCPF (1)
—15.6+3¢ Espinoza-Garcia and Olivares del Va(e993*2 MP4 (1m)
—15.2£35 Bauschlicher and Partridg@994* ccsoT) (1n)
-19.5+9.% Zachariahet al. (1996° BAC-MP4 (10)
—18.4+2.6° Johnson and Hudgeri$996® CBS-QCI/APNO  (1p)
—15.9+13 Curtisset al. (1998 CBS-Q (19
-16.3+7.9 Curtisset al. (19988 G3 (1r)
—19.7+3.1° Parthiban and Marti2003)*° w1 (19
—15.7°+3° Henry et al. (200)%° CBS-RAD (1t)
-16.4+7.8 Janoschek and Ros&002%! G3MP2B3 (1u)
—16.9+0.7 Marenich and Bogg&003?%2 CCSDOT) (1v)
Reviews and Evaluations
—25.9+6.3 McMillen and Golder(1982%® CDE (1w)
—20+10 Gurvichet al. (19922 CDE (1x)
-20.4 Kuoet al. (1994%° CDE (1y)
—17.1+3.3 Berkowitzet al. (19942° CDE (12)
-17.8+1.3 Johnson and Hudgens996*° CDE (1a3
-9+4 Tsang(19962 CDE (1bb)
-18.8+1.3 Traeger and Kompe 99628 CDE (1co
—17.8+2.6 NIST CCCBDB(19992%° TT-A (1dd)
-17.8+1.3 Atkinsonet al., (2000*° TT-A (leo
-17.8+1.3 Kerr and Stockef2001)3* TT-A (1ff)
-17.8+1.3 Burcat(2001)*? TT-A (199
-11.5+1.3 Sandeet al. (20033 TT-A (1hh
—9.0+4.0 NIST WebBook(2001)* TT-A (1ii)

#PES-PIC: positive ion cycle based on combining the ionization energy, derived by using photoelectron spectroscopy, with the enthalpy of fdheation o
appropriate cation; EIMS-PIC: positive ion cycle based on combining electron impact mass-spectrometric measurements of appearaBgg &oengy (
stable molecule with ionization energ¥;{ of the radical; PIMS-PIC: positive ion cycle based on combining photoionization measurements of fragment
appearance energy from a stable molecule with ionization energy of the radical; KE: kinetic equilibrium study; CDE: critical data evaluatio:and TT
annotated tabulation of thermodynamic data.

The quoted value was either not given explicitly by the au@ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original autoor it has been modified; see individual comments for further explanations.
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Comments on the Enthalpies of Formation
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+2.9 kJmol ! was obtained using the photoionization frag-

(18 Vacuum ultraviolet photoelectron spectroscopy studyment appearance energy of @bH" from CH;OH mea-

The adiabatic ionization energy of GBH was measured to
be E; ,((CH,OH)=7.56+0.01 eV. The suggested enthalpy
of formation, A{H°,9¢ CH,OH)=—0.25+0.13 eV (=—24
+13 kImol'!), was obtained by combining this ionization
energy with the enthalpy of formation of GBH", quoted
by the authors asA{H°,q CH,OH")=7.3+0.12 eV
(=704+12 kImol'Y). The latter was apparently derived
from the proton affinity of formaldehyde by Tanakaal®
However, while Tanakat al. investigated the proton affini-
ties of H,0O, H,S, HCN, and HCO, they did not determine

sured by Refaey and ChupR& E,, {CH,OH*/CH;OH)
=11.67+0.03 eV in a study of the photodissociative ioniza-
tion appearance potential of GBH* from CH;OH. Finally,
A{H® 506 CH,OH)=< —8.8+2.9 kJmol' ! was deduced from
the ionization energy of CFOH and the enthalpy of forma-
tion of CH,OH" and converted toA{H® 5 CH,OH)
<-15.5+2.9kImol't. The value E; . CH,OH)=7.550
+0.006 eV, when combined witk,, { CH,OH"/CH;OH)
given by Refaey and Chup&and treated as an upper limit,
leads to a C—H bond dissociation energy of methanol at 0 K

the proton affinity of formaldehyde; instead, they measurewf Dy (H-CH,OH)<397.5+ 2.9 kJ mol 1. With the help of

the proton affinities of the other three molecutetative to
formaldehyde, which they took as known,
A{H® 50 CH,OH")=712.5-4.6 kJmol'! as obtained by
Refaey and ChupR&in a photoionization study of the frag-
ment appearance energy of @bH" from CH;OH. Taking

a more direct route than that chosen by Dydeall and
combining the value forE,, { CH,OH"/CH;OH)=11.67
+0.03eV given by Refaey and Chupgka with

E; a CH,OH)=7.56+0.01 eV leads to a C—H bond disso-
ciation energy of methanol at 0 K oby(H-CH,OH)
=396.6+3.1 kamol !, With the help of auxiliary thermo-
chemical quantitiesA¢H ° o5 H) =217.998- 0.006 kJ mor !
and [H°(298.15 K)-H°(0 K)](H)=6.197 kimof %, as
recommended by CODATA! A{H®,o CH;OH)=—201.0
+0.6 kJmol! and [H°(298.15 K)—H°(0 K)](CH;OH)
=11.441kJmoi*  from  Gurvich etal,®® and
[H°(298.15 K)—H°(0 K)](CH,0OH)=11.781 kmol?, as
arising from the study of Johnson and Hudd&rdsee(1p)
below] and adopted in the present evaluatisee(2c) be-
low], this results in Dygg(H-CH,OH)=403.1+=3.1
kJmol'? and A{H®,of CH,0OH)=—15.9+3.1 kJmol ?,
which is the value given in the table.

(1b) Electron impact mass-spectrometric measurements of 107
appearance energies. The reported enthalpy of formation fct

CH,OH was derived from the determination of the electron-
impact appearance energiEgp(CHZOHWHOCI—|2CH20H)
=11.12+0.05 eV, Eo CH;CHOH'/CH;CH(OH) CH,OH)
=10.16+0.05eV and E,yCH,NH;/H,NCH,CH,0H)
=9.49+0.05 eV combined with the literature electron-
impact value¥3® of AH°(CH,0OH")=707 kimol?,
A{H°(CH3;CHOH")=582 kI mol !, and A{H°(CH,NH, ")
=741 kJImol !, together with enthalpies of formation for
the parent compounds that are either tabuf&tedestimated
from group additivity. The reported enthalpy of formation,
—23.8kdJmol! (—5.7 kcalmol'?), is the average of the
derived values of—5.2, —5.4, and—6.4 kcalmol'l. The

based onresults

auxiliary thermochemical quantities given(iba) above, this

in Dy H-CH,OH)<404.1-2.9 kJmol'! and
A{H® 50 CH,OH)< —14.9-2.9 kIJmol'!, which is the
value given in the table.

(1d) Reactions CHOH+HBr— CH;OH+Br and CHOH

+ HI— CH;OH+ | studied using excimer laser flash photoly-
sis coupled with time-resolved photoionization mass spec-
trometry.

Reaction CHOH+HBr— CH3;OH+ Br was investigated
over the temperature range of 298-538 K givikg (8.7
+3.2)x 10 Bexf (3.7 1.3) kdmol Y/RT] cm®
molecule ! s™ for the forward reaction. The equilibrium
constant at 349 K was derived frakpand the 394 K reverse
reaction rate coefficient k,=(1.03£0.28)

X 1076 cm® molecule 1 s™1, which was obtained by recal-
culation of the experimental data of Buckley and Whitflé
third-law enthalpy of formation of CFOH was derived from
the equilibrium constant by using tabulated thermodynamic
properties?43

Reaction CHOH+ HI— CH;OH+ | was investigated over
the temperature range of 298—-538 K, givikg-(2.7+0.5)
Lexd(4.8+10.5) kJmol Y/RT] cn® molecule ts™t
pr the forward reaction. This was combined with the rate
coefficient  expression k,=10'5"07exf(—26+ 1.8)
kJmol Y/RT] dm®mol s,  reported by  Cruick-
shank and Bensdffor the reverse reaction, to obtajwith
tabulated thermodynamic properfied} the second-law
(—8.7=7.6 kImol'!) and third-law (8.1=8.0 kJmol %)
values for the standard enthalpy of formation of {CHH.

The entropy used in the third-law determinations,
S°,0d CH,0OH)=255.55 Jmol*K !, was taken from a
compilation of Tsantf which is obtained from a calculation
treating one of the internal modes as a free rotation. Later
studies did not, however, justify such a treatm®nEhis en-
tropy differs considerably from the value 8f ,of CH,OH)

authors do not give an explicit uncertainty estimate. The=244.170-0.018 Jmol*K~* given recently by Johnson
presently assigned uncertainty reflects the disparity betweeand Hudgen® [see(1p) below], and adopted in the current

the three measurements.

(1c) Photoionization mass spectrometry study of OB to
obtain the adiabatic ionization energg;,(CD,OH)
=7.540+0.006 eV; after an estimated correction of 0.010
eV for the isotope effectf; ,( CH,OH)=7.550+ 0.006 eV.
An enthalpy of formation ofA{H®,q CH,OH")=<719.7
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evaluationsee(2¢) below]. If the latter entropy and the cor-
responding heat capacity for GBH are used, third-law en-
thalpies of formation lowered by about 5 kJmbl are
obtained'®

The value recommended by the authors and listed in the
table is a weighted average of the two third-law and one
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second-law determinations of the enthalpy of formation ofresults in Dy(H-CH,OH)=393.9+0.9 kJmol'!, or, with

the CHOH radical. auxiliary thermochemical quantities as given(ira) above,
(1e) The kinetics of methanol chlorination equilibrium, p,o(H-CH,0OH)=400.4+0.9 kJmol ! and

CH,OH+HCI=CH3OH+Cl, studied using the fast flow AHe°,o(CH,0OH)=—18.6+1.1kImol, which is the
technique with laser magnetic resonance and electron pargajue given in the table.

magnetic resonance detection. The rate coefficients wer@g) The photoionization mass spectrometric appearance en-
found to be k=(3.8£1.5x10 “exf(20.952.9)  ergy of CHOH" from CH,OH remeasured and determined
kJmol™!/RT] cm® molecule *s™* (at 50-815 K for the  y accurate fitting to be,, d CH,OH™/CHyOH)=11.649
forward  reaction  and k=(6.17+0.67)x10 " <0003 eV. The authors show that the linear extrapolation
cm’ mo'?cm_eflsfl (at 298.15 K .for the reverse reaction. - of Traeger and Holmégsee(1f) abovd results in an appear-
These I_<|ne_t|c results were used in the second—l_aw and thirdyce energy that is too low. They also address the persisting
law derivations of the CEDH enthalpy of formation. In the  iscrepancy between previous kinetic daad photoioniza-

vt 1
second-law determlnatl_orEif— 20'%2'91“ mol* and an  tjon data, and suggest that previous treatments of the internal
assumed value of,=(0+4) kImol™®, together with \qiaiion in CHOH either underestimate[free rotor

known enthalpies of formation of the other reactdfitgave approacf? used in earlier kinetic studies, sékd) and also

o _ 1 e . . .
ng 29{3((:'__'20'_')_ 8:;‘__’55'1 kJmor . In2t9h8e1th;£d law I(le) abovd or overestimatépseudo-vibration approaétsee
elterrr(;lr;atlon,hank_equ_l ! ”u”: ;O_nit";lgt altJ Al r? Wlas ca (1f) abovd the relevant contribution to the entropy, and use a
culated from the kinetic resulti =k;/k,. Using this value, in4ereq rotor treatment in an attempt to reconcile the kinetic

an e?tlmjted entropy  Of S50 CH,OH)=2544 data[see(12) below for further developments on this sub-
kJmol" - K™+ as well as tabulated thermodynamic properties.

e . ) tl. Th determined f t , to-
for the other species involved in the reacfibgave the third- Ject € redetermined fragmen .appearance?energy 0
law result of AH® s CH,OH)= — 10+5 kI mol L. As in gether with the reported ionization enetd§ of

(1d) above, the estimated entropy of @BH used in the Ei'a(dl(—ic%l—?zg)l—;zgggteggoefskivrhorl results an(;n
. . - . 0 - - . .
derivation differs considerably from the presently acceptecgzgg(H—CHzOH)=402.3t 0.6 kimolX. The conversion to

value of S°,9q CH,OH)=244.170-0.018 Jmol 1K1,
which was given recently by Johnson and Hudd®rsee
(1p) and(2c) below]. If this entropy and the corresponding
heat capacity for CKHDH are used, a hydroxymethyl radical o
enthalpy of formation lower by-3 kJmol * is obtained® " . A¢H®o(CH,OH)=—10.5+ 0‘? kmo* or
The enthalpy of formation of the G¥DH radical recom- AH 298(CH29H):_16'6i0'9_k‘] mor ~. ) The presently
mended by the authors and listed in the table is the weighteadOpted auxma_ry thermoghemlcal quantitisse(1a) above
average of the second-law and third-law determinations. to  slightly — different 2198'15 K values:
(1f) Photoionization mass spectrometry used to obtain th&2ed H—CH,OH)=402.1+0.6 kJ mol L - and
appearance energy for GAH' from methanol by linear 220 CHOH)=—-16.9-0.9kJmol~, which is the
extrapolation:  E,p yof CH,OH*/CH,OH)=11.578-0.007 ~ Value listed in the table..
eV. The approach of Traeger and Holmes applies all thélh) The chemical equilibrium Bt CH;OH=HBr

necessary thermal transformations from 298d.8 K in one T CH2OH studied by investigating the kinetics of the for-
step, without explicitly givingE, o values®® From the ap- ward and reverse reactions. Excimer laser photolysis with Br

pearance energy, they obtaifi(H°,0 CH,OH")=708.5 @atom resonance fluorescence detection was used over the

+0.8kJ by usingAH® 0 CH;OH)=—201.5:0.3 from teémperature Jange of 439-713 K to obiak?=(5-68
Pedleyet al*’ and other auxiliary enthalpies of formation “—L1-48)><71107fT “ex —(29.93-1.47) kJmol /RT] cm®
and thermal energy correctiofi&*® With the ionization en- Molecule ~s™~. Fast flow technique with laser magnetic
ergy of CH,OH of Ruscic and Berkowifzand with addi- resonance for monitoring the GBH radicals was used over
tional thermal correctiofd*®  they obtain the temperature range of 220-473 K to obtéjr-(2.00

AH® 0 CH,OH)= —18.9+ 1.0 kI mol .. These authors *0.42)xX10 "?exy(3.24*+0.44) kJ mol */RT] ey
also proposed that previous kinetic d'afsee(1d) and also molecule *s™ .

(1e) abovd can be brought in better accord with photoion- Activation energies of,=35.5+1.47 kJmol * andE,,
ization data if the internal rotation in GIOH is treated as a = —3.24+0.44 kJmol'* together with auxiliary thermody-
pseudovibration, rather than as free rotation. Based on theamic value¥“*“°(molar heat capacities and enthalpies of
enthalpy increment of the parent methanol moleculeformation gave the second-law enthalpy of formation of
[H°(298.15 K)—H°(0 K)](CH3OH)= 11.441 kJ mot A¢H® 9 CH,OH) = — 15.54+ 1.56 kd moT *.

from Gurvichet al.?* the expected thermal shift of the ap- A third-law value was derived from the 450 K equilibrium
pearance energy threshold of a fragment ion fromyQOH at  constant calculated from the kinetic expressions given above.
298.15 K is 0.0543 eV. Hence, from the reportedWith the molar heat capacities and entropy of £t as
Eap.2of CH,OH/CH;OH)=11.578-0.007 eV one obtains given by Johnson and Hudgefs (corresponding to
Eapd CH,OH/CH;0H)=11.632-0.007 eV. With the ion-  S°,94 CH,OH)=244.17G-0.018 Jmol *K™*) and  with
ization energy of CHOH of Ruscic and Berkowit?,this  thermodynamic propertiés*°for the other species involved

298.15 K uses an improved enthalpy increment for,OH
that is based on hindered rotor approach mentioned above.
With auxiliary thermochemical quantiti#sthe authors ob-
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in the equilibrium, the enthalpy of formation of energy of methanol of 409:08.4 kI mol ! at 298.15 K, and
A¢H® 505 CH,OH)= —18.84* 2.12 kJ mol * was derived. henceAH® 5o CH,OH)= —10.0+ 8.4 kJ mol *.

The value recommended by the authors and listed in theim) MP4 and PMP4ab initio calculations. Three basis sets
table was obtained as the weighted average of the secongere used: 6-314 G(d,p), 6-31 G(2df,p), and TZ2df,p)
law and third-law determinations. on geometries optimized at the MP2/6-31i() level. The
(1i) The authors point out that the adiabatic ionization energytydy includes estimates for post-MP4 corrections using the
of CH,OH was misreportéd® as 7.54&0.006 eV by erro-  p\p-SAC4 method of Gordon and Trutiand the theo-
neous conversion from wavelength to energy, and that theatical fourth-order invariant quantity of Feenbétgrhe au-
proper value should have beek;.(CH,OH)=7.553  thors utilized the C—O bond hydrogenation S3H+H,
+0.006 eV.[See also(ly) below] They combine the cor- — CHs+H,0 and the hydrogen exchange process,COH
rected ionization energy with the fitted appearance threshold CH;—CHsOH+CH; to propose AH° e CH,OH)
Eapd CH,OH'/CH;OH)=11.649-0.003 eV to obtain di- __ 15 &+ 1.5kImol L. The authors recommend the quoted
rectly Do(H—CH,0H)=395.2£.0.6 kI mol * and, with aux-  \44e byt do not detail its exact genesis. However, the rec-

age . . 24
lliary ~ thermochemical values from Gurvichet al, ommended value appears to be an average of the various

) — 1 I — .
AfH%o(CH,OH)=—10.95:0.85 kJmol =.  With the cur- 5 65(ranging between- 14.25 and— 16.70 kJ mol *) ob-
rently adopted auxiliary thermochemical valugee (18 5ihq for the two reactions after inclusion of the post-MP4

abovd, thee 0 K values correspond tDsof H-CH,OH) corrections using the Feenberg method. In addition, the en-

— 1 o _
=401.7£0.6 kdmol' = and A¢H® g CH,OH)=—17.26 thalpies of formation of CKHOH resulting from calculations

+0.85 kI mol' %, : : ;
. I . on the hydrogenation reaction appear systematically lower
(1j) An ab initio study for several species at the MP4/6-31 by 1.4—2.6 ki mol® than those obtained from the hydrogen

+G(2df,p) level of theory, utilizing geometries optimized at . . : ) .
the MP2/6-31Gd.p) level and thermal corrections derived exchange reaction. In view of this, the uncertainty given by
P the authors has been multiplied by a factor of 2 to bring it

from harmonic frequencies at the HF/6-31G level. For . 0 : e .
CH,OH, three reactions have been studied: the isogyric rec_:Ioser to the desired 95% confidence limit. In their compu-

: tations, the authors used several sources for auxiliary enthal-
+ + 0+ - - . . :
22222 chwocg-'HfITi%HOJr |—:|),|_(|32 tr:r?dcthc; bf?;d(i:g:rzogi pies of formatior™**3and thermal correctiorfS:>***While
2 3 2 1 -

change process GEH-+CH,—CH,OH+CHs. The the authors do not give explicitly the enthalpy increments

resulting 298.15 K enthalpies of formation for @BH are ”‘?t were “ged fo convert the values to 298.15 K It was
—21.9, —15.0, and—19.7 kI mol !, respectively. The au- pointed out® that the 298.15 K thermal correction for

thors find that the isogyric reaction tends to systematicall)pHZOH derived using harmomc freqqenmes for the torsion
underestimate the enthalpy of formation by6 kJ mol . and CH-wag modes is too high. If, instead, the currently

The value listed in the table is an average of their resulté"‘domed enthalpy increment of Johnson and Hudgeiss

from the bond hydrogenation and hydrogen exchange read!Sed[see(1p) and (2¢) below], a 298.15 K value for the
tions. At the MP4/6-3% G(2df,p) level the authors note for €nthalpy of formation of CRLOH that is lower by

— 1 . . .
these two types of reactions an overall agreement of the of= 2 kJ mol™* is obtained from the computed total energies.

der of 6 kImol* (1.5 kcal mol'%). (In) The isodesmic reaction G@H-+CH;— CH,OH

(1k) The bond dissociation energy ob,(H-CH,OH) T CHs studied usingab initio calculations at the HF, MP2
=390.7 kJmol computed at the MP4-SAC/6-31t6  (CC-pVTZ and cc-pVQZ basis sgtand at the CCSOT)/ce-
level of theory using HF/6-31G geometries for gbH. At ~ PVTZ level. From these calculations; 37.7+0.8 kJmol *

the same level of theory but using MP2/6-31G geometrieswas obtained for the reaction enthalpy without the inclusion
Do(H—CH,OH)=393.6 kd mol ! was obtained. The authors ©f the zero-point energy. With fundamental vibrational fre-
note that HF geometries lead to lower electronic energies dtuencies taken from the literatu2?°>~>%a zero point correc-
the MP4/6-311%* level than the MP2 geometries and tion of +1.55kJ mol! to the reaction enthalpy was esti-
hence favor the former. The favored bond dissociation enmated. Using the computed reaction enthalpy, the zero-point
ergy, when used with auxiliary thermochemical data listed irenergy and the experimental C—H bond dissociation energy
(1a) above, leads taA(H® 0 CH,OH)=—-21.8kJmort.  in CH,, a C—H bond dissociation energy in @BH of
Choosing instead the bond dissociation energy obtained from o(H-CH,OH)=397.4-3.3 kI mol' * was obtained. This
geometries optimized at the MP2 level would have led tovalue, together with auxiliary thermochemical valges’
AH® 565 CH,OH)= —18.9 kd mot . leads to a 0 K enthalpy of formation of —8.4

(1) Modified coupled-pair functionAMCPF) method witha  *+13.3 kI mol * for CH,OH. Treating the rotation about the
large basis set. The C—H bond dissociation energy ifc—O bond as a hindered rotation results in a
CH,OH was calculated to be Dy(CHsO-H) [H°(298.15K)-H°(0K)] value of 11.21kImol* for
=94.2 kcal mot =394.1 kI mof . Based on previous ex- CH,OH, which is very similar to that comput®dy treating
periences, the authors have added 2 kcalthed the com- all modes as vibrations. Using thigH®(298.15 K)
puted C—H bond energy resulting in 96.2 kcal mol ! —H°(0K)] for CH,OH results in an enthalpy of formation
=402.5+ 8.4 kImol . Using the auxiliary thermochemical of —15.3+3.5kJmol ! at 298.15 K.

values listed in1a) above, one obtains the bond dissociation(10) BAC-MP4 ab initio calculations. The originally quoted
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uncertainty of+4.6 kJmol * was multiplied by factor of 2 table corresponds approximately to 95% confidence limits
to bring it closer to the desired 95% confidence limit. based on twice the average absolute deviation of
(1p) A combined spectroscopic and computational study. Ir0.37 kcalmol'! for the W1 test set, which corresponds
the spectroscopic portion of their study, the authors showoughly to 1 s.d.
conclusively that the/g torsion andvq CH,-wag are strongly  (1t) Bond dissociation energies for monosubstituted methyl
coupled anharmonic motions and should be treated togetheadicals calculated at a variety of levels including CBS-
By solving a potential energy surface for these two modefRAD, G3MP2-RAD, and WZ1. The values for
calculated at the MP2/6-311&df,2p level of theory, the Dy(H-CH,OH) obtained with W1, G3MP2)-RAD and
authors obtain the corresponding vibrational levels, whichCBS-RAD, the three methods which were generally close to
are then verified by comparison to the experimentally obthe experimental values, were 397.0, 394.8, and
served transitions. The computed levels of this potential ar898.6 kJ mol !, respectively. From these, one obtains an av-
subsequently used to obtain the partition function o,OH  erage Dy(H-CH,0OH)=396.8 kimol! which, together
by computing the thermochemical contributions of these twowith auxiliary thermochemical data detailed (iba), leads to
modes through a direct count, and hence providing the curAH°,(CH,0H)=—-9.5kIJmol'l and A{H®,qf CH,OH)
rently best available treatment of heat capacity, entropy, ang —15.7 kd mol *. The authors state that the maximum ab-
enthalpy increments for this species, which are the valuesolute deviation for W1, G3(MP2)-RAD and CBS-RAD
adopted in the present evaluatisee(2c) below]. were 3.1, 2.4, and 2.9 kJ mdl, respectively. These suggest
The theoretical value for the enthalpy of formation of an associated uncertainty af3 kJ mol 2.
CH,OH was obtained by studying the isodesmic reaction(1u) G3(MP2)//B3LYP ab initio calculations for 32 selected
CH,OH+ CH,— CH;0OH+ CH; using CBS-QCI/APNO cal- free radicals. The uncertainty given in the table corresponds
culations. Theab initio reaction enthalpy was obtained from approximately to 95% confidence limits based on twice the
the computed total energies for the reactants and productquoted average absolute deviation of 3.9 kJmalor the
Zero-point energies were corrected for the nonharmonicalculated set of radicals, which corresponds roughly to 1
character of torsion and inversion modes by using experis.d. Note that the average absolute deviation for all enthalp-
mental data as discussed above. With the corrected reactiaes in the G2/97 test set using the same method is very
enthalpy and auxiliary enthalpies of formatfdfi® for the  slightly larger®® 4.7 kI mol'* [see alsq1t) abové.
remaining species participating in the reaction, the 0 K en{1lv) CCSD(T)/aug-cc-p¥Z (n=T, Q, 5 ab initio calcula-
thalpy of formation of A{H°((CH,OH)=-12.1 tions extrapolated to complete basis set and corrected for
+1.3kJmol'! is obtained. Finally, a correction of core—valence and relativistic effects on the reaction
—6.3kIJmol! (based on theifH°(298.15 K)-H°(0 K)] CH,OH—CH,O+H, resulting in AH°(0K)=121.7
(CH,0OH)=—-11.781kIJmol') is applied to obtain *=0.2kJ/mol. Zero-point energies of GBH (94.8
A{H® 56 CH,OH)=—18.4+1.3 kJmol' . The quoted un- *0.1kJ/mol) and CHO (69.3+0.1kJ/mol) and the en-
certainty corresponds to one standard deviatamexplicitly  thalpy increment [H°(298.15 K)-H°(0 K)](CH,OH)
stated by the authorsand has been multiplied by a factor of = —11.674 kJ mol* were calculated using the highly anhar-
two to bring it closer to the 95% confidence limit. In addi- monic potential surface derived by Marenich and Boigs.
tion, the authors review the available experimental data andH°,(CH,0)= —104.86+ 0.50 kJ/mol 108.7-0.5
derive a recommended experimental valsee(1z) below]. kJ/mol at 298.15 K was taken from Gurvicket al?* Com-
(190 CBS-Q value. The value listed in the table is convertedbining these data gaveA{H°,(CH,OH)=—-10.5+0.7
from 3.8 kcalmol'l. The reported average absolute devia-kJ/mol andAH® ,oq CH,OH)= —16.9+0.7 kJ/mol.
tion of 1.57 kcal mol'* was multiplied by 2 to bring it closer (1w) Recommended value from extensive evaluation of data
to the desired 95% confidence limit. The equivalent CBS-gmainly kinetic determinationspublished until 1981. The
and CBS-4 enthalpies of formation are9.2+ 18 kJ mol ! recommended value is based on two previous reviews.
(—2.2kcalmol'l) and —14.2+26kJmol'! (—3.4 (1x) Extensive compilation of thermodynamic data. The se-
kcalmol 1), where the uncertainties have been obtained iected value ofA¢H®,qf CH,0OH)=—20+10kJmol'! is a
an analogous way. weighted average of seven determinati¢thsee kinetic and
(1r) G3 ab initio calculation. The value listed in the table is four appearance potential measurementanging from
converted from—3.9 kcalmol'%. The uncertainty quoted in —70+50 kJmol' up to —1+ 35 kJmorl %
the table corresponds approximately to 95% confidence lim¢ly) An evaluation of literature data. From the proton affinity
its, based on twice the average absolute deviation obf CH,O, calculated by Smith and Rad8at the G2 level
0.94 kcalmol! for the enthalpies in the G2/97 test set, of theory as 711.8 kimot, an enthalpy of formation of
which roughly corresponds to 1 s.d. deviation. At theAH® e CH,OH")=709.9 kJmol! was derived. Further-
G3MP2) level of theory® A{H°,CH,OH)=—15.1 more, from the reaction enthally of AH°,0g
+9.9 kamol'* (—3.6 kcal mol'!), where the quoted uncer- =0.42 kJmol! for the proton-exchange reaction QB

tainty has been derived in a similar fashion as for the G3+ HCNH" — CH,OH" + HCN, A¢H° 594 CH,OH™)
value. At the G2 level of theof§ A{H°,q CH,OH) =706.3 kJmol! was obtained. The average of these two
=—15.5-13.1° kImol ! (—3.7 kcalmol'1). values, A{H° 5o CH,OH™)=707.9 kdmol !, together with

(19 W1 ab initio computation. The uncertainty quoted in the integrated heat capacitfe® and a selected ionization energy
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of E(CH,0OH)=7.56eV was then used to derive Was selected. Combining these quantities, an enthalpy of for-
A¢H® 50 CH,OH)= —20.4 kJ mol %, mation of A¢H® o CH,OH)=—18.8+1.3kJmol! is de-

(12) Critical data evaluation of R—H bond dissociation ener-rived.

gies based on three methods: kinetic determinations, positivddd The compilation lists theoretical results at various lev-
ion cycle determinations from photoelectron/photoionization€ls of theory, but also makes a reference to one experimental
measurements, and negative ion cycle determinations fromenchmark. The quoted experimental benchmark value is
photoelectron measurements of negative ions combined witfiom Johnson and Hudgetigsee(1ag abovd.

gas phase acidities. The recommended value is based on thee® Critical evaluation of atmospherically relevant kinetic
positive ion cycle, derived using ., CH,OH"/CH;OH) rates. Their table of enthalpy data lists the value reported by
—11.649-0.003 eV and a corrected valug ,(CH,0OH)  Johnson and Hudgelfysee(1aa abovd.

—7.553+0.006 eV from Ruscic and Berkowi?ﬁs together (1ff) Thermodynamic data compilation. The preferred value
with auxiliary thermochemical values from Gurviet al?* IS that reported by Johnson and Huddéfisee(1aa abovd.

The amended value &, , CH,OH) corrects the inadvertent (199 Thermodynamic database for combustion. The pre-
conversion error from wavelength to energy that occurrederred value is that reported by Johnson and Hudijesee
previously*® The conversions to 298.15 K of the C—H bond (123 above. _ _ o
dissociation energy in methanol and enthalpy of formation of1hh Cr|t|cal_e_valuat|0n of atmospherlcally relevant kinetic
CH,OH make use of the enthalpy increment for £ that data. The origin of the value is unclear. The authors quote
is based on a hindered rotor approéch. Johnson and Hudgelfqsee(1aa abovd, who recommend
(1aa Combined spectroscopic and computational study de-" }7-8":1-3 kJ/mol. ) )

scribed in more detail abovisee(1p)]. From their studies, (1ii) An unevaluated tabulation of _ava|lable vglues from
the authors provide a sophisticated treatment of the partitioRther SOurces. The source for the listed value is quoted as
function for CH,OH. They also computéH°(CH,OH) at  'sang:

the CBS-QCI/APNO level of theory. Finally, the authors re-

view the available experimental data and derive a recom-

mended experimental value for the enthalpy of formation of  preferred Value of the Enthalpy of Formation

CH,OH. The recommended valuesAH®°,qog CH,OH)

=-17.8:1.3kJmolt and AH°,(CH,0OH)=-11.5 AfH°(298.15 K=—17.0+0.7 kImol *

+1.3kJ moT_l,_ are weighted_ averages o_f values_ derived AH®(0K)=—10.7+0.7 kJ mol X

from the positive ion cycle, kinetic equilibrium studies, and
shock tube results. (i) The appearance energy In the enthalpies of formation reported before 1993, there
Eap.d CH,OH'/CH;0H)=11.650-0.019 eV _was obtained was considerable difference between the values derived from
as the average of available literature valtié$® From this,  photoionization mass spectrometric determinations and from
A{H°o(CH,OH")=718.1+1.8 kimol ! was derived using kinetic equilibrium studies; the former values being signifi-
auxiliary enthalpies of formatidi“*® and converted to cantly lower than the latter ones. However, the results of
A{H®,0f(CH,OH")=716.6+ 1.8 kJ mol * by making use of recent determinations converged, particularly after the ki-
their computed enthalpy increment for gBH. Similarly, an  netic measurements made use of a more elaborately esti-
adiabatic ionization energy ofE;,(CH,OH)=7.562 mated entropy of CEDH and after improved values that are
+0.04 eV was derived by averaging published ionizationneeded to close the positive ion cycle became available.
energie$®?>%"and used to obtai{H°o(CH,OH)=—11.6  Thus, in the identification of the best enthalpy of formation
+1.9kImorl'! or A{H® 59 CH,OH)=—17.9  value, only recent determinations were considered.

+1.9 kJmol' L. (ii) Results of previous kinetic equilibrium  The weighted average of the two most recent experimental
studieé>®** were reevaluated using their entropy and headeterminations, the kinetic equilibrium study by ket al,®
capacity values for CFDH [including S°,q¢ CH,OH) and the PIMS-PIC value of Litorja and Ruséicgsults in
=244.170 Jmol K 1] to obtain the third-law enthalpy of AH®,eq CH,OH)=—17.1+4.2 kimol'!, where the rela-
formation of A¢H° 5o CH,OH)=—17.6+ 1.9 kamol L. (iii) tively large uncertainty reflects a 95% confidence limit re-
In a shock tube study by Tsafi), A{H°,CH,OH)  sulting from the consideration of only two determinations.
=—17.6+8 kIJmol ! was estimated by comparing the rela- However, if the weighted average also includes the highly
tive stability of CHOH with CH, and referencing these data accurateab initio calculation of Marenich and Boggé the

to the CH—H bond strength. The stated uncertainty has arvalue remains essentially unchanged, but the uncertainty be-
intended meaning of 1 s.d. comes considerably lower, A{H® 9 CH,OH)=—17.0
(1bb) Critical data evaluation for selected free radicals based-0.7 kJ mor L.

on kinetic measurements. The recommended value is basedThe preferred value is the weighted average of the results
on the results of Seetula and Gutrfiamd of Dde et al® of the kinetic equilibrium study by Oue et al. the PIMS-
(1co Critical data evaluation. Considering a wide range ofPIC value of Litorja and Ruscicand theab initio calcula-
literature data, the enthalpy of formation for @BH", tions of Marenich and Bogg. This preferred value is in
AH® 0 CH,OH")=708.6+0.9 kJmol !, and the “298.15 good agreement with the weighted average of all experimen-
K ionization energy” for CHOH, of 727.4-1.0kJmol'?  tal determinations € 16.6+1.9 kdmol'!), and agrees par-
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ticularly well with the weighted average of experimental de-A;H° ,o CH;OH)= — 201.0+ 0.60 kJ mot*, [H°(298.15 K)
terminations when the two kinetic measureménthat em-  _ H°(0 K)](CH;OH)=11.441 kJmol'  (note  that—

ployed less sophisticated entropylvalues for,OH are ei-  jthout giving uncertainties-FRC Thermochemical Tabfs
ther excmdeg (—173t09 kJ moT ) or lowered (_170 list very similar values OfAfH°298(CH30H)=—200.94
+1.0kJmol ") as suggested in the commefsee(ld) and 13,011 ang 11.440 kI mol* for the enthalpy increment
(1e) abovd. The preferred value also agrees quite well with d CODATA” recommended values AH® o H)

f 29

the weighted average of the listed computational results’ 1 o R
(—16.9£0.7 kdmol %, or, even when the most recent com- =217.998-0.006 kymol -, [H®(298.15 K)=H*(0 K)]

— 1 o o
putational result of Marenich and Bodgs-which carries (H)=6.197-0.001 kdmot~,  [H®(298.15 K)-H"(0 K)]

H 1 o
considerable weight in the average—is excluded17.0 (C.graphitey=1.050=0.020 kJmol~, [H®(298.15K)
1.4 ka/mol). —H°(0K)](C)=6.536+0.001 kJmol, [H°(298.15 K)

The preferred value corresponds B,eH—CH,OH)  —H°(0K)](H;)=8.468+0.001 kImol*, and

=402.0:0.9 kJmol ! (395.5-0.9 kImol L at 0 K), which  [H°(298.15 K)~H°(0 K)](O,) =8.680+0.002 kI mof *,
produces the listed enthalpy when used together with auxiltogether with  [H°(298.15 K)—H°(0 K)](CH,OH)
iary thermochemical values from Gurvichetal?®® =-11.781kJmol? as listed below.

Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C 0.000000 0.014784 —0.724810
O 1 1.3622 (@] 0.000 000 —0.065 606 0.635 046
H 2 09576 1 109.19 H 0.000000 0.818 601 1.002 657
H 1 1.0742 2 115.20 3 180.00 H 0.000000 —0.928470 —1.238751
H 1 1.0770 2 120.30 3 0.00 H 0.000 000 0.975054 —1.212358
Moments of Inertia in the Electronic Ground State
| \=4.274X10" 4" kg n? | g=27.890x 10~ 4" kg n? 1c=32.164x 10" %" kg n?
Vibrational wave numbers in the electronic ground staem™*)
3650 @') 3169(a’) 3071(a’)
1459 @') 1334 @) 1176 @')
1048 @) 420 @") 234 @")
Heat CapacityC°,, EntropyS°, and Enthalpy IncremeritH°(T) —H° (0 K) 2?2929
C°f,(T) S(T) [H°(T)—H°(0K)]
TIK (K tmol Y (JK tmol™ 1) (kI mol™ 1)
100 37.074 199.004 3.415
200 42.183 226.401 7.396
250 44. 658 236.074 9.566
298.15 47.401 244.170 11.781
300 47.512 244.464 11.869
350 50.591 252.018 14.321
400 53.681 258.977 16.928
500 59.356 271.582 22.587
600 64.113 282.839 28.768
800 71.474 302.348 42.329
1000 77.058 318.924 57.241
1200 81.458 333.379 73.110
1500 86.375 352.118 98.329
2000 91.464 377.739 142.917
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7-Constant NASA Polynomial

CH20H RADICAL JUNO3 ¢ 1.H 3.0 1. 0.G 200.000 6000.000 31.03392 1
0.50931437E+01 0.59476126€E-02-0.20649746E-05 0.32300817E-09-0.18812590E-13 2
-0.40340964E+04-0.18469149e+01 0.44783436E+01-0.13507031E-02 0.27848498E-04 3
-0.36486906E-07 0.14790745€E-10-0.35007289E+04 0.33091350E+01-0.20446277E+04 4

9-Constant NASA Polynomial

CH20H RADICAL NASA/Johnson,1996 Mod. IUPAC Task Group on Selected Radicals
2 gl1/00 ¢ 1.00H 3.000 1.00 0.00 0.00s0 31.03392 -17000.000
200.000 1000.000 7 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 11781.000

~1.560076238E+05 2.685446279E+03-1.342022420€+01 5.757139470E-02-7.284449990E-05.
4.836648860E-08-1.293492601E-11 0.000000000E+00-1.587198632E+04 9.963033700E+01

1000.000 6000.000 7 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 11781.000
2.250349506E+06-8.173186060E+03 1.599639179E+01-8.704133720E-04 6.069183950E-08
4.408349460E-12-5.702309500E-16 0.000000000E+00 4.654935208E+04-7.835158450E+01

Comments on Molecular Data, Heat Capacity, CH,OH using a potential energy surface obtained at the
Entropy, and Enthalpy Increment CCSOT) level of theory. The thermochemical functions

(2a) The ground potential energy surface of £3H has four given above differ significantly from those obtained by treat-
C, equivalent minima®%4% Interconversion between these NG the internal OH-rotor £g torsion as a free rotof; a
minima occur along strongly coupled anharmonic motionsi:’seu‘jo‘”bf""t'oﬁor even a hindered rotér. _

internal rotation around the C—O bond( torsion and (2d) The nine-constants NASA polynomial is based on heat

CH,-wag i.e., CH, inversion,vs). Due to the extremely low capacities, enthalpy increments and entropies reported by

barrier along the inversion pathway, the motion can be cond®hnson and Hudgeffsand suitably extended to higher

sidered as a large amplitude vibration centered aroung a éemperatur_e%z. The seven-constants NASA polynomial has
structure, which connects two mirror-image shallow C been obtained by fitting the values given by Johnson and

minima. The structural dateZ-matrix and Cartesian coordi- Hudgen$® and listed in the table above, together with values

nateg and principal moments of inertia are for such a pIanarObta'ned from the 9-constants NASA polynomial for tem-

tures in the range 2000-6000 K.
(Cy structure, and are the results of COQ$WPaug-cc-p\hZ pera . .
(n=T,Q,5) ab initio calculations extrapolated to complete (2€) The standard heat capacity, entropy, and enthalpy incre-

. - : ment values reported in the compilation of Gurviehal 2
basis sef* JacoX®’*has made a similar selection, and con-"¢ t values reported in the compilation of Gurvieha

X . are C9(298.15K)=46.479 J Kimol™!, $°(298.15K)
if%u:rgz' lists Cas the experimentally observed symmetry:245.747 IK mol 1, H°(298.15 K)- H°(0 K)
2 .

(2b) The vibrational wavenumbers are based primarily on. 11196 kJmol®, in the Thermochemical Database for
H o __ 1 -1
experimentally observed fundament&$°1The v, and Combustior? are C°,(298.15 K)=48.369 JK *mol ',

) Y . $°(298.15 K)=243.919 JKmol !, and those obtained
v modes(given in italicy are not known experimentally,

and were derived from MP2/6-3118&if, 2p ab initio results fio4r2 36%3I¥ 1P ri%ﬁl C%T(%lggt;%ﬁi):z;rgg 8C3 j’(é?ijj,ll()

of Johnson and Hudgefs(scaled by 0.9%4 Marenich and |1°(2.98 15 K)—H°(6 K)=11 i8 k3 mof L ' '
Bogg$* obtain similar values of 3208 and 3060 tinfor ' ' '

these two modes at the CC8ID/aug-cc-pVQZ level by an-
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7.2.2. CH;CO Radical
7.2.2. Acetyl radical 3170-69-2

CHSCO(ZA,) Cs (0exi=1)

AH°(298.15 K)=—10.3+1.8 kI mol ! AH°(0K)=—3.6-1.8 kJmol'!
C°p(298.15 K)=50.785 JK * mol* H°(298.15 K)—H°(0 K)=12.385 kJ moi*
$°(298.15 K)=267.448 JK 1 mol~* p°=100000 P41 bayp

Literature Data for the Enthalpy of Formation at 298.15 K

AH°/kImol ™t Authors and Reference Methbd Comments
Measurements
—11.2+5°¢ Watkins and Word1974* KE (18
—18.8+9.8° Holmes and Lossing19842 EIMS-PIC (1b)
—13.8+6.0 Tsang(1984° KE (10
-22.6:14.3 Nimlos et al. (1989* PES-NIC (1d)
—10.0+1.2 Niiranenet al. (1992° KE (e
-6+15 Mousavipour and Pacd§996° PY (1f)
Computations
—17.8-8.4 Francisco and Abersold 991’ PMP4SDTQ (19
—9.2+2.9 Bauschlichef1994?% RCCSOT) (1h)
—7.5+4.f Zachariahet al. (1996° BAC-MP4 (1i)
—10.51%F Curtisset al. (19981° CBS-Q (1))
-10.5+7.9 Curtisset al. (1998 G3 (1K)
—10.3+5°¢ Viskolcz and Beces(2000*? G2(MP2,SVP (1)
—13.0+3.1° Parthiban and Martiri2007)*3 w1 (1m)
-11.6+7.8 Janoschek and Rosg002 G3MP2B3 (1n)
Reviews and Evaluations
—18.8 NBS(1982° TT-U (10)
—24.3:1.7 McMillen and Golder(19826 CDE (1p)
—10.0+1.3 Berkowitzet al. (1994 CDE (19)
—12+3 Tsang(1996'8 CDE (1r)
-11.1+1.8 Traeger and Kompg996° CDE (19
—12.0+3.0 NIST CCCBDB(1999%° TT-A (1t)
—10.0+1.2 Atkinsonet al. (20002* TT-A (1u)
-10.0+1.2 Kerr and Stockef200022 TT-A (1v)
—-10.0 Burcat(200)% TT-A (1w)
—10.0+1.2 Sandeet al. (20032 TT-A (1x)
—12.0£3.0 NIST WebBook(20032° TT-A (1y)

*EIMS-PIC: positive ion cycle based on combining electron impact mass-spectrometric measurements of appearanég,grienyd stable molecule with
ionization energy [;) of the radical; PES-NIC: negative ion cycle based on combining the electron affinity of a radical with the gas-phase acidity of
hydrogenated parent molecule; KE: kinetic equilibrium study; PY: flow pyrolysis study; CDE: critical data evaluation; TT-U: unannotatedntaifulatio
thermodynamic data; TT-A: annotated tabulation of thermodynamic data.

PThe quoted value was either not given explicitly by the au#ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut¥aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation trapolation to infinite pressure yielded the rate coefficients

. _ for methyl addition to CO and acetyl radical decomposition
(18 Reaction CH+CO—CH;CO studied in the forward of  ki=1.59x 10t exp(—25 kJmol /RT) cm*mol~ts 1

and reverse direction by photolyzing azomethane with 350, k,=3.18< 108exp(— 72 kimol YRT) s°%, respec-
380 nm light from a medium-pressure mercury-arc in thetively.

presence of carbon monoxide and analyzing the products by From  the measured activation energieg, — E,
gas—liquid chromatography. From measurements of the- 47 kJmol 1(A{H° 5= —49 kdmol %) is obtained. Us-
acetyl radical yield at 700-2100 Torr and 260-413 K, eX-ing this reaction enthalpy and enthalpies of formation for the
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remaining  species, the second-law value offor the acetyl radical extracted from the photoelectron spec-
AH° 505 CH;CO)=—17+3 kJmol ! was estimated. How- trum of the CHCO™ anion combined with the gas phase
ever, a recalculation using the preferred value from the curacidity of DePuy et al®® of AH . {CH;CO-H)=1631.8
rent compilation, A{H° ,oq CH3) =146.7-0.3 kJmol'! in +8.4 kI mol ! and an enthalpy of formation for GEHO of

conjunction with the standard vaRfe A{H°,0CO) —165.8£0.4kIJmol'! from Pedley and Rylandé gave
=-110.53t0.17 kJmol %, results in A{H®,0 CH;CO)  AHC,0 CH;CO)=—22.6+8.8 kJmol'*. However, as a
=—12.8-3kJmol L. consequence of the linear analysis discussed in conjunction

From the experimental rate coefficient expressions, thevith the selection of the preferred value, the final uncertainty
room temperature equilibrium constant ®(298.15K) assigned to this measurementtig4.3 kJmol . These au-
=8.67x10° cm®mol~! is obtained. This value, together thors also provide a structure and vibrational frequencies as
with the presently adopted valuesS®,ofCH;CO)  obtained from HF/6-311 +G** ab initio calculations.
=267.448 JK1mol ™, S°,0f(CH;)=194.008 JK mol™!,  These were subsequently used by Niirareml® [see(le)
and AfH®,qfCH;)=146.7£0.3kJmol'!, in conjunction below] to calculate the partition function for acetyl radical.
with the CODATA recommendéll values S°,5CO)  (1e) The kinetics of the reaction GJ&O+HBr— CH3;CHO
=197.660 Jmol* K~ and A{H°,0(CO)=—110.53-0.17  +Br studied using a tubular reactor coupled to a photoion-
kJmol %, leads to the third-law value af{H° o CH;CO) ization mass spectrometer. @BIO was produced by laser
=—9.6-3 kJmol . The value given in the table is an av- photolysis and radical decays were monitored in time-
erage of the second-law and third-law values. resolved experiments. Experiments over the temperature
(1b) Electron impact mass-spectrometric measurements aginge of 300-400 K gave the Arrhenius expressign
appearance energies of various fragments from five precur=(6.4+3.6)x 10 ®exy{(4.45+ 1.50) kImol Y/RT] cm®
sors. These were combined with the literature electronmolecule 's™1. This result, combined with the rate coeffi-
impact value¥ 3! for ions or neutral fragments, together cient expression for the reverse reaction lky=(1.51
with enthalpies of formation for the parent compounds that+0.20)x 10 **exp(—(364=41)/T) cm® molecule st
are either tabulatéd or estimated from group-additivity, to derived by Nicovichet al®® in the temperature range of
give the reported enthalpy of formationsH°,9g CH;CO)  255-400 K, was used to obtain the second-law and third-law
=—18.8 kJmol'! (—4.5 kcalmol't). This value is the av- enthalpy of formation of CKHCO. These authors also calcu-
erage of the derived values 6f5.2,—4.8,—4.5,—4.2, and lated the thermochemical functions of QEO based on
—3.9 kcalmol't. The authors do not give an explicit uncer- bond angles and vibrational frequencies of @ that were
tainty estimate. The uncertainty initially assigned to thisgiven by Nimloset al? [see(1d) abovd. The torsion motion
measurement¥ 6 kJ mol 1) attempted to reflect the general was treated as a hindered rotor with a three-cycle sinusoidal
disparity between various measurements of the same speciegernal rotational barrier (92.0 cm, calculated from the
obtained by this method. However, as a consequence of thersional frequency 94 cit of Nimlos et al)) and its contri-
linear analysis discussed in conjunction with the selection obution was estimated using the tables of Pitzer and Gw/inn.
the preferred value, the final uncertainty assigned to this In the second-law calculation, the enthalpy change in the
measurement is 9.8 kJmol %, reaction at 343 K is obtained directly from the difference of
(1o Aliphatic ketones decomposed to acetyl radicals in comthe Arrhenius activation energies between the forward and
parative rate single pulse shock tube experiments. Reactioeverse reactions, A\H°(343 K)=E,—E,,=—7.5+1.6
CeH1o— 1,3-GHg+ C,H, was used as internal standard for kJmol *. By using existing heat capaciti@<or CH;CHO,
which the rate expression is well establisiédk  HBr, and Br, and their own calculated heat capacities for
=10"exp(—33.500M) s 1. Gas chromatography with CH;CO, corrections taA,H°(343 K) were made to obtain
flame ionization detection was used for product analysisAH°(298.15 K)=—7.3+1.6 kJmol . This, together with
with toluene used to scavenge reactive radicals. Investigatiothe enthalpies of formation of the remaining species
of the reaction 3-methyl-pentanone-ZCH;CO+s-GHg at  involved®® gave A¢H® ,o CH;CO)= —10.3+ 1.6 kJ mol *.
960-1170 K temperatures and 1.5—6.0 atm pressures re-In the third-law calculation, the free energy change in the
sulted in the rate expresside= 10'%*exp(—38.300T) s™1.  reaction at 298.15 K was obtained from the equilibrium con-
Study of the decomposition reaction 5-methyl-hexanone-&tant K=k;/k, (which was calculated using the Arrhenius
—CH,CO+i-C4,Hy gave k=10"0exp(—40.600m) s'1.  expressions given aboneA,G°(298.15 K)= — RTIn(k:/k,)
Assuming that the reverse combination processes have zero(0.35+0.70) kdmoll. The entropy change of the reac-
activation energies in concentration units, the enthalpy ofion was obtained from their own separately calculated en-
formation for CHCO at 1100 K was derived using the rela- tropy for CH,CO and calculated molar entropi®4® of the
tion A{H°(CH;CO)+AH°(alkyl radical)— AH°(ketone)  remaining speciesA,S°(298.15 K)=—27.0-3.0 Jmol !
=E,— RT, whereE, is the activation energy of decomposi- K1, Thus, the enthalpy change oA H°(298.15 K)
tion and AH° (ketong is estimatetf from A;H°(ketone) =A,G°(298.15 K}+TA,S°(298.15 K)=—7.7+1.1 kImol !
—A¢H°(alkane)= —106.7+=2 kJ. Then, upon substitution was obtained. Finally, this together with the enthalpies of
and correction to 298.15 K, AH°,qCH;CO) formation of CHCHO, HBr, and Br from Atkinsoret al3°
=—13.8 kJmol ! was obtained. gave AfH® 04 CH;CO)=—9.9+1.1 kImol' . The authors
(1d) An electron affinity ofE,{CH3;CO)=0.423t0.037 eV  note the closeness of the results obtained by second and
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third-law treatment and recommend the enthalpy of formaThe indicated uncertainty reflects the estimates for the uncer-
tion AH®,CH;CO)=—10.0+1.2kImoll as the tainty in the calculated reaction enthalpy (0.8 kJ | the
weighted average of the second-law and third-law determiuncertainty in the zero-point correction (0.7 kJ myl and
nation. the uncertainty in the CH bond dissociation energy
(1f) The rate of decomposition (GjhCO— CHz;+CH,CO (0.8 kImol'1).

studied in the flow pyrolysis of acetone at 825-940 K and When the correction to 298.15 K was computed, the; CH
10-180 Torr using gas chromatography to measure produgnotion was treated as a hindered rotation. The best estimate
yields. The rate coefficient for the decomposition reactionfor the barrier to CH rotation was 4.44 and 2.01 kJ mdlin

was determined from the sum of the yields of the terminatiolCH;CHO and CHCO, respectively. Thus, 1.71 and 1.43
products(ethane, butanone, and 2,5-hexanediofibe high-  kJ mol ! was obtained for the contribution of this rotation to
pressure limiting rate coefficient expressi@btained froma H°(298.15 K)-H°(0 K) for CH;CHO and CHCO, respec-
nonlinear least-squares fit to the experimental data using thigvely. The remaining modes were treated as harmonic oscil-
Troe factorization procedutd was found to bek; lators, leading to the total corrections pH°(298.15 K)
=10t7%08ex —(353+ 14) kImol'Y/RT] s'1. Assuming —H°(0K)](CH;CHO)=12.732 kJmoi? and
that the reverse combination reaction has zero activation efiH°(298.15 K)-H*°(0 K) ](CH;CO)=12.372 kJ mor 2.
ergy, the internal energy change and enthalpy change for thgsing known enthalpies of formatibhand enthalpy incre-
decomposition reaction at the middle of the temperaturenents for the other species involved, the computed
range are AE(882K)=353+15kJ and A,H°(882K) RCCSOT) reaction enthalpy leads ta\¢H°y(CH;CO)
=360+ 15 kd mol !, respectively. With(unspecifiedl litera- =—2.3+25kImol'? and  A{H°,eq CH;CO)=—9.2
ture values of heat capacitiesA,H°(298.15K)=358 *=2.9kJmoll. On the basis of careful estimation of the
+15 kJmol ! is obtained which combined with enthalpies errors in the computed results, it was concluded that all re-
of formation for acetorff§ and methy?' yields ported enthalpies of formation below- 3.0 kcal mor!
A{H®,0d(CH;CO)=—6+15kJmol L. It is to be noted, =-—12.6kJImol?! can be ruled out.

however, that a lower activation energy d,~342 (1i) BAC-MP4 ab initio calculations. The originally quoted
+12 kJmol'! has been obtained for the acetone decompouncertainty of+ 4.4 kJ mol * was multiplied by a factor of 2
sition reaction in shock tube experimefitswhich corre-  to bring it closer to the desired 95% confidence limit.
sponds to an acetyl radical enthalpy of formation lower by(1j) CBS-Q calculation. The value listed in the table is con-
about 11 kJmol®. Therefore, the flow pyrolysis result is verted from—2.5 kcal mol . The reported average absolute
probably an upper limit. deviation of 1.57 kcal mol* was multiplied by 2 to bring it
(1g) Ab initio molecular orbital calculations at various levels closer to the desired 95% confidence limit. The equivalent
of theory. Isodesmic reactions GEO+CH,—~HCO CBS-q and CBS-4 enthalpies of formation are5.9
+CH3CHs (1) and CHCO+ CH,Cl—CICO+CHsCH; (2)  *18 kdmol'* (—1.4 kcalmor %) and —155
were studied. The computed enthalpy change at the=26 kImol'! (—3.7 kcalmol'!), where the uncertainties
PMP4SDTQ/6-31% +G(d,p) level of theory for reactions have been obtained in an analogous way.

(1) and (2), with geometries optimized at the MP2/6- (1k) G3 ab initio calculation. The value listed in the table is
311GQd,p) level, were 13.0 and-2.2 k mol %, respectively. ~converted from—2.5 kcal mol . The uncertainty quoted in

Using experimental enthalpies of formation for the rest ofthe table corresponds approximately to 95% confidence lim-
species involved®*:*5~*8the values ofA;H°,qCH,CO) its, based on twice the average absolute deviation of

=—20.5kdmol ! and AfH® o CH;CO)=—15.1 kImot*  0.94 keal mol ! for the enthalpies in the G2/97 test set,

were derived from the two computed reaction enthalpies, rewhich roughly corresponds to 1 s.d. At the G%2) level of
spectively. The  average  of AH®,CH,CO)  theory™  AgH°pq CH;CO)=—10.0+9.9 kmol*

— —17.8 kImol ! is obtained from the two determinations. (—2.4 kcalmol '), where the quoted uncertainty has been
(1h) Ab initio molecular orbital calculations at the CCSIY derived in a similar fashion as for the G3 value. At the G2
cc-pVTZ level using MP2/6-31 G(3df,2p) geometries. level of theory® A¢H® o CH3CO)= —11.7+13.1 kI mot
The isodesmic reaction GH CH;CHO—CH,+CH,CO (—2.8kcalmol''). Note that the independent G2 value of
was studied and-70.29 kJ mot * was obtained for the reac- Zhao etal®® (—12.2kJmol?, —2.9 kcalmol") differs
tion enthalpy without zero-point energy. By correcting thisonly by a round-off of 0.1 kcal mol*.

result for the 0.50 kJmol change between the cc-pvTZ (1) G2MP2,SVB//MP2(full)/6-31Qd) method. The atomi-
and the cc-pVQZ basis set; 70.79 kJmol* was obtained zation energy for CECO was obtained, and combined with
for the reaction enthalpy. The zero-point energy contributiorthe experimental atomic enthalpies of formafibresulted in

to the reaction was computed to be 7.49 kJTdolising  A¢H® g CH;CO)=—12.6 kImol *. In addition, the reac-
scaled MP2 frequencies. Combining the resulting estimatéon enthalpy at 298.15 K of the isodesmic reaction ;CH
for the reaction enthalpy and the adopted C—H bond disso+ CH;CHO—CH,+CH3;CO was studied at the
ciation energy in Chl of 432.4-0.8 kJmol'!, which was CBS-4//HF/3-21& level of theory. From the computed
based on experimental determinations by Chlplead by  AH°(298.15 K)= —63.5 kJmol * and the enthalpies of for-
Dobis and Bensorf yielded an aldehyde C—H bond disso- mation for the rest of participating speciés?
ciation energy ofDo(CH;C(0)—H)=369.1x2.4kImol'l.  A{H°,CH;CO)=—7.9kIJmol'! was obtained. The
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enthalpy of formation listed in the table is an average of thg1lv) Thermodynamic data compilation. The preferred value
two values. is that reported by Niiraneat al® [see(1e) abovd.

(Im) W1 ab initio conputation The uncertainty (1w) Thermodynamic database for combustion. The pre-
quoted in the table corresponds approximately toferred value is that reported by Niiranest al® [see (1e)
95% confidence lim its based on twice theerage abovd.

absolute deiation of 0.37 kcalmol* for the WL test  (1x) Critical evaluation of atmospherically relevant kinetic
set which corresponds roughly tb s.d. data. The quoted value is from Berkowiz all’ [see(1q)

(1n) G3(MP2)//B3LYP ab initiocalculations for 32 selected abovd, who in turn base their value on Niiranenal® [see
free radicals. The uncertainty given in the table correspondgle) abovd.

approximately to 95% confidence limits based on twice thq1y) An unevaluated tabulation of available values from

quoted average absolute deviation of 3.9 kJTdlor the  other sources. The source for the listed value is quoted as
calculated set of radicals, which corresponds roughly to Isand® [see(1r) abovd.

s.d. Note that the average absolute deviation for all enthalp-
ies in the G2/97 test set using the same method is very
slightly larger® 4.7 kJmol ! [see alsq1k) abovd.

(10) Critical data evaluation, but does not provide a pedigree
of the selected value nor does it quote uncertainties.

Preferred Value of the Enthalpy of Formation

(1p) Recommended value from extensive evaluation of data A{H°(298.15 K =—10.3+1.8 kImol*
(mainly kinetic determinationgpublished till 1981. The rec-
ommended value is based on two previous reviews. AH°(0K)=—3.6+1.8 kI mol .

(1g) Critical data evaluation of R—H bond dissociation ener-
gies based on three methods: kinetic determinations, positive

ion cycle determinations from photoelectron/photoionization The reported experimental enthalpies of formation show
m y rements and neaativ ipn le det Fr)min tions fr significant scatter. The three results of kinetic equilibrium
easurements a €gative ion cycle dete ations Orétudies are in reasonably good agreement with each other

photoelectron measurements of negative ions combined wit nd produce a weighted average AfH®,oqCHsCO)

gas phase am@ue;. The r?commenged value is based on the 10.2+ 2.3 kIJmol 1. The weighted average of all calcu-
kinetic determination of Niiranest al> [see(1e) abovd.

o ) ) lations produces-10.7+ 2.1 kJmol 1. The weighted aver-
(1r) Critical data evaluation for selected free radicals basec‘i;‘ge of all six listed experimental values is similar, albeit it

on kinetic measurements. The recommended value is an ayzs a somewhat larger uncertainty:10.7-2.7 kJ mol .
eragelof the enthalpies of formagion reported by Watkins andyowever, a linear analysis indicates that the two most nega-
Word;" Tsang; and Niiranenet al” [see(14), (1c), and(16)  tive values (- 18.8+6 by Holmes and Lossifgand —22.6

abovd. ) +8.8 by Nimlos etal® deviate consistently from the
(19 Appearance energy mealsuremé?1t£ap(CH3CO+/ weighted averages significantly more than their originally
(CH;),C0O)=1001.4%1.0 kI mol ~, Ea(CH;CO™/ assigned uncertainties would suggest, and that reconciliation
(CHs(CO)G,Hs) =995.7+ 1.0 kI mol *, and  \ith the other data can be achieved if amplified uncertainties

Eaf CH;CO™/(CH;(CO)OH)=1113.4- 1.0 kJmol ™. With o + 9.8 and+14.3 kI mol %, respectively, are assumed.
these results an average enthalpy of formation of The preferred value is the weighted average of all listed
AfH® 204 CH3CO") = 655.5+ 0.8 kI mol * for the acetyl cat-  experimental measurements, taking into account the noted
ion was obtained. The authors unfortunately had no reliablgmplified uncertainties for the two most negative values.
experimental value available for the adiabatic ionization en- The preferred value corresponds to the C—H bond disso-
ergy of the acetyl radical, however, the appearance energation energy in acetaldehyd® ,og CH3C(O)—H)=373.5

for the formation of CHCO'+CH,CO from biacetyl®  +1.8kJmol’ (367.6-1.8 kimol® at 0 K) as well as the
(953.3 kI mol'*) provided a good estimate as this process isC—C bond dissociation energy in acetlyog CHs—CO)
free from any competitive shift. From this and the enthalpy=46.5+1.8 kJmol'! (39.8+1.8kJmol'? at 0 K). These

of formation of the CHCO' cation, the value of produce the listed enthalpy when used together with auxil-
A{H®0¢(CH3CO)=—11.1x1.8kJmol * was derived. iary thermochemical values as follows:
Since the reverse process of biacetyl fragmentation may havgH®,,4 CH;C(O)H)= —165.8-0.4 kJmol'! is adopted

an activation energy above zero, this determination ofrom Pedley and Rylanéé(note that, without giving an un-
A{H° 24(CH;CO) can only be regarded as an upper limit. certainty, the NBS Tablé3 list a very similar value of
(1t The compilation lists theoretical results at various levels—166.19 kJmoi®, Cox and Pilchef quote —166.23

of theory, but also makes a reference to one experimentat 0.50 kJ mol'* based on Dolliveret al.®” while Atkinson
benchmark. The quoted experimental benchmark value ist al?! give the value by Pedley and Rylaritef —165.8
from Tsand® [see(1r) abové. +0.4kIJmol'! but quote also Cox and Pilchdras the
(1u) Critical evaluation of atmospherically relevant kinetic source, [H°(298.15 K)-H"°(0 K)](CH3;CHO)
rates. Their table of enthalpy data lists the value reported by=12.732 kJmol* as obtained by Bauschlich@r,
Kerr and Stockef? who in turn recommend the value of A{H®,qfCH;)=146.7+0.3kJmol'! and [H°(298.15K)
Niiranenet al® [see(1e) abovd. —H°(0K)](CH3)=10.366 kimoi! as determined in the
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present compilation,[H®(298.15 K- H°(0 K)](CH,CO)  [H°(298.15 K)~H°(0 K)](H) =6.197+0.001 kJ mol *,
=12.385 kJmol?! as given below, and the CODATArec- [H°(298.15 K)—H°(0 K)](C,graphite)= 1.050

ommended values A{H® 0 CO)=—110.53 +0.020 kImoal!, [H°(298.15 K)-H°(0 K)](H,)=8.468
+0.17kImol?, [H°(298.15K)-H°(0K)](CO)=8.671 +0.001kImof!, and [H°(298.15K)-H°(0K)](O,)
+0.01 kdmoll,  A{H°,0H)=217.998-0.006 kmol!,  =8.680+0.002 kJ mol 1.

Geometry(distance in A, angles in degro&8

Cartesian coordinates

Z matrix X y z
C c 0.000 000 —0.427 312 —0.137547
O 1 1.1890 @] 0.000 000 0.179076 —1.160270
C 1 15172 2 127.868 C 0.000 000 0.127 886 1.274 266
H 3 1.0980 1 111.502 2 0 H 0.000000 1.224 881 1.274936
H 3 10950 1 108.796 2  121.766 H 0.881328 —0.250 864 1.802 321
H 1 10950 1 108.796 2-121.766 H —0.881328 —0.250 864 1.802 321

Moments of inertia in the electronic ground stdte
I ,=9.512x10 4" kg n? l5=88.811X 10 *" kg n? |c=88.028<10 *" kg n?
1,=2.662x10 " kgn? (V3=92cm %, oy =3)

Vibrational wave numbers in the electronic ground statem™1) 29

2904@") 2826@") 1886@")
1402@") 1325@") 1025@")
817(@’) 454@") 2903@")
1405@") 925@") 94(a”,torsion)

Heat CapacityC®,, EntropyS°, and Enthalpy Incremerit®(T) —H° (0 K)]@¥-®

C°p(T) S(T) [H*(T)—H°(0K)]
T/K (JK tmol™ 1) (JK tmol™h) (kJmol™ 1)
150 40.308 236.935 5.716
200 43.076 248.886 7.797
250 46.727 258.876 10.039
298.15 50.785 267.448 12.385
300 50.947 267.762 12.479
350 55.415 275.950 15.138
400 59.882 283.642 18.020
500 68.291 297.925 24.436
600 75.725 311.048 31.646
800 87.813 334.570 48.057
1000 96.873 355.188 66.569
1200 103.619 373.476 86.652
1500 110.665 397.412 118.871
2000 117.510 430.293 176.100
2500 121.214 456.951 235.868
3000 123.396 479.260 297.065
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7-Constant NASA Polynomial

ACETYL RADICAL JUNO3 ¢ 2.H 3.0 1. 0.G 200.000 6000.000 43.04462 1
0.53137165E+01 0.91737793E-02-0.33220386£-05 0.53947456E-09-0.32452368E-13 2
-0.36450414E+04-0.16757558E+01 0.403587056+01 0.87729487€e-03 0.30710010E-04 3
-0.39247565E-07 0.15296869E-10-0.26820738E+04 0.78617682E+01-0.12388039E+04 4

9-Constant NASA Polynomial

IUPAC Task Group on Selected Radicals .
3 JuNO3 C 2.00H 3.000 1.00 - 0.00 0.00 0 43.04462 -10300.000

50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 -12384.876
-0.289526090D+03-0.224742331D+02 0.605096002D+01-0.271517644D-01 0.215987228D-03
-0.680810164D-06 0.929713833D-09 0.0000000000+00-0.270326257D+04 0.312464303D+00
0.

ACETYL RADICAL

200.000  1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 12384.876
-0.832517467D+05 0.166349507D+04-0.821828123D+01 0.440865769D-01-0.466819786D-04
0.2815592500-07-0.7272713770-11 0.000000000D+00-0.101449608D+05 0.727981860D+02
1000.000  6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 O. 12384.876
0.241707944D+07-0.110326222D+05 0.221114619D+02-0.223777883D-02 0.434799315D-06
-0.450988885D-10 0.193091426D-14 0.000000000D0+00 0.627792109D+05-0.1178105620+03

Comments on Molecular Data, Heat Capacity,
Entropy and Enthalpy Increment

(2a) The structural datéZ-matrix and Cartesian coordinajes
are the results of GBMP2B&b initio conputations*

References

1K. W. Watkins and W. W. Word, Int. J. Chem. Kindg, 855 (1974.
2J. L. Holmes and F. P. Lossing, Int. J. Mass. Spectr68&1.113 (1984).
SW. Tsang, Int. J. Chem. Kinel6, 1543(1984.

(Zb) The listed moments of inertia correspond to 4M. R. Nimlos, J. A. Soderquist, and G. B. Ellison, J. Am. Chem. 3dd,

the rotational constants &2943cm?!, B,

=0.334 cm !, and C,=0.318 cm %, and the rotational con

stant of the internal rotationB;,,=10.516 cm*, as used by
Niiranen et al,®> who based it oreb initio calculations re-
ported by Nimloset al* [see(1d) and (1e) abovd.

7675(1989.

5J. T. Niiranen, D. Gutman, and L. N. Krasnoperov, J. Phys. Ctafin.
5881(1992.

6S. H. Mousavipour and P. D. Pacey, J. Phys. Ch&dd, 3573(1996.
7J. S. Francisco and N. J. Abersold, Chem. Phys. 1&%, 354 (1997).
8C. W. Bauschlicher, Jr., J. Phys. Che®8, 2564(1994).

. . .9 ;
(2¢) The vibrational wave numbers are those adopted by Ni-"M. R. Zachariah, P. R. Westmoreland, D. R. Burgess, Jr., W. Tsang, and C.

iranenet al.® and are based on Hartree—Fock calculations

with 6-311+ + G** basis set reported by Nimla al’ [see

F. Melius, J. Phys. Chenl00, 8737(1996); see also D. R. F. Burgess, Jr.,
M. R. Zachariah, W. Tsang, and P. R. Westmoreland, Prog. Energy Com-
bust. Sci.21, 453(1995.

(1d) and (1e) abovd. The indicated frequencies are scaled®L. A. Curtiss, K. Raghavachari, P. C. Redfern, and B. S. Stefanov, J.

using the scaling factor of 0.89. The last frequency is a,

pseudovibration corresponding to the Lidternal rotor.

Chem. Phys108 692(1998.
L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.
Pople, J. Chem. Phy409, 7764 (1998.

(2d) The heat capacities, entropies and enthalpy incrementéB. Viskolcz and T. Beces, Phys. Chem. Chem. Phis5430(2000.

were calculated using the rigid rotor-harmonic oscillator ap
proach, in a manner analogous to that reported by Niiranegp

et al® [see(1e) abovd. The molecular constants of GHO

133, Parthiban and J. M. L. Martin, J. Chem. Phi%4, 6014(200).

_14R. Janoschek and M. J. Rossi, Int. J. Chem. Kidt.550 (2002.

D. D. Wagman, W. E. Evans, V. B. Parker, R. H. Schumm, I. Halow, S. M.
Bailey, K. L. Churney, and R. L. NuttallThe NBS Tables of Chemical

are those listed above. The torsion motion is treated as laﬁThermodynamic Properties. Phys. Chem. Ref. Dafd, Suppl. 2(1982.

hindered rotor with a barrier of 92.0 ¢m (as estimated by
Niiranenet al® from the torsional frequency 94 cnh), and
assumed to be a three-cycle sinusoidal potential with

D. F. McMillen and D. M. Golden, Ann. Rev. Phys. Ched3, 493(1982.
173. Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Ch@8,. 2744
(1994.
8. Tsang Heats of Formation of Organic Free Radicals by Kinetic Meth-

=3, Although based on the same molecular constants, the0ds in Energetics of Organic Free Radicaledited by J. A. M. Simoes, A.

values obtained by Niiraneet al® are slightly different be-

Greenberg, and J. F. Liebman, Structure, Energetics and Reactivity in
Chemistry(SEARCH) Series(Chapman and Hall, London, 1996

cause they estimated the contribution of the internal rotor bng C. Traeger and B. M. Kompé’hermochemica] Data for Free Radicals

using the tabulated values of Pitzer and Gwifn.

from Studies of lonsn Energetics of Organic Free Radicaledited by J.

(2e) The standard heat capacity, entropy, and enthalpy incre-A-M. Simoes, A. Greenberg, and J. F. Liebman, Structure, Energetics and

ment values reported in thEhermochemical Database for

CombustioR® are C°,(298.15 K)=50.784 JK > mol %,
$°(298.15 K)=267.449 JK 1 mol™!, those obtained from
G3MP2B3 computatiot§ ~ are  C°,(298.15K)
=54.70JK tmol !, S$°(298.15K)=269.94 JK *mol %,
H°(298.15 K)-H°(0 K)=13.01 kJmol!, and those re-
ported by Niiranenetal® are C°,(298.15 K)=50.769
JK mol™?, $°(298.15 K)=267.46 IJmolt K1,
H°(298.15 K)—H?°(0 K) =12.388 kd mol ..

Reactivity in Chemistrf SEARCH Series(Chapman and Hall, London,
1996.

2Computational Chemistry Comparison and Benchmark DataBase
(CCCBDB), NIST (1999; see(http://srdata.nist.gov/ccchdb/

21R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.
J. Rossi, and J. Troe, J. Phys. Chem. Ref. 2&al67 (2000.

223, A. Kerr and D. W. StockerStrengths of Chemical Bond#:n CRC
Handbook of Chemistry and Physid®1st ed.(CRC, Boca Raton, FL,
2000-2001L

ZA. Burcat, TAE Report No0.867, Technion, Haifa, see alétp:/
ftp.technion.ac.il./pub/supported/aetdd/thermodynamics

243, P. Sander, R. R. Friedl, D. M. Golden, M. J. Kurylo, R. E. Huie, V. L.

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



632

Orkin, G. K. Moortgat, A. R. Ravishankara, C. E. Kolb, M. J. Molina, and

RUSCIC ET AL.

McDonald, and A. N. SyverudlANAF Thermochemical Table3rd ed., J.

B. J. Finlayson-Pitts, JPL Publication 02-25, NASA and JPL, February 1, Phys. Chem. Ref. Dath4, Suppl. 1(1985.

2003.

H, Y. Afeefy, J. F. Liebman, and S. E. SteiNeutral Thermochemical
Data in NIST Chemistry WebBoplNIST Standard Reference Database
Number 69, edited by P. J. Linstrom and W. G. Mall@iiST, Gaithers-
burg, MD, 2003, (http://webbook.nist.goy/

263, D. Cox, D. D. Wagman, and V. A. MedvedéODATA Key Values for
Thermodynamics(Hemisphere, New York, 1989 see also (http://
www.codata.org/codata/databases/keyl html

273, C. Traeger and R. G. McLoughlin, J. Am. Chem. Ski3 3647(1981).

28R. Yamdagni and P. Kebarle, J. Am. Chem. S@8.1320(1976.

29F, P. Lossing, J. Am. Chem. So®9, 7526(1977).

30F, P, Lossing and A. Maccoll, Can. J. Cheb4, 990 (1976.

313, C. Trager, R. G. McLoughlin, and A. J. C. Nicholson, J. Am. Chem.

Soc.104 5312(1982.

323, B. Pedley and J. Rylanc8ussex—N.P.L. Computer Analyzed Thermo-

chemical Data: Organic and Organometallic Compour{diiversity of
Sussex Press, Sussex, 1977

33W. Tsang, inShock Waves in Chemistrgdited by A. Lifshitz(Dekker,
New York, 1982, p.59.

3D, R. Stull, E. G. Westrum, and G. C. Sinkehe Chemical Thermody-
namics of Organic CompoundsViley, New York, 1969.

35C. H. DePuy, V. M. Bierbaum, R. Damrauer, and J. A. Soderquist, J. Am.

Chem. Soc107, 3385(1985.

36J. M. Nicovich, C. J. Shackelford, and P. H. Wine, J. Photochem. Photo-

biol. A 51, 141 (1990.

7K. S. Pitzer and W. D. Gwinn, J. Chem. Phyi€), 428(1942.

38A. Burcat, inCombustion Chemistnedited by W. C. Gardine(Springer,
New York, 1984, Chap. 8.

423, Troe, J. Phys. Cher83, 114 (1979.

4L, V. Gurvich, V. S. lorish, V. S. Yungman, and O. V. Dorofeevider-
modynamic Properties as a Function of TemperatimeHandbook of
Chemistry and Physicg5th ed., edited by D. R. Lid€1995, pp. 5-55;
this table lists as references JANAF Tables 3rd ed. and L. V. Gurvich, I. V.
Veyts, and C. B. AlcockThermodynamic Properties of Individual Sub-
stances4th ed.(Hemisphere, New York, 1989-1992ols. 1 and 2.

44]. Ernst and K. Spindler, Ber. Bunsenges. Phys. CH@r1163(1975; J.
Ernst and K. Spindleiibid. 80, 645(1976.

4Sp, Warneck, Z. Naturforsci26a 2047(1971); 29, 350(1974.

46]. S. Francisco and Y. Zhao, J. Chem. P198.9203(1990.

473. N. Nicovich, K. D. Kreutter, and P. H. Wine, J. Chem. P8&.3539
(1990.

“8A. S. Rodgers, J. Chao, R. C. Wilhoit, and B. S. Zwolinski, J. Phys. Chem.
Ref. Data3, 117 (1974).

“OW. A. Chupka, J. Chem. Phy48, 2337(1968.

500. Dobis and S. W. Benson, Int. J. Chem. Kink®, 691 (1987).

5L, A. Curtiss, P. C. Redfern, K. Raghavachari, V. Rassolov, and J. A.
Pople, J. Chem. Phy410, 4703(1999.

52, A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem.
Phys.106, 1063(1997.

53H.-Q. Zhao, Y.-S. Cheung, C.-L. Liao, C.-X. Liao, and C. Y. Ng, J. Chem.
Phys.107, 7230(1997.

54J. D. Cox and G. PilchefThermochemistry of Organic and Organometal-
lic CompoundgAcademic, London, 1970

5SA. G. Baboul, L. A. Curtiss, P. C. Redfern, and K. Raghavachari, J. Chem.

39R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, and _Phys.110 7650(1999.

J. Troe, J. Phys. Chem. Ref. D48, 881(1989.

403, Chao, K. R. Hall, K. N. Marsh, and R. C. Wilhoit, J. Phys. Chem. Ref.

Data 15, 1369(1986.

“M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005

56J. C. Traeger, R. G. McLoughlin, and A. J. C. Nicholson, J. Am. Chem.
Soc.104, 5318(1982.

57M. A. Dolliver, T. J. Gresham, G. B. Kistiakowsky, E. A. Smith, and W. E.
Vaughan, J. Am. Chem. So60, 440(1938.



IUPAC THERMOCHEMICAL PROPERTIES OF SELECTED RADICALS 633

7.3. Oxygen-Centered Radicals

7.3.1. OH Radical
7.3.1. Hydroxyl radical 3352-57-6

OH (*I13) Cov(o=1)

A{H°(298.15 K)=37.3+0.3 kI mol * A{H°(0K)=37.1+0.3 kImol !
C°,(298.15 K)=29.886 JK * mol ! H°(298.15 K)—H°(0 K)=8.813 kJmoi !
$°(298.15 K)=183.737 JK ' mol* p°= 100000 P41 bap

Literature Data for the Enthalpy of Formation at 298.15 K

A{H°/kImol™t Authors and Reference Methbd Comments
Measurements
39.0+1.% Barrow (1956 SPEC (1a
39.3%+0.2¢ Carlone and Dalby19692 SPEC (1b)
37.2+0.8 McCulloh (19733 PIMS-PIC (1c)
37.2-0.4 Ruscicet al. (200D* PIMS-PIC (1d)
37.56+0.07 Harich et al. (2000° SPEC (le
37.29+0.29 Ruscicet al. (20028 PIMS-PIC (1f)
37.3+0.7 Herbonet al. (2002 KE (19
Computations
39.7+8. Melius (19908 BAC-MP4 (1h)
37.7+1F Curtisset al. (1998° CBS-Q (2i)
35.1+7.F Curtisset al. (19981° G3 (1))
37.5:-1. Parthiban and Martii2007)* w2 (1k)
37.4+0.7 Ruscicet al. (2002)* ccsoT) (1l
37.3+0.7 Ruscicet al. (2002° CCsOT) (1m)
33.9+7.8 Janoschek and Ros&002%? G3MP2B3 (1n)
Reviews and Evaluations
38.95 NBS(1982% TT-U (10)
39.3 McMillen and Golder{1982** CDE (1p
39.0+1.2 JANAF (1985'° CDE (10
39.35-0.21 Gurvichet al. (198916 CDE (1n)
39.3+0.2 Berkowitzet al. (19947 CDE (19
39.35-0.21 NIST CCCBDB(19998 TT-A (1t)
39.0 CRC HCR2001)'° TT-U (1u)
39.3 Kerr and Stockef2002%° TT-A (1v)
39.3+2.1 Atkinsonet al. (2000%* TT-A (1w)
39.3 Burcat(200)%? TT-A (1x)
37.89+1.6 Joens(200)23 CDE (1y)
37.29+0.29 Ruscicet al. (2002° CDE (12)
37.20+0.38 Sandeet al. (20032 TT-A (1a3
38.99 NIST WebBook2003% TT-A (1bb)

#PIMS-PIC: positive ion cycle based on combining photoionization measurements of fragment appearancdgpdrgyn(a stable molecule with ionization
energy E;) of the radical; KE: kinetic equilibrium study; SPEC: spectroscopic study; CDE: critical data evaluation; TT-U: unannotated tabulation of
thermodynamic data; and TT-A: annotated tabulation of thermodynamic data.

PThe quoted value was either not given explicitly by the au#ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut¥aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation AH® 04(0)=249.18+0.10 kI mol !, and [H°(298.15 K)

(1a) Spectroscopic determination dbo(OH) based on —H°(0K)](0)=6.725-0.001 kJmol*, together with
Birge—Sponer extrapolation of observed vibrational levels of H°(298.15 K)~H°(0 K)](OH)=8.813 kJmol*  from

the A23 + state of OH. The actual extrapolated value wasGurvichet al®

35427 cm'L, which, in order to compensate for a suspected1b) Spectroscopic determination oD o(OH)=35420
underestimate, was increased in the final analysis to 35458 15 cm %, based on a relatively short Birge—Sponer ex-
+100 cm % by the author. This produces the listed value fortrapolation (272 cm* beyond the last observed vibrational
A¢H® 0 OH) when combined with the CODATA recom-  level) of observed vibrational levels of th&23 + state of
mended values AH°,oqH)=217.9980.006 kJ mol %, OH. The authors have improved on the data obtained earlier
[H°(298.15 K)—H°(0 K)](H)=6.197+0.001 kJ mol %, by Barrow and expanded the number of observed levels.
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The quoted dissociation energy corresponds tdion results [see (1b) abovdg seriously underestimate
Do(OH,A25 +)=18847-15cm !, which refers to the Do(OH). From a refined fit of the photoionization mass
O(*D,) + H(2S) dissociation asymptote. The desired disso-Spectrometric threshold for the appearance of the’ Gidg-
ciation energy of ground stafé2I14,,J=3/2p =0 of OH ment from watet the authors obtainEap,((OH*/HZO)

— —1_ it
producing HES)+O(P,) can be obtained by adding the — 14611628 cm “=18.11§=0.003 eV. In addition, two
energﬁ”g of the P,(1) transition of 32440.6 cnt to new photoionization measurements are presented: PFI-PE re-

sulting in Eap  OH"/H,0)=146119-16 cm *=18.116
+0.003 eV, and PFI-PEPICO, which produces
Eapd OH/H,0)=146 107-40 cm '=18.115-0.005 eV.

Do(OH,A%S+) and subtracting the term vaftle for
O(*D,) of 15867.7 cm®. An even shorter extrapolation

=1
(114 cm ~ beyond the last obs_erved_ Ie_)/ &ads to an appar- From these three determinations and a previous value from
ently congruent value for the dissociation energy of OD. TheﬁvlcCuIIohe‘ [see (10 abovd, a consensus value of
A{H®,9¢(OH) value listed in the table is obtained by using E,. {OH*/H,0)=146 117+ 24,cm‘1=18.11§i0.00?o oV
auxiliary thermochemical values as given(irs) above. isapbbtained. Together with the ZEKE vafeE, {OH)
(1c) Photoionization mass spectrometric study of water. Mc-_ 104 989+ 2 e t=13.016 98- 0.000 25 eV thislyaleads to
Culloh performed a very detailed photoionization study 0Ny (H—OH)= 41128+ 24 om 1=429 00029  kJ mol :
H,O and B,O. For H,O he reported the 0 K fragmentation corresponding  to Do(OH)=35593¢ 25 cmi 1 =425.79
onset of 18.11%50.008 eV. McCulloh originally used this +0.30 kdmol* and AHo(OH)=237.04+0.29 kJ mof .

threshold and the bond dissociation energy of water _that re(-lg) A very carefully designed experiment producing mea-
sults from the 2nd ed. of JANAF Tabffsto derive surements of “partial equilibrium” of OH with K and G

Eiad OH), which was the major unknown at the time. HOW- yegjgned to critically test the value of Rusatal®® [see
ever, with the P‘fSt currently available vaftieE; ,{ OH) (1f) abovd using kinetic methods. The data were fitted with
=104983-2 cm “=13.016 9&0'900 25eV, the appear- o extensive reaction mechanism, but the only fitted param-
ance  threshold  results in Do(H-OH)=491.88 oo \yas the enthalpy of formation of OH.

+0.77kJmol . This  implies  AH®o(OH)=36.93 (1h) BAC-MP4 ab initio computations. The originally

+0.77 kJ mol ? When. combined with auxiliary thermo- quoted uncertainty ist4.4 kdmol'!, and has been multi-
chemical values as given ifia) above and the CODATA plied by factor of 2 to bring it closer to the desired 95%

recommended values  A{H9H,0)=—241.826  gnfidence limit

1 o o '
+0.040 kI mol andl [H°(298.15 Ky-H*(0K)](H20)  (1j) CBS-Q value. The reported average absolute deviation
=9.905+0.005 kmol . of 1.57 kcal mol'* was multiplied by 2 to bring it closer to

(1d) The authors have addressed the inconsistency betwegRe desired 95% confidence limit. The equivalent CBS-q and
Do(OH) from spectroscopic consideratiofsee(1b) abovd  cBS-4 enthalpies of formation are 3898 and 40.2
and Do(H-OH) obtained from photoionization resuftsee  + 26 kJmol ', where the uncertainties have been obtained
(1¢) abovd. The sum of these two bond energies exceeds thg, gn analogous way.

accepted atomization energy of wéfeoy ~2kmol™®. In- (1j) G3 ab initio calculation. The value listed in the table is
ter alia, the authors present a new particularly careful phototonyerted from 34.0 kcal mof. The uncertainty quoted in
ionization study of the threshold for OHfragment forma-  the table corresponds approximately to 95% confidence lim-
tion from water, with special consideration to effects thatits based on twice the average absolute deviation of
could potentially lead to an early threshold. This results in & 94 kcal mor® for the enthalpies in the G2/97 test set,
fitted value E,p,{ OH"/H,0)=18.115+0.003 eV, in ex-  which roughly corresponds to one standard deviation. At the
cellent agreement with the earlier study of McCulfoffo- G3MP2) level of theory®  A{H®,0f OH)=34.7
gether with the ZEKE valigé E;,{OH)=13.0170 +9.9 kJmol?, where the quoted uncertainty has been de-
+0.0003 eV, the fitted fragment appearance energy leads §@ved in a similar fashion as for the G3 value. At the G2 level
Do(H-OH)=491.9+0.3kJmol'!, and hence the listed of theory® A¢H° 5o OH)=238.1+13.1 kI moi *.

value. The study also reports a brief analysis of why the1k) W2 ab initio calculation. The uncertainty quoted in the
spectroscopic resdlfsee(1b) abovd is probably in error, as table corresponds approximately to 95% confidence limits
well as high levelb initio calculationdsee(1l) below] that  pased on twice the average absolute deviation for the W2 test
support the claim. set of 0.23 kcalmalt, which corresponds roughly to one
(1e) Photodissociation measurements on water using thetandard deviation. At the W1 level of theatyH° o5 OH)
Rydberg tagging technique. The reported value is=36.8+3.1 kimol!, where the uncertainty has been ob-
Do(H-OH)=411515 cm '=492.28-0.06 kImol . This  tained in an analogous way.

implies A(H° o(OH) = 36.56+0.07 kJ mol * when combined  (11) CCSD(T)/aug-cc-p¥Z calculationsn=3, 4, 5, 6, ex-
with auxiliary thermochemical values as given (ie) and  trapolated to CBS, and corrected for core—valence effects,
(1c) above. scalar relativistic effects, and incomplete Cl. The calculated
(1f) A followup paper to the one discussed(iid) above. The values were further adjusted using experimental zero-point
paper contains additional photoionization measurements, a@gnergies and spin—orbit splittings. The final value and its
ditional high level calculationgsee(1m) below], as well as uncertainty are estimated from the upper limit/lower limit
an analysis demonstrating that the Birge—Sponer extrapolapproach through calculatdd,(H-OH) andDy(OH). In
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addition, the quoted uncertainty was validated by comparingabulated  thermodynamic  functions is  different:
results calculated at the same level for the atomization enA(H°,(OH)=38.390+1.21 kJmol' . Since this corre-
ergy of water and ionization energy of OH to known experi-sponds very closely t@®,(OH)=35480+100 cm !, it is
mental values. not clear whether the discrepancy is an inadvertent mistake
(1m) CCSD(T)/aug-cc-pwZ calculationsn=4, 5, 6, 7, €X-  or the authors had some undisclosed reasons to additionally
trapolate_d to CBS, with additional corrections as those dejcrease Barrow's estimatedl,(OH) by 30 cm L. The OH
scribed in(1l) above. Compared t6ll) above, this set of a5 in JANAF is afflicted by a number of additional inac-
Ca|Cl..l|atI0nS. was .|mprovt-a(.j by |nclud|pg ba5|§ sets of 7- curacies. The most serious is an incorrect treatment of the
quality and including additional corrections. This further re- egeneracy and multiplicity of the ground electronic state of

duces the small uncertainties in the earlier calculation so th o . .
. . S H, resulting in large errors in the calculated heat capacity
the current theoretical uncertainty reflects primarily the

variations between various approaches to the CBS extrap@‘-nd enthalpy mcreme.nts. Among others, this result.s in-an
lation. The uncertainty that would arise from considerationsE/TON€0Us transformation frometid K enthalpy to the listed
similar to those described ifil) above would be less than 29815 K enthalpy of 38.9871.21 kamol *. Based on the
half the quoted uncertainty. The listed value is an average ofalue of A;H®o(OH) listed at the top of their page, the re-
the enthalpy obtained from the calculatddy(H-OH)  sulting 298.15 K value should have been 38.629
=491.92-0.21 kJmol!, which produces A¢H?® o5 OH) +1.21 kJmor!, while from the 0 K enthalpy explicitly

=37.20+0.21 kImol 1, and Dy(OH)=425.62 mentioned in the discussion, the resulting 298.15 K value
+0.26 kJmol'l, which produces A{H®,of OH)=37.45  should have been 38.9841.21 kJ mol *. The OH properties
+0.27 kamot 1. have not been revised in the new editidn.

(1n) G3(MP2)//B3LYP ab initio calculations for 32 selected (1r) Extensive compilation of thermodynamic data. The
free radicals. The uncertainty given in the table correspondgalue is based entirely on the spectroscopic determination of
approximately to 95% confidence limits based on twice thecarione and Dallf/[see (1b) abovd, although other, less
quoted average absolute deviation of 3.9 kJmhdlor the recise measurements have been also considered. The value
calculated set of radicals, which corres_pqnds roughly to fs unchanged from the previotRussian edition®

.S'd' _Note that the average ab;olute deviation for all e_nthalp(ls) Critical data evaluation of R—H bond dissociation ener-
les in the G2/97 test set using the same method is Ver&ies based on three methods: kinetic determinations, positive

slightly larger®* 4.7 kI mol ! [see alsd1j) abové. . o N
(18) C)r/itica% data evaluation [but does nJot providde a pedigreéon cycle determinations from photoelectron/photoionization

of the selected value nor does it quote an uncertainty, gfmeasurements and negative ion cycle determinations from

though the value seems to be quite close to that adopted &hotoelectron measurements of negative ions combined with
JANAF [see(1j) abovd. gas phase acidities. The recommended value is based on the
(1p) Recommended value from extensive evaluation of datgelection of Gurvictet al!®[see(1r) abovd and hence Car-
(mainly kinetic determinationspublished till 1981. The lone and Dalby[see(1b) above. However, the bond disso-
quoted source for the enthalpy of OH is the 2nd ed. ofciation energy of water that results from the OMi,O ap-
JANAF2 The value in the 2nd ed. is nominally based on thepearance energy of McCulldtand the adiabatic ionization
determination by BarroW[see(1a) abovd that was also used energy of OH of Wiedmaret al3! [see(1c) abovd is listed

in the 3rd ed. of JANAF® [see(1g) below], but for some in their table of photoionization results. In one of the foot-
reason the adoptel(OH) was 35446100 cmi . In ad-  notes, the authors point out that for reasons that are not clear,
dition, the transformation from &0 K value to the 298.15 K  the positive ion cycle producesls,(H—OH) that is lower by
value is erroneous in all editions of JANAF, and hence the_2 k3mor?.

nominal similarity to the value obtained from more accurat€(1t) The compilation lists theoretical results at various levels
spectroscopic consideratidr§ [see(1b) above and1r) be- theory, but also makes a reference to one experimental

liW].E ) iati fth q ic h OHbenchmark. The quoted experimental benchmark value is
(1g) Extensive compilation of thermodynamic data. The from Gurvichet al2® [see(1r) abovd.

properties have been last revised in June 1977. The value : . . .
. u) The tabulation gives a list of compilations as sources,
supposedly based on Barrbjsee(1a abovd. The discus- o o )
but no specific references for individual species. However,

sion explicitly states: “A value of Dy°(OH)=35450 h | q h q d b
+100 cm *=101.356-0.29 kcal mol'* was adopted... one the value appears to correspond to that adopted by NBS

obtainsA{H°(OH,g,0 K)=9.261+0.29 kcal mol, which is in Tables® [see (10) abovd and JANAR® Tables [see (1q)

good agreement with the last JANAF selection,” namely@P0ve-
with A¢H°,(OH)=9.29+0.3 kcal mof (=38.85 (1v) The tabulation selects the value of McMillen and

+1.21 kJmof ! from the 2nd ed.®° The selected value for Goldent*[see(1p) abovd, which cites the superseded value
the 0 K enthalpy of hydroxyl of 9.2620.29 kcal mol corre-  from old (2nd) ed. of JANAF It should be noted that the
sponds to 38.7551.21 kJmol' L. Inexplicably, the actual similarity to the value given in Gurvicht al®[see(1b) and
value listed on top of their OH page and used to obtain otheflr) abovd is accidental, and arises from erroneous transfor-
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mation from thke O K value to the 298.15 K value in JANAF  best available value fob,(OH) [see(1a and (1b) abovd.

[see alsqlq) abovs. The evaluation considers both types of measurements as well
(1w) Critical evaluation of atmospherically relevant kinetic @s high-level calculationgsee (1m) abovd. The recom-
data. Their table of enthalpy data lists Kerr and Stotker mended value corresponds to the experimental consensus
[see(1v) abovd as their source afi;H® o OH). The quoted \I:‘?Irl:ﬁ)l’l [seg(ol(f)H;k?(:/é: 4112824 cm =429.00+0.29
uncertainty should have perhaps been 1.2 kJhol (1ag Critical evaluation of atmospherically relevant kinetic

(1x) Thermgchemlcl:(aal database for combustion. Burcahata. The quoted value is from Ruscit al* [see (1d)
guotes Gurvictet al.™ as a source 0A;H° 594 OH).

) _ i ~ abovs.
(1y) Evaluation of available data, intended to lend addltlonal(lbb) An unevaluated tabulation of available values, listing

support and an improvement on the downward revision othe thermochemistry of OH from NIST-JANAF Tabl&s.
A¢H°(OH) initially reported by Ruscicet al? [see (1d)

abovd. The author utilize®,(H-OH) of Harichet al® [see

(1e) abovd and D,(HO-OH)=17051.8-3.4 cmi ! of Luo

et al®’ to derive A{H°(OH) with an improved uncertainty.

From Do(H—OH) and the enthalpy of atomization of water ~ Preferred Value of the Enthalpy of Formation

from the JANAF Table$® D,(OH)=35579+11 cm ! is
obtained. FromDy(HO—-OH) the author obtain®,(OH)
=35589-12 cmi !, based onAH°y(H,0,)=—129.808
(+0.2) kImol'! (where the enthalpy is from the JANAF
Tables?®***and the uncertainty is derived by the auth@y AH®(0 K)=37.1+0.3 kJ mol *

combining the two bond dissociation energies of OH, WhiChTh ferred value is based h | btained
would appear to differ by no more than 10 cthy the author e preferred value Is based on the consensus value obtaine

derivesD o(OH) = 35584+ 10 cm L, and henceH°(OH) from photoionization measurements, as analyzed in detail by

—3714+0.12 kJmol L. Unf . this derivation h Ruscicet al® There are essentially two contending values for
o ' mol=. Unfortunately, this derivation has . enthalpy of formation of OH: a higher value based on

several probllems. The value fbry(H—OH) of HancheF gl.5 Do(OH) that was obtained by extrapolating the spectro-
has been misquoted by the author by 10°¢min addition,  scopic observations on OH, and a lower value based on
the use ofDo(HO-OH) involvesA;H®(H,0,), which is D (H-OH) that was obtained primarily from photoioniza-
significantly less firmly established than the enthalpy of for-tion data used in a positive ion cycle. The difference between
mation of water. Thed¢H°,4(H,0,) values in the JANAF the two possible values fakH°(OH) is 2.1 kimol®. Re-
Tabled1° (—136.106 kI mol®, uncertainty not given ex- cently, Ruscicet al*® have shown why the spectroscopic
plicitty) and in  Gurvich etall® (—135.880 extrapolation leading to a higher enthalpy of OH is in error
+0.220 kI mot') differ, where the latter value seems to be @nd have produced several careful photoionization measure-
more carefully chosen. In addition, the valitgH®o(H,0,) ments that very strongly support the lower value. Additional

in the JANAF Table®*°is derived using an inaccurate con- independent support for the lower value is lent by new
version fromAH° ,(H,0,) (the partition function appar- photodissociatioh and kineti¢ experiments. The kinetic

v d ke i he hindered . measurement produces a value identical to the consensus
ently does not take into account the hindered rotation Irbhotoionization value, albeit with a larger error bar. The very

H,0,). Following the same idsea, but using the correct valuggy ) remaining inconsistency<(0.28 kJmol'!) between
of Do(H—OH) of Harichet al” and utilizingDo(HO—-OH)  the consensus photoionization value and the photodissocia-

AH°(298.15 K =37.3+0.3 kJmol

of Luo etal® in conjunction with AfH°gH,0,)=  tion value has been also discussed by Rustial®
—135.88-0.22 kJmol'? and [H°(298.15 K)-H°(0 K)] The preferred value corresponds to the recommended val-
X (H,0,)=11.158 kJmot* from Gurvichet al,'® together ues of the O—H bond dissociation energy of water
with other auxiliary thermochemical values given(ir) and D o(H—OH)=492.01-0.29 kJ mol * (497.11+0.29

(10 above, leads ta\{H°,(OH)=37.32:0.07 and 37.05 kJImol'' at 298.15 K and that of hydroxyl Do(OH)

+0.11kImor !, respectively. The two values differ by =425.79-0.30 kJmol* (429.90-0.30 kJ mg'rl at 298.15
23 cmi'L, rather than by 10 ¢, and yield an arithmetic <) Wwhen used with [H®(298.15 K)~H"(0 K)](OH)
=8.813kJmol~ from Gurvich etal,”™ together with

f AH°o(OH)=37.18-1.71 kmol * d
\?vveeir?l?eed Zver; eO(ofALo (OH)=37 24tnl1056 k\]amnoT1a CODATA™ recommended valuesAiH® oo H) =217.998
9 9 o e ' +0.006 kImofl, [H°(298.15 K)-H°(0 K)](H)=6.197

where in both cases the uncertainty reflects a 95% confidencleo_001 kImoll, [H°(298.15 K)—H°(0 K)](H,)=8.468
limit. The weighted average corresponds &¢H®2(OH)  + 001 kI mat?, AH® 04 O)=249.18* 0.10 kJ mor ,
=37.48+1.56kI mof *. [H°(298.15 K} H°(0 K)](O)=6.725* 0.001 kJ mol ¢,
(12) A critical evaluation of competing and mutually exclu- [H°(298.15 K)—H*° (0 K)](O,) =8.680*+0.002 kJ mof %,
sive values for OH, one arising from the best available val-AH° o4 H,0)= — 241.826+ 0.040 kJ mol %,

ues forD,(H—OH) [see(1c)—(1f) abovd, the other from the [H°(298.15 K)—H°(0 K)](H,0)=9.905+0.005 kJ mol *.
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Geometry(distance in A%?

Cartesian coordinates

Z matrix X y Z
0] o] 0.000000 0.000 000 —0.057476
H 1 0.96966 H 0.000 000 0.000 000 0.912184

Moments of inertia in the electronic ground st&te
| 5=1.509< 10~ 47 kg n?
Vibrational wave numbers in the electronic ground sba(e:m‘l)(zc)
3569.64(0)

Heat CapacityC°,, EntropyS°, and Enthalpy IncremetitH°(T) —H° (0 K)]?92®
p P

f ,(T) So(T) [H°(T)—H°(0K)]
T/K (IK tmol Y (JK tmol 1) (kI mol 1)
150 31.087 162.828 4.314
200 30.515 171.688 5.853
250 30.131 178.454 7.371
298.15 29.886 183.737 8.813
300 29.879 183.922 8.869
350 29.714 188.514 10.357
400 29.604 192.474 11.840
500 29.495 199.066 14.795
600 29.513 204.443 17.744
800 29.914 212.977 23.678
1000 30.682 219.730 29.734
1200 31.603 225.405 35.962
1500 32.956 232.605 45.650
2000 34.766 242.348 62.606
2500 36.060 250.252 80.327
3000 37.036 256.917 98.613

7-Constant NASA Polynomial

HYDROXYL RADICAL JUNO3 0 1.H 1. . 0.6 200.000 6000.000 17.00734 1
0.28385303e+01 0.11074129€e-02-0. 29400021E 06 0.42069873E-10-0.24228989€-14 2
0.36978081E+04 0.58449465E+01 0.39919842E+01-0.24010666E-02 0.46166403E-05 3
-0.38791631E-08 0.13631950E-11 0.33688984E+04-0.10399848E+00 0.44861538E+04 4

9-Constant NASA Polynomial

HYDROXYL RADICAL IUPAC Task Group on 5e1ected Rad1ca1s
2 JUNO3 O 1.00H 1.00 0.00 0.0 0 0 17.00734 37300.000
200.000 1000.0007 -2.0 -1.0 0.0 1 0 2. 0 3.0 4.0 0.0 8813.000
-0.251176012D+04 0.100200647p+03 0.301176222D+01 0.163498343p-02-0.330846245D-05
0.342402920D0-08-0.116985048D-11 0.000000000D+00 0.2959215600+04 0.489223824D+01
1000.000  6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 8813.000
0.1015061000+07-0.250398392D0+04 0.511068667D+01 0.133362531D-03-0.835729831D-07
0.201593585D-10-0.156182738D-14 0.000000000D0+00 0.201600906D+05-0.1097028910+02

Comments on Molecular Data, Heat Capacity, AGy,, correspondin to w.=3737.76 cm !, weXe
Entropy, and Enthalpy Increment ——84.88 cm L, way=0.54 cm L.
(28) The geometry reflec%%re(OH)=o,969Q A, congruent (2d) The heat capacity, entropy, and enthalpy increment val-
with Bg=18.91Q cm ™1, ues are adopted from Gurvigt al'® These authors calcu-
(2b) The listed moment of inertia is based on the experimeniated the thermodynamic functions for OH by direct summa-
tal rotational constafit B,=18.55Q cm ™. tion over the rovibrational levels of 2T, A23,, andB 2>

(20 The listed vibrational frequency is the fundamental,states, terminating appropriately the summations in accord
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with estimated limiting curves of dissociation for these ‘'D.F. McMillen and D. M. Golden, Ann. Rev. Phys. Che83, 493(1982.

states.

(2e) The standard heat capacity, entropy, and enthalpy incre-

ment values reported in the NBS Tabfes are
C°,(298.15 K)=29.886 Jmol 1 K1, $°(298.15 K)
=183.745Jmol K™, [H°(298.15 K)-H°(0 K)](OH)
=8.816 kdmol’. The values listed in the JANAF and

NIST-JANAF® thermochemical tables are wrong, particu-

larly at higher temperatures, since that compilation does nab

M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.

McDonald, and A. N. SyverudJANAF Thermochemical Table3rd ed., J.

Phys. Chem. Ref. Datd4, Suppl. 1(1985.

161, V. Gurvich, I. V. Veyts, and C. B. AlcockThermodynamic Properties of
Individual Substanceglth ed.(Hemisphere, New York, 1989Vol. 1.

173. Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Ch@8. 2744
(1994).

8Computational Chemistry Comparison and Benchmark DataBase

(CCCBDB), NIST 1999; seehttp://srdata.nist.gov/ccchdb/

Standard Thermodynamic Properties of Chemical Substarine€RC

take into account properly the degeneracy and multiplicity of Handbook of Chemistry and Physiesited by D. Lide, 82nd edCRC,

the ground electronic state of OHhe listed values are
C°,(298.15 K)=29.986 Jmol ' K1, $°(298.15 K)
=183.708 Jmolt K1, H°(298.15K)-H°(0K)=9.172

kJ mol]. In addition, their temperature corrections for the

Boca Raton, FL, 2001-2002

203, A. Kerr and D. W. StockerStrengths of Chemical Bondsn CRC
Handbook of Chemistry and Physiedited by D. Lide, 82nd edCRC,
Boca Raton, FL, 2001-2002

21R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.

enthalpy of formation are both erroneous and incongruent j rossi and J. Troe, J. Phys. Chem. Ref. 28al67 (2000.

with the listed enthalpy incremen{see also(1g) abovs.
The Thermochemical Database for Combustiiists values
in full accord with the compilation by Gurvictet al.'®
C°p(298.15K)=29.886 Jmol 'K~ and $°(298.15 K)
=183.74 Jmol K. The values obtained from G3MP2B3
computation¥ are C°,(298.15 K)=29.15 Jmol ' K2,
$°(298.15 K)=184.05 Jmol 1K1, H°(298.15 K)
—H°(0K)=8.68 kimol .
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7.3.2. CH3;0O Radical

7.3.2. Methoxyl radical 2143-68-2
CHSO(ZE) Csy (0ex=3)

A{H°(298.15 K)=21.0+2.1 kI mol 't AH°(0K)=28.4+2.1 kImol !
C°,(298.15 K)=42.541 JK * mol™* H°(298.15 K)—H°(0 K)=10.719 kI moi?!
$°(298.15 K)=234.278 JK 1 mol~* p°=100000 P41 bay

Literature Data for the Enthalpy of Formation at 298.15 K

A{H°(kJmol 1) Authors and Reference Methbd Comments
Measurements
23.4+6° Holmes and Lossing1984* EIMS-PIC (1a
15.9+5.7 Meot-Ner and Sieck19867 MSE-NIC (1b)
22.P+1.4 Osbornet al. (19952 DD (10
20.P+1.9 Dertingeret al. (1995* DD (1d)
19.°+2.4 DeTuri and Ervin(1999° TCID-NIC (le
Computations
25.8+8.4 Bauschlicher, Jet al. (1992° MCPF (1f)
27.629.% Zachariahet al. (1996 BAC-MP4 (19
21.8+1% Curtisset al. (19988 CBS-Q (1h)
205+ 7.F Curtisset al. (1998° G3 (1i)
18.6+ 1.9 Parthiban and Martii2002° w2 (1))
19.2+7.8 Janoschek and Rosg002 G3MP2B3 (1k)
19.7 Petracoet al. (20022 RCCSOT) (1l
Reviews and Evaluations
17.6+4.2 McMillen and Golder(1982*2 CDE (1m)
16.2 Batt(1987* CDE (1n)
16.7+4.2 Ruscic and Berkowitz1991)° CDE (10)
13+4 Gurvichet al. (1992 CDE (1p
12.2 Kuoet al. (199417 CDE (19
17.2+3.8 Berkowitzet al. (19948 CDE (1n
13.0+4.0 NIST CCCBDB(1999*° TT-A (19
17.2+3.8 Atkinsonet al. (2000%° TT-A (1t)
17.2+3.8 Kerr and Stockef2000%* TT-A (1u)
16.3 Burcat(2002)%? TT-A (1v)
17.15+3.8 Sandeet al. (200323 TT-A (1w)
17+4 NIST WebBook(2003%* TT-A (1x)

8EIMS-PIC: positive ion cycle based on combining electron impact mass-spectrometric measurements of appearance energy from a stable molecule with
ionization energy of the radical; MSE-NIC: negative ion cycle based on combining mass-spectrometric equilibrium measurements with elagtodhefini

radical; DD: radical dissociation dynamics study; TCID-NIC: negative ion cycle based on combining energy-resolved threshold collisionigsthetzibd
measurements of proton-bound complex with electron affinity of the hydrocarbon radical from negative ion photoelectron spectroscopy; GD&taritica
evaluation; and TT-A: annotated tabulation of thermodynamic data.

The quoted value was either not given explicitly by the au#)ar it was recalculated using auxiliary thermochemical values that differ from those used by

the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation flects the disparity between the two measurements.

(1a) A determination of the electron-impact appearance en{1P) A measurement of gas-phase acidity of {CH relative
ergies E,(CH;OCH, " /(CH30),CH,=10.69:0.05 eV and 0 the gas-phase acidity of ,@ by variable-temperature

Eapl CH;OC"HCH;/(CH30),CHCH;z) = 9.98+0.05 eV. pulsed high-pressure mass spectrometry. The difference in
The enthalpy of formation for CHD was derived using the the enthalpy —of  deprotonation, A ®30d(H20)
electron-impact literature valu@sof A¢H° o CH;OCH,™)  —Aacidd°30CH3OH), ~was found to be 385
—656.9 kJmol ! and AH® 0 CH;OCTHCH;)  *0.8 kdmol'* (9.2+0.2 kcal mol'*). Using an older value

=552.3 kamol 2. The reported AH°,CH;0)  for the enthalpy of deprotonation of water, the authors obtain
=23.4kImol! (5.6 kcalmol'!) is the average of the de- A,cdH®o(CH;OH)=1597+3 kd mol *. Keeping all else the
rived 6.2 and 5.0 kcal molt values. The authors do not give same, but introducing the new valua ,dH°208(H20)

an explicit uncertainty estimate. The assigned uncertainty re= 1632.6-0.3 kdmol'* from Ruscic et al,?® results in
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A eidH ® 206 CH3OH)=1594.1+ 0.8 kImol L. This further
changes ta\ ,iH° o(CH;OH)=1589.2+ 0.8 kI mol ! if one
uses [H°(298.15 K)-H°(0 K)](CH;OH)=11.441
kimol'! and [H°(298.15K)-H°(0K)](H")=6.197
kJmol'! from Gurvich etall®?’ and [H°(298.15 K)
—H°(0 K)](CH;0)=10.101 kI mol* from Ruscié® (es-
timated from scaled frequencies of @BI" calculated at the
B3LYP/6-313d) level of theory. With the electron affinity
Eo{ CH;0)=1.572+0.004 eV from Ramonet al?® and the
ionization energy E;(H)/hc=109678.773 704

+0.000 006 crit from Ericksori® one obtains the bond dis-

sociation  energy Dgy(CH;O0—-H)=428.9-0.9 kJmol'!
(434.3:0.9 kdmol'* at 298.15 K. Using
AH° 505 CH;OH)=—201.0- 0.6 kImol'! from Gurvich
et al1® results inA¢H° 55 CHz0)=15.3+ 1.1 kImol . The
slightly different electron affinity value of Osboret al3!
E.{CH3;0)=1.568+0.005 eV would result in

RUSCIC ET AL.

AH® 504 CH30)=20.7+1.9 kI morl L.

(1e) Gas-phase acidity of methanol from energy-resolved
threshold collision-induced dissociatioff CID) measure-
ments of the fluoride—methanol, methoxide—water, and
methoxide—methanol proton-bound complexes. The com-
petitive dissociation reactions of the alkoxide—water com-
plexes were studied using a guided ion beam tandem mass
spectrometer, where the reaction cross sections and product
branching fractions to the two proton transfer channels were
measured as a function of collision energy. From the RRKM-
modeled enthalpy difference between the product channels,
the gas-phase acidity of A, °o(CH;OH)=1594

+3 kJImol* was determined. In light of a change in the
gas-phase acidity of water by Rusetal.?® this value was
subsequently revised downward by Ervin and De*furd
1593.0:2.3kJmol'l.  Using the electron affinity
Eo{CH;0)=1.572+0.004 eV from Ramondet al?° and

AfH® 50 CH;0)=15.0+1.2 kI mol L. As a consequence of Other auxiliary thermochemical quantities as(ith) above
the linear analysis discussed in conjunction with the selectesults in the O—H bond dissociation eneifgy(CH;O—H)

tion of the preferred valuésee beloy, the uncertainty given

=432.6-2.3kJmol'! (438.1+2.3kJmol'! at 298.15 K

in the table,+5.7 kmol %, is substantially larger than the andA¢H 65 CHz0)=19.1+2.4 kJmol *. Thg? slightly dif-
+1.1 kJmol ! that would result from the original data given ferent electron affinity value of Osbowt al,™ E.{CH;0)

by Meot-Ner and Sieck.
(10) The dissociation dynamics of GB following A% A,

—X?ZE transition examined using photofragment transla-
tional spectroscopy. The authors find by conservation of en

ergy that the bond dissociation energy DBf,(CH;—O0)
=367.4-1.3kImol ! (87.8+0.3 kcalmol'!) is consistent

with all measured photofragment translational energy Specr'esulting
tra, assuming that at least some ground state methyl radic
are produced during the experiment. Using the enthalpy

formation of CH from JANAF23? the authors obtain
A{H°o(CH3;0)=28.5+ 1.7 kdmol ! and, with the estimated

integrated heat capacities of Ruscic and Berkowitz,

AH® 504 CH;0)=20.5+1.7 kImol't. However, the pre-
ferred value from the current compilatiod\{H°y(CHjg)

=150.0-0.3 kJmol'!, in conjunction with the standard

valu¢’3? A{H°,(0)=246.795-0.10 kImol'!, leads to
AH°o(CH;0)=29.4*1.3kImol ! and A{H°,q CH;0)
=22.1+1.4kImol %,

=1.568+0.005 eV, would producé\{H°,qg CH;0)=18.7
+2.4kJmol 2,

(1f) The MCPF method. Using a large basis set, the O-H
bond dissociation energy in GBH was calculated to be
Do(CH;0-H)=101.0 kcal mol 1=422.6 kImol'l. Based

on previous experiences, the authors have added
4 kcal mol ! to the computed O—H bond dissociation energy
in  105.6-2 kcal mol 1=439.3+ 8.4 kI mol L.

ZZ%king into account the enthalpy increments as listed.

bove, one obtains the O—H bond dissociation energy of
methanol of 444.8 8.4 kJmol ! at 298.15 K. With the en-
thalpy of formation of methanol of Gurvickt al® [see(1b)
abovg, the reported O—H bond dissociation energy corre-
sponds taAH°,(CH;0)=25.8+8.4 kJmorl L.
(19 BAC-MP4 ab initio computations. Note that the same
result was subsequently obtained by Caralpal3® The
originally quoted uncertainty of-4.6 kJmol'! was multi-
plied by factor of 2 to bring it closer to the desired 95%
confidence limit.

(1d) Vibration—rotation state-resolved study of the unimo-(1n) CBS-Q calculation. The reported average absolute de-
lecular dissociation dynamics of highly vibrationally excited yjation of 1.57 kcalmol* was multiplied by 2 to bring it
CH;O performed over a wide range of excitation energies|oser to the desired 95% confidence limit. The equivalent
using stimulated emission pumping—laser induced quoresCBS_q and CBS-4 enthalpies of formation are 31.8
cence technique. Rovibrational quantum-state resolved uni+ 18 kJ mor ! (7.6 kcalmor!) and 31.0-26 kJmol !
molecular dissociation rates of highly excited methoxyl radi-(7.4 kcal mol %), where the uncertainties have been obtained
cals over a 3000 cm' range of energies were used to obtainin an analogous way.

statistical rate constants(E,J), which were then fit to a (1i) G3 ab initio calculation. The value listed in the table is
conventional RRKM expression, modified to include hydro-converted from 4.9 kcalmol. The uncertainty quoted in
gen atom tunneling through an association barrier of 156@he table corresponds approximately to 95% confidence lim-
+150cm t. A value of Do(H-CH,0)=6950-150cm * its, based on twice the average absolute deviation of
gives the best fit of the calculated decomposition rate coef9.94 kcalmol'! for the enthalpies in the G2/97 test
ficients to the experimental data. UsinH°,(CH,O) set, which roughly corresponds to 1 s.d. At the(K3B2)

=—104.862-0.5 kJmol'* from Gurvich et al’® and the
standard valu€3? A(H°,(H)=216.035-0.006 kJmol?,
one obtains A{H°,(CH;0)=28.0-1.9kIJmol'! and
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level of theory® A{H®,eqCH;0)=22.2+9.9 kImol?!
(5.3 kcal mol't), where the quoted uncertainty was derived
in a similar fashion as for the G3 value. At the G2 level of
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theory’’ A{H° 0 CH;0)=20.1+13.1 kJmol'!  tainties varying betweert 4 and=+40 kJmol ®. Values ob-

(4.8 kcalmorl't). tained from the kinetic investigation of the pyrolysis of di-
(1j) W2 ab initio calculation. The uncertainty quoted in the methylperoxide were considered to be the most accurate. The
table corresponds approximately to 95% confidence limits/alue is unchanged from the previo(Russian edition>®

based on twice the average absolute deviation for the W2 tegtq) An enthalpy of formation difference of
sef® of 0.23 kcal mot ¥, which corresponds roughly to one A¢H®°o(CH,OH)— A{H°,(CH;0)=33.5+ 4.0 kJmol'! was
standard deviation. At the W1 level of thedy selected from values reported in the literattf&%°This, to-

A{H® 5 CH;0)=17.7+3.1 kJmol'!, where the uncer- gether with the authors’ derived enthalpy of formation of
tainty has been obtained in an analogous way. A{H°o(CH,OH)=—-13.6 kJmol'! was used to obtain

(1k) G3(MP2)//B3LYP ab initio calculations for 32 selected A;H°,(CH;0)=19.9 kJmol!, and with integrated heat
free radicals. The uncertainty given in the table correspondsapacitie¥®®’ leads to A{H°,q CH;0)=12.2 kJ mot *.
approximately to 95% confidence limits based on twice thewith the auxiliary thermochemical values used hesee(1b)
quoted average absolute deviation of 3.9 kJmhadlor the  abovg their AH°(0K) would lead to A{H,q CH;0)
calculated set of radicals, which corresponds roughly to =12.5 kJmof L.

s.d. Note that the average absolute deviation for all enthalp-lr) Critical data evaluation of R—H bond dissociation ener-
ies in the G2/97 test set using the same method is vergies based on three methods: kinetic determinations, positive
slightly larger®® 4.7 kdmol'* [see alsq1i) abovd. ion cycle determinations from photoelectron/photoionization
(11) Investigation of hydrogen atom elimination from the measurements, and negative ion cycle determinations from
methoxyl radical via high-level coupled-cluster methods.photoelectron measurements of negative ions combined with
The TZ2Pf,d) basis set was used for geometry optimizationgas phase acidities. The recommended value is based on a
and harmonic vibrational analyses and the correlationnegative ion cycle that includes the gas-phase acidity of
consistent cc-pWZ (n=2-6) series for final energetic de- methandl [see(1b) abovd and the electron affinity of En-
terminations and extrapolations. Valence focal-point analysegelking et al>®

of the vibration-less dissociation energy yield (19 The compilation lists theoretical results at various levels
Do(H-CH,0)=84.1 kJmol'l. Using A{H°,(CH,0)= of theory, but also makes a reference to one experimental
—104.862-0.5 kJ mol'! from Gurvichet all® and the stan- benchmark. The quoted experimental benchmark value is
dard valué®32 A;H°,(H) =216.035-0.006 kJmol ! [as in  from Gurvichet al® [see(1p) abovd.

(1d) abovd, one obtains A{H°,(CH;0)=27.1kIJmol'! (1) Critical evaluation of atmospherically relevant kinetic
which is consistent withAH® 55 CH;0)=19.7 kJ mot . rates. Their table of enthalpy data lists Kerr and Stotker
The authors note that the association barrier used bisee(lu) below] as their source oA¢H® g CH30), who in
Dertingeret al? is in good agreement with their calculated turn adopt the recommendation of Berkowitt al'® [see
value of 1653 cm?, and that the computed thermochemistry (1r) abovd.

is in agreement with the latter work, as well as with the(1u) Thermodynamic data compilation. The tabulation se-
experimental value of Osboret al® [see (1d) and (1c)  lects Dy CH;O—H)=436.0+3.8 kImol * citing Berkow-
abovd and with the reviewed values of Ruscic and itz etal’® as a source.

Berkowitz'® and Berkowitzet al '8 [see(1o) and(1r) belowd. (1v) Thermodynamic database for combustion. Burcat quotes
(1m) Recommended value from extensive evaluation of dat@urcat and Kudchadkét as the source afijH® ,o4 CH;0).
(mainly kinetic determinationspublished until 1981. The (1w) Critical evaluation of atmospherically relevant kinetic
reported value is primarily based on the kinetic determinadata. The quoted value is from Berkowitz al.'®

tion of Batt et al#° (1x) An unevaluated tabulation of available values from
(1n) A review of kinetics and thermochemistry of alkoxyl other sources. The source for the listed value is quoted as
and alkyl peroxyl radical reactions. The suggested thermoTsang®® which is a review containing critical data evaluation
chemical properties A{H° 4 CH;0)=16.2 kimol'* and for selected free radicals based on kinetic measurements.
Do CH;O—H)=435.2 kJmol! [obtained with auxiliary —However, Tsany did not evaluate the thermochemistry of
data®*! of AH° g CH;OH)=—201.0-0.6 kimol't and  CH3O. Rather, he merely lists tHeounded-off value given

AH® ,0(H)=217.998 kd mol‘], are based on previous ki- by DeMore et al®! [an earlier version of the JPL
netic studies of dimethyl peroxy and methyl nitrate decom-compilation?® see (1w) abovd, who apparently adopt the
position reactions. value suggested by Ruscic and Berkowi{see(10) abovd.

(100 The reported enthalpies of formation of
A{H® 50 CH;0)=16.7+4.2 kJmol'! and A{H°,(CH;0)
=24.7+4.2 kI mol ! represent the consensus of experimen-
tal data from Batt and co-workef&+243 A{H°(298.15 K=21.0+=2.1 kImol?!
(1p) An extensive compilation and evaluation of thermody- o

namic properties. The selected value &fH°,qf CH30) AH?(0 K)=28.4£2.1 kimol !
=13+4 kJmol ! is a weighted average of the results of six In the present context, the usefulness of the electron-
determinations (four kinetic*~>' and two appearance impact mass-spectrometric determination of Holmes and
potential>~>4 ranging from—1 to 29 kJmol*, with uncer-  Lossind is somewhat limited by the relatively large associ-

Preferred Value of the Enthalpy of Formation

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



642 RUSCIC ET AL.

ated uncertainty. Also, there is a clear discrepancy betweetions shows that the values in the set are in general agree-
the older(Meot-Ner and Sieck and the more receribeTuri  ment within their uncertainties, with the exception of the
and Ervir) determination of gas-phase acidity of methanol.result based on the gas-phase acidity determination by Meot-
The three newer experimental result©sborn etal,>  Ner and Sieck.The analysis shows that the latter measure-
Dertingeret al,* and DeTuri and Ervit), as well as the very ment deviates consistently from all others significantly more
high-level theoretical study of Petraeb al,'? appear to suf- than its original uncertainty of- 1.1 kJmol ! would sug-
ficiently overlap between their mutual uncertainties, and, as gest, and that reconciliation with the other data can be
group, correspond to values that are generally higher thaachieved only if an amplified uncertainty af5.7 kJ mofl*
those selected by previous reviews and evaluatioréltis  is assumed.

also interesting to note that most listed calculattoRs!tend The preferred value is the weighted average of all listed
to predict values that are higher than earlier evaluations. Oexperimental measurements, taking into account the noted
the other hand, the high-level W1 calculatigParthiban and amplified uncertainty for the older gas-phase acidity determi-
Martin'®) predicts a somewhat lower value for the enthalpynation.

of formation, closer to those recommended previol$is/? The preferred value corresponds to the O—H bond disso-
At the same time, it should be kept in mind that the measureeiation energy in  methanol D,qg CH;0—-H)=440.0
ments of Osborret al2 and Dertingeet al.* although quite  *=2.2 kJmol'! (434.6-2.2 kJmol'! at 0 K) and the C—H
convincing, by their nature technically correspond to uppetbond dissociation energy in methox ,og H-CH,O)
limits. The slightly lower value based on the measurement of=88.3+-2.2 kJmol'! (82.8+2.2kJmol'! at 0 K), which
gas-phase acidity of methanol by DeTuri and ERiimhile  both produce the listed enthalpy when used together with
subject to a rather complex fitting and interpretation of dataauxiliary thermochemical values from Gurvickt all®

is based on determining a threshold difference to a higheA{H® o CH;OH)=—201.0+0.6 kimol' !, [H°(298.15 K)
(HF) as well as a lower (KD) acidity; the sum of the two —H°(0 K)](CH;OH)=11.441kJmol!, (note that—
threshold differences (79.6 kJ md) agrees reasonably well without giving uncertainties-FRC Thermochemical Tabfés

(to =2kImol'!) with the difference between the two list very similar values of A{H®,of CH;OH)=—200.94
benchmark acidities (77.6 kamdi). It should be also kJmol ! and[H°(298.15 K)-H°(0 K)](CH;OH)=11.440

clearly noted that, in order to derivigH°(CH;0), the three  kJmol 1), A¢H® 504 CH,0)= —108.7+ 0.5 kJ mol 1,
newer experimental values rely on different auxiliary ther-[H°(298.15 K)-H°(0 K)](CH,0)=10.020 kJmol?!, and
mochemical values  [A{H°(CHs),A{H°(H,CO), CODATA* recommended valuesA{H®,qqH)=217.998

A{H°(CH;0H)]; possible slight inconsistencies between +0.006 kJmol!, [H°(298.15 K)-H°(0K)](H)=6.197
these auxiliary values may additionally amplify the differ- =0.001 kJmol?, [H°(298.15 K)-H°(0 K)](C,graphite)
ences in the individual results inferred from those measure=1.050+0.020 kJmol?, [H°(298.15 K)—H°(0 K)](H,)
ments. =8.468+0.001 kImol!, and [H°(298.15 K)-H°(0K)]

In view of the discussion above, it is difficult to justify x(O,)=8.680+0.002 kJmoi?, together with
preference for any one particular experimental measuremerjtH °(298.15 K- H°(0 K) ](CH;0)=10.719 kJmol*  as
A linear analysis of all five listed experimental determina-listed below.

Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C 0.0000 0.0000 —0.6740
O 1 1.3926 O 0.0000 0.0000 0.7186
H 1 11178 2 1139 H 0.0000 1.0219 —1.1268
H 1 11178 2 1139 3 120 H 0.8850 —0.5110 —1.1268
H 1 11178 2 1139 3-120 H —0.8850 —0.5110 —1.1268
Moments of inertia in the electronic ground st&te
| ,=5.377xX 104" kg n? lg=1c=30.045< 10 *" kg n?
Vibrational wave numbers in the electronic ground statem™ 1) 29
2840 (a,) 1412 @,) 1047 @,) 2778 )
914[ A, ]2 1465[E] (e)? 651.5[A;]° 1210[E] (e)®

abjahn—Teller split components of a nominally doubly degenerate vibrational mode.
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Heat CapacityC®,, EntropyS°, and Enthalpy Incremerfit®(T) —H° (0 K)]@¥®

C°p(T) S(T) [H°(T)—H°(0K)]
T(K) (JK tmol™ 1) (JK tmol™?) (kJmol™ 1)
150 34.426 208.638 5.121
200 36.161 218.748 6.880
250 39.045 227.109 8.756
298.15 42,541 234.278 10.719
300 42.683 234.542 10.798
350 46.663 241.417 13.031
400 50.669 247.912 15.464
500 58.126 260.036 20.912
600 64.556 271.218 27.055
800 74.722 291.259 41.036
1000 82.197 308.777 56.765
1200 87.717 324.276 73.784
1500 93.451 344,513 101.022
2000 98.992 372.244 149.285
2500 101.975 394.685 199.597
3000 103.726 413.446 251.058

7-Constant NASA Polynomial

METHOXYL RADICAL JUNO3 ¢ 1.H 3.0 1. 0.G 200.000 6000.000 31.03392 1
0.47577924E+01 0.74414247€-02-0.26970518€E-05 0.43809050E-09-0.26353710€-13 2
0.37811194E+03-0.19668003e+01 0.37118050E+01-0.28046331E-02 0.37655097E-04 3

-0.47307209e-07 0.18658842E-10 0.12956976E+04 0.65724086E+01 0.25257166E+04 4

9-Constant NASA Polynomial

METHOXYL RADICAL IUPAC Task Group on Selected Radicals
3 JUNO3 C 1.00H 3.000 1.00 0.00 0.00 0 31.03392 21000.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10718.970
0.191097376D+01-0.696218244D+01 0.455352324D+01-0.5828177080-02 0.875781412D-05
0.125622609D-06-0.223827550D-09 0.0000000000+00 0.1247602290+04 0.2893765700+01
200.000 1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10718.970
-0.1057519110+06 0.213849335D+04-0.121554327D+02 0.5340655230-01-0.633381272D-04
0.4083929500-07-0.109012101D-10 0.000000000D+00-0.827883262D+04 0.905643634D+02
1000.000 6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 10718.970
0.184588307D+07-0.874640053D+04 0.182422790D0+02-0.1764629500-02 0.340180180D-06
-0.349779939D0-10 0.148446156D-14 0.000000000D+00 0.528627916D+05-0.950935544D+02

Comments on Molecular Data, Heat Capacity, tortion, but not the spin—orbit effect, and, as a result, tend to
Entropy, and Enthalpy Increment optimize to a somewhat exaggeratedly distorted structure.

(2a) The structural datéZ-matrix and Cartesian coordinajes (2b) The. listed moments of inertia correspond to experimen-
correspond to the experimentally assumeg gzometry and @l rotational constan%GS Ao=15.2059 cm? and By=Co

are based on Momoset al,%® who reportrco=1.39258 =0.9317 cm?, which were used in the calculations of ther-
+0.00022 A, rcy=1.11776:0.00046 A, and /e, Mochemical functions.

—113.9°+1.8°. The listed geometry results in rotational (20) The vibrational wavenumbers are experimental values
constants that are very similar to those listed(2h): A  tabulated by Jaco¥. Note that the ground state of methoxy
=5.339cm?! and B=C=0.881cm?!, or 1,=5.243 radical, X 2E, is subject to spin—orbit and Jahn—Teller effects
X 10747 kgn?, 1g=1-=31.76x 104" kgn?. Note that Liu  and splits into two component$E,, and?E,,, separatet?

et al,®* who are the basis for the rotational constants listedby A=—61.97 cmi . At the same time the doubly degener-
by Jacof® and adopted here, reporto=1.37+0.02A, ate vibrational modes split into three componeris,A,,
rey=1.1020.02 A, and £ ,c4=109°+3° (equivalent to andA,. JacoX® lists theE andA; components fors andvg

Z nco=110°+3°). Note that the actual structure of GBlis  as 914 cm! (A;), 1465cm ! (E) and 651.5cm? (A,),
slightly distorted by competing Jahn—Teller effect and spin-1210 cm * (E).

orbit splitting. Also note that standard electronic structure(2d) The heat capacities, integrated heat capacities and en-
computations are able to implicitly treat the Jahn—Teller distropies were calculated in the rigid rotor-harmonic oscillator
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approximation as exp]ained below. In order to proper]y treatgL. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J. A.

the splitting of the ground electronic state into two compo-
nents as well as the competing splitting present in the tw

softer doubly degenerate vibrational modgsand vg within

the rigid rotor-harmonic oscillator framework, the contribu-

Pople, J. Chem. Phy409, 7764(1998.
105 Parthiban and J. M. L. Martifunpublished results, 2002

QiR Janoschek and M. J. Rossi, Int. J. Chem. KiBdf.550 (2002.

12N. D. K. Petraco, W. D. Allen, and H. F. Schaefer lIl, J. Chem. Phgs,
10229(2002.

tions to the thermochemical functions were calculated in twg D- F. McMillen and D. M. Golden, Ann. Rev. Phys. Che83, 493(1982.

separate steps and then added. The first part was calculaté
by treating the ground electronic state as two electronic comgs

ponents,’Ez,, To=0, g=3, and?Ey,, Ty=61.97cm?,

H. Batt, Int. Rev. Phys. Chen@, 53 (1987.

B. Ruscic and J. Berkowitz, J. Chem. Ph9§, 4033(1992.

L. V. Gurvich, I. V. Veyts, and C. B. AlcockThermodynamic Properties of
Individual Substancegth ed.(Hemisphere, New York, 1991\Vol. 2.

g=1. This part included the rotational contributions as well*’S.-C. Kuo, Z. Zhang, R. B. Klemm, J. F. Liebman, L. J. Stief, and F. L.

as vibrational contributions from the three singly degenerate

vibrational modesy; — v (2840, 1412, and 1047 c¢m), and
the degenerate mode, of 2778 cm 1. The rotational con-

Nesbitt, J. Phys. Chen®8, 4026(1994.

8J. Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Ch@8,. 2744
(1999.

%Computational Chemistry Comparison and Benchmark DataBase

stants and the vibrational wavenumbers corresponding to(cccBDB) (NIST, 1999; see(http://srdata.nist.gov/ccchdb/
v1—v, wWere kept the same in both electronic components:°R. Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.
The contributions arising from the doubly degenerate modeg Y- Rossi and J. Troe, J. Phys. Chem. Ref. 28al67 (2000.

vg and vg were treated separately using the following ap-
proach: theA;, A,, andE components were distributed into

four pairs, {vs(A1,A2),v6(E)},  {ws(E),ve(A1,A2)},
{vs(A1,A2),v6(A1,A2)}, and {vs(E),ve(E)}. The (un-

known) values of theA, components were approximated by
using the associatel; components. Each of these four pair-

J. A. Kerr and D. W. StockerStrengths of Chemical Bondén CRC
Handbook of Chemistry and Physiedited by D. Lide, 82nd edCRC,
Boca Raton, FL, 20012002

227, Burcat, TAE Report No. 867, Technion, Haifa, 2001; see &fgu//
ftp.technion.ac.il./pub/supported/aetdd/thermodynamics

23, p. Sander, R. R. Friedl, D. M. Golden, M. J. Kurylo, R. E. Huie, V. L.
Orkin, G. K. Moortgat, A. R. Ravishankara, C. E. Kolb, M. J. Molina, and
B. J. Finlayson-Pitts, JPL Publication 02—25, NASA and JPL, February 1,

wise combinations was associated to one of the possible four2003.

components of a nominally unspfE ground state(each
electronic component having=1, T,=0). The vibrational

contribution was then extracted and added to the contribu-

24H. Y. Afeefy, J. F. Liebman, and S. E. SteiNeutral Thermochemical
Data, in NIST Chemistry WebBopKIST Standard Reference Database
Number 69, edited by P. J. Linstrom and W. G. Mall@kiST, Gaithers-
burg, MD, 2003; (http://webbook.nist.goy/

tipns calculgted in the first step. While it is readily récog- 2. p, Lossing, J. Am. Chem. So@9, 7526(1977).
nized that this approach falls short of an accurate descriptioffB. Ruscic, A. F. Wagner, L. B. Harding, R. L. Asher, D. Feller, D. A.
of the actual spectroscopy of methoxy radical, it is felt that Dixon, K. A. Peterson, Y. Song, X. Qian, C.-Y. Ng, J. Liu, W. Chen, and

the approximations that were used here are reasonable Withil;f

the rigid rotor-harmonic oscillator framework.

. W. Schwenke, J. Phys. Chem.1®86, 2727(2002.
. V. Gurvich, I. V. Veyts, and C. B. AlcockThermodynamic Properties of
Individual Substance<th ed.(Hemisphere, New York, 1989Vol. 1.

(2e) The standard heat capacity, entropy, and enthalpy incre®B. Ruscic(unpublished results, 2003

ment values reported in the compilation of Gurviehal 1°

are C°,(298.15K)=37.151JK*mol™*, S$°(298.15K)
=232.861JKmol %, H°(298.15 K)— H°(0 K)
=10.113 kJmol?, in the Thermochemical Database for
Combustio are C°,(298.15 K)=43.512 JK *mol?,
$°(298.15 K)=229.390 JK1mol™!, and those obtained
from G3MP2B3 computation$ are C°,(298.15 K)
=41.07 JKtmol™!, $°(298.15K)=237.03 JK 1 mol 2,
H°(298.15 K)—H°(0 K)=10.44 k moi *.
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7.3.3. CH3CH,0O Radical

7.3.3. Ethoxyl radical 2154-50-9
CH3CH20(2AH) Cov (0exi=2)

A{H°(298.15 K)=—13.6-4.0 kImol ! A{H°(0K)=—0.2+4.0 kJmol ?
C°,(298.15 K)=66.321 JK * mol~* H°(298.15 K)—H°(0 K)=14.235 kJmoi?!
$°(298.15 K)=277.642 JK 1 mol~* p°=100000 P41 bay

Literature Data for the Enthalpy of Formation at 298.15 K

AH°/kImol™t Authors and Reference Methbd Comments
Measurements
—13.8+4.CF DeTuri and Ervin(1999* TCID-NIC (1a
Computations
—75+1%F Curtisset al. (19982 CBS-Q (1b)
-10.5+7.9 Curtisset al. (19983 G3 (10
0+6° Caralpet al. (1999* QCISD(T), (1d)
BAC-MP4
-9.00+10° Yamadaet al. (1999° CBS-q, G2 (le
—12.1+3.1° Parthiban and Martiti2001)® w1l (1)
—16.4+7.8 Janoschek and Rog&002’ G3MP2B3 (19
Reviews and Evaluations
—17.2:4.2 McMillen and Golder(19828 CDE (1h)
—-16.6 Batt(1987° CDE (1i)
—15.5+3.3 Berkowitzet al. (19941° CDE (1))
—155+3.4 Atkinsonet al. (2000*! TT-A (1K)
—155+3.4 Kerr and Stockef2000*2 TT-A (1l
-16.7 Burcat(200)*3 TT-A (1m)
—15.5+3.3 Sandeet al. (20034 TT-A (1n)

&TCID-NIC: negative ion cycle based on combining energy-resolved threshold collision-induced dissociation measurements of proton-bounditomplex
electron affinity of the hydrocarbon radical from negative ion photoelectron spectroscopy; CDE: critical data evaluation; and TT-A: anndédied ¢dbu
thermodynamic data.

The quoted value was either not given explicitly by the autfsprsr it was recalculated using auxiliary thermochemical values that differ from those used
by the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation =6.197 kamor! and A¢H® 595 H) =217.998

(13 Gas-phase acidity of ethanol from energy-resolved™0.006 kJmol* as recommended by CODATA,and the
TCID measurements of the fluoride—ethanol, ethoxide-currently —adopted enthalpy increment for ethoxyl,
water, and ethoxide—ethanol proton-bound complexes. ThiH®(298.15 K)—H°(0 K)](CH;CH,0)=14.235 kI mol *,
competitive dissociation reactions of the complexes werdhis produces Dof CH;CH,O—H)=439.2+3.1 kJmol *
studied using a guided ion beam tandem mass spectromet@)d  A{H® 0 CH;CH,0)=—13.6+3.1 kJmol'*.  Apart
where the reaction cross sections and product branching fraf©om the uncertainty, this is the value listed in the table. Note
tions to the two proton transfer channels were measured astéat Ervin and DeTutf starting from their ,¢;dH ° 295 Obtain
function of collision energy. From the RRKM-modeled en- the same value foD,, but their D,gg is slightly lower:
thalpy difference between the product channels, the ga#38.1=3.3 kImol !, most likely due to the use of a lower
phase acidity ofA i H°o(CH;CH,OH)=1581+5kJmol'!  enthalpy increment for ethoxyl. These differences are further
was determined. In light of a change in the gas-phase aciditgmplified by  using AH° g CH;CH,OH)=—235.3

of water by Ruscicet al,'® this value was subsequently re- =0.5 kJmol * as suggested by the WebBoBkiesulting in
vised downward by Ervin and DeTdfi to 1579.8 an enthalpy of formation of ethoxyl at 298.15 K ef15.1
+3.1kImol 1. Using the electron affinitf . CH;CH,O) +3.3kJmol L. Noting that the underlying treatment of the
=1.712+0.004 eV from Ramonet all” and the ionization partition functions probably affects the fitted thresholds to
energy E;(H)/hc=109678.773 704 0.000 006 cm* from  some degree, we here adopt a slightly amplified uncertainty

Ericksort® produces Do(CH3CH,0-H)=432.9  of x4 kImol%.

+3.1kIJmol't. With auxiliary quantities[H°(298.15K) (1b) CBS-Q calculation. The reported average absolute de-
—H°(0 K)](CH3CH,OH)=14.126 kJ mol * and viation of 1.57 kcalmol! was multiplied by 2 to bring it
A{H® 59 CH3CH,OH)=—234.8- 0.5 kJmol'! from Gur- closer to the desired 95% confidence limit. The equivalent
vich et al,® [H°(298.15K-H°(0K)](H) CBS-q and CBS-4 enthalpies of formation are2.1
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+18 kJmol'? (—0.5kcalmol'!) and —7.5-26 kJmol'?  0.37 kcalmol'! for the W1 test set, which corresponds
(—1.8 kcalmol't), where the uncertainties have been ob-roughly to 1 s.d.

tained in an analogous way. (1g) G3(MP2)//B3LYP ab initio calculations for 32 selected
(1c) G3 ab initio calculation. The value listed in the table is free radicals. The uncertainty given in the table corresponds
converted from— 2.5 kcal mol L. The uncertainty quoted in approximately to 95% confidence limits based on twice the
the table corresponds approximately to 95% confidence limquoted average absolute deviation of 3.9 kJmalor the

its, based on twice the average absolute deviation ofalculated set of radicals, which corresponds roughly to 1
0.94 kcalmol® for the enthalpies in the G2/97 test set, s.d. Note that the average absolute deviation for all enthalp-
which roughly corresponds to 1 s.d. At the G®2) level of  ies in the G2/97 test set using the same method is very
theonf?  A¢H® 95 CH;CH,0)= —8.4+9.% kI mol* slightly larger®® 4.7 kI mol ! [see alsd1c) abovd.

(—2.0 kcalmor't), where the quoted uncertainty has been(1h) Recommended value from extensive evaluation of data
derived in a similar fashion as for the G3 value. At the G2(mainly kinetic determinationspublished until 1981. The
level of theor§® A{H°,0qCH;CH,0)=—9.6=13.1 selected value is based on the kinetic determination by Batt
kdmol ! (—2.3 kcal mol'%). etal3!

(1d) QCISIXT) and BAC-MP4 calculations accompanying (1i) A review of kinetics and thermochemistry of alkoxyl and
an experimental kinetic study of thermal decomposition ofalkyl peroxyl radical reactions. The suggested thermochemi-
ethoxyl radicals. The C—C and C—H bond dissociation enercal properties,A¢H® 95 CH;CH,0)=—16.6 kJmol * and
gies in the ethoxy radical are calculated using various level® 208l CHsCH,0—H)=436.2 kJmol*, obtained with the

of theory. The results obtained at the QCISD(T)/6-311auxiliary — data®®  of  AfH®,0q CH;CH,OH)
+G(3df,29//MP2/6-311G(d,p) and BAC-MP4 theoretical =—234.8kImol’ and A¢H®,qH)=217.998 kJ mol*,
levels are close to each other and are hence believed by ti#e based on previous kinetic studies of diethyl peroxy and
authors to be the most reliable oneByq CH;—CH,0)  ethyl nitrate decomposition reactions.

=39.7 and 40.2 kJmol' and D ,eq CH;CH(O)—H)=55.1 (1j) Critical data evaluation of R—H bond dissociation ener-

and 58.8 kJ mol®. Combining the calculated bond dissocia- gies based on three methods: kinetic determinations, positive
tion energies with the enthalpies of formation of ion cycle determinations from photoelectron/photoionization

AfH® 0 CHg) = 145.7 kI mot 1,0 AfH® 504 CH,0) measurements and negative ion cycle determinations from
=—108.6 kImot,2* AH® e H)=218.0 kImol1,?®> and Photoelectron measurements of negative ions combined with
AH® 505 CH;CHO)= — 166.1 kJ mot *,%° the authors obtain 9as phase acidities. The recommended value is based on the
A{H® ,05{ CH;CH,0)=0+3 kdmol %, and note that their re- bond dissociation energy D,gf CH;CH,0—H)=437.6

sult is significantly different from the recommended experi-* 3.3 kI mol* reported by Erviret al,* which is based on
mental value of—15.5 kJmol® of Berkowitz et all®° The @ redetermination of the gas-phase acidity of acetylene and
uncertainty quoted by the authors:8 kJmol ) seems to Iiteratur_e_ values for _relative gas-phas_e acidities of alc_oho_ls.
try to capture the difference between the two kinds of calcu{1K) Crltlcz_il evaluation of atmosphe_rlcally relevant kinetic
lations employed and appears highly optimistic even wheriates. Their table of enthalpy data_ lists Kerr and Stotker
multiplied by a factor of 2. [see(ll)_ below] as thel sourciao, who in turn adopt the recom-
(le The isodesmic reaction GIEH,0+ CHsOH mendation of Berk_ownzat al: [see_(lj) abovd. .

— CH3CH,OH+ CH;O studied using CBS-q/MRRill)/6- (11) Thermodynamic data compilation. Thg .tabulat|on §elects
31G(d,p and G2 methods. Total energies are corrected f0P298(1%H3CH2_O—H)=436-0t 3.8 kImol ! citing Berkowitz
zero-point vibrational energies and thermal corrections tgt @l [see(1j) abovd as a source. .

298.15 K are incorporatediFrequencies are scaled by (Im) Thermodynamic database for combustion. Burcat
0.9608 for MP2full)/6-31Gd,p) and 0.8929 for HF/6- Quotes Bensofias the source afiH®pf CHCH,0).
31G(d).] Using literature values oA(H°,qg for three other (1n) Critical evaluation o_f atmospherlcal_ly re{gvant k|net|c
specie€’ 2 AH® 0 CHsCH,0)=—7.0kdmol'l  and data. The quoted value is from Berkowigz al.”> [see (1))

AH® 0 CH;CH,0)= —14.0 kImol* were obtained for above.

the reaction enthalpies calculated by the CBS-q and G2
methods, respectively. The authors also note that their esti-
mation of the stability of ethoxyl relative to,E,+ OH is
—99 kJmol %, from which one can infer that they prefer the A{H°(298.15 K=—13.6-4.0 kImol?
G2 value, which is listed in the table. It should be noted, o

however, that the value for the enthalpy of ethoxyl is deter- AH®(0 K)=-0.2£4.0 kImol*
mined relative to the enthalpy of methoxyl, which was taken The only new experimental enthalpy of formation deter-
as 16.0 kImol! at 298.15 K based on the recommendationmined since 1982, the publication of the review by McMillen
of Tsang and Hampsdii.The currently recommended value and Golderf is that reported by DeTuri and ErvirAnother

for the enthalpy of ethoxyl is 5 kJ mot higher. experimentally based value, derived from earlier measure-
(1f) W1 ab initio computation. The uncertainty quoted in the ments, was reported by B&tfThe experimental values are,
table corresponds approximately to 95% confidence limithowever, definitely lower than the results alf initio calcu-
based on twice the average absolute deviation ofations. Omitting the high value reported by Caralpal®

Preferred Value of the Enthalpy of Formation
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[see(1d) abovg, which appears incompatible with all other mended in the present evaluation. This lends additional sup-
listed calculations, the average theoretical enthalpy of formaport to the presently selected enthalpy of formation of
tion is A{H®gCH;CH,0)=—11.6+1.7kJmoll. It  ethoxyl radical.
should be also noted that some of the listed computations do The preferred value corresponds to the O—H bond disso-
not use a hindered rotor approach to estimating the enthalpsiation energy in ethanol Dygg CH;CH,O—H)=439.2
increment needed to obtain the 298.15 K value, and none-4.0 kJmol'? (432.9-4.0kJmol'! at 0 K) and the C-C
seem to include the low-lying excited electronic state ofbond dissociation energy in ethoxy g CHz—CH,0)
ethoxyl. If the enthalpy increment for ethoxyl adopted here=51.6+4.0 kImol'* (45.4-4.0 kJmol'! at 0 K), which
were used, the reported results would be anotheboth produce the listed enthalpy when used together with
1-2kIJmol! higher (less negative further exacerbating auxiliary thermochemical values from Gurvickt al,®
the difference between the theoretical and experimentahH®° o CHLCHOH)=—234.8-0.5kJmol!, [H%(298.15K
value. On the other hand, the best available calculftion—H®°(0 K)](CH;CH,OH)=14.126 kJ mol?, AH°,e5CH,0)
(W1) produces one of the lowest calculated values, which—=—108.7-0.5 kJmol'?, [H°(298.15 K—H°(0 K)](CH,0)
within the stated uncertainty—overlaps with the experimen—=10.020 kimol', and CODATA® recommended values
tal value of DeTuri and Ervin,even when the additional A¢H°,eg(H)=217.998=0.006 kJ mor %, [H°(298.15 K)
correction of 1—2 kI mol* upwards is taken into account. —H°(0K)](H)=6.197+0.001 kJmol!, [H°(298.15K)
The preferred enthalpy of formation is the value based on-H®° (0 K)](C, graphite)= 1.050+ 0.020 kJ mot %,
the TCID measurements of DeTuri and Efviwhich lies  [H°(298.15 K)-H°(0 K)](H,)=8.468+0.001 kJ mof %,
between the theoretical results and previous recommendand [H°(298.15 K)-H"°(0 K)](0O,) =8.680+ 0.002
tions. It is important to note that the preferred enthalpy rekJmol !, together with [H°(298.15K)}—H°(0K)]
sults in an O—H bond dissociation energy in ethafsle X(CH;CH,0)=14.235kJmol! as listed below, and
below) that is in line with the much better established O—HA{H® 0 CHg) = 146.7+0.3 kI mol 1, [H°(298.15 K)
dissociation energy in  methanol, D,qg CH;0—H) —H°(0 K)](CH3)=10.366 kimol! from the present com-
=440.0+2.2 kImol ! (434.6+ 2.2 kJmol * at 0 K), recom-  pilation.

Geometry(distance in A, angles in degre&@

Cartesian coordinates

Z matrix X y z
C C —1.045721 —0.600479 0.000 000
C 1 15283 C 0.000 000 0.514051 0.000 000
O 2 13709 1 115.521 O 1.306 329 0.098 280 0.000 000
H 1 10965 2 110999 3 180 H —2.061111 —0.186 582 0.000 000
H 1 10950 2 110.394 3 59.749 H —0.929743 —1.232536 0.886 587
H 1 10950 2 110.394 3-59.749 H —0.929743 —1.232536 —0.886 587
H 2 11100 1 111.505 4 57.353 H —0.127 854 1.191991 0.869571
H 2 11100 1 111.505 4-57.353 H —0.127 854 1.191991 —0.869571

Moments of inertia in the electronic ground stdte
| ,=21.281x 10 *" kg n? lg=88.117X 10" *' kg n? | c=99.060x 10~ 4" kg n?
1,=4.303x 10 #" kg n? (V3=737 cm %, 0,y=3)

Vibrational wave numbers in the electronic ground sha(em‘l)(z")

3015 3004 2937 2824 2790 1468
1458 1378 1360 1321 1206 1064
1046 872 856 475 406 2p0rsion

Excited Electronic Stat&d
Term value:To(A2A’) =355+ 10 cmi * (Cq, 0exi=1)
Moments of Inertial ,=23.996< 10 4" kg n?, 15=281.338<10 4" kgn?, |c=94.591x 10 *" kg n?,
|,=4.375<10 *" kg m? (V3=1030 cm %, 0y, =3)
Vibrational wave numbers;(cm™1): 3028 @’'), 2951 @'), 2850 @’), 1514 @),
1471 @'), 1356 @’), 1268 @), 1107 @'), 912 @'), 874 @'), 369 @'),
3040 @"), 2886 @"), 1445 @"), 1216 @"), 934 @"), 577 @"),
249 @”, torsion
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Heat CapacityC®,, EntropyS°, and Enthalpy Incremeriti®(T) —He (0 K)]@*#

C°p(T) S(T) [H°(T)—H°(0K)]
T/IK (JK tmol™ 1) (JK tmol™ 1) (kJmol™1)
150 48.062 239.016 5.753
200 54.390 253.730 8.318
250 60.352 266.506 11.187
298.15 66.321 277.642 14.235
300 66.556 278.053 14.358
350 72.975 288.794 17.846
400 79.362 298.957 21.655
500 91.301 317.974 30.200
600 101.740 335.566 39.864
800 118.609 367.259 61.979
1000 131.373 395.163 87.036
1200 141.034 420.010 114.321
1500 151.303 452.663 158.278
2000 161.468 497.737 236.739
2500 167.046 534.424 318.997
3000 170.359 565.197 403.414

7-Constant NASA Polynomial

ETHOXYL RADICAL JUNO3 C 2.H 5.0 1. 0.G 200.000 6000.000 45.06050 1
0.66889982E+01 0.13125676E-01-0.47038840E-05 0.75858552E-09-0.45413306E-13 2
-0.47457832E+04-0.96983755E+01 0.43074268E+01 0.64147205€e-02 0.31139714E-04 3
-0.43314083E-07 0.17276184E-10-0.34027524E+04 0.59025837€+01-0.16357022E+04 4

9-Constant NASA Polynomial

ETHOXYL RADICAL IUPAC Task Group on Selected Radicals
3 JuUNO3 Cc 2.00H 5.000 1.00 0.00 0.00 0 45.06050 -13600.000
50.000 200.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 14235.043
-0.234929855D+04 0.146234655D+03 0.673498365D0+00 0.253875617D-01 0.1258484790-03
-0.100421507D-05 0.194871527D-08 0.0000000000+00-0.383489634D+04 0.2195419390+02
200.000 1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 14235.043
-0.227876925D+06 0.372743127D+04-0.194122340D0+02 0.814283794D-01-0.929029798D-04
0.585878240D-07-0.154024440D-10 0.0000000000+00-0.207566010D+05 0.134580038D+03
1000.000 6000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 14235.043
0.379459991D+07-0.163151458D+05 0.308299459D0+02-0.302045663D-02 0.563059677D-06
-0.562294840D-10 0.232626271D-14 0.000000000D+00 0.941220441D+05-0.177099343D+03

Comments to Molecular Data, Heat Capacity, scribed above does not impact the thermochemical functions
Entropy, and Enthalpy Increment presented here.

(2b) The principal moments of inertia correspond AQ

=1.315cm?, B,=0.318cm?, C,=0.283cm?, and the

rotational constant of the internal rotation 8y

=6.505 cm !, which were used in the calculations of ther-

mochemical functions. These rotational constants were ex-

(2a) The structural datéZ-matrix and Cartesian coordinajes
are the results obtained from G3MP2BB initio computa-

tions carried out at Csymmetry’ Note that the underlying
B3LYP calculations, when using the 6-3(@d} basis set, op-

timize at a structure that is nga.rbgth symmetry, rather than tracted from the optimized Clnearly G) B3LYP/6-31Gd)
truly C, symmetry”*The optimized G ground state and the structure[see(2a) abovd. The constrained Cstructure re-
constrained € ground-state structures obtained at theg s in very similar values.

B3LYP/6-31Qd) level differ insignificantly (0.0X10 3 (20 Only five vibrational frequencies are known
En, or 4 cmi ) in energy”**With more extensive basis sets, experimentally>3® The listed vibrational wave numbers are
such as 6-3% G(d,p) or 6-311&d), the B3LYP method op-  those obtained from the optimized Chearly G) B3LYP/6-
timizes at the expected @eometry** The transition-state  31G(d) structure[see(2a) abovd. The listed frequencies are
structure at the top of the barrier for the €iiternal rotation  scaled using the scaling factor of 0.96¥4The last listed
optimizes at a ¢geometry even at the B3LYP/6-31@3  wave number is a pseudovibration corresponding to thg CH
level of theory** Note that the slight optimization problem internal rotor. Where comparison can be made, the listed
for the ethoxyl ground-state structure using the methods dewave numbers are in reasonable agreement with the five ex-
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perimental values. The listed wave numbers are also reasonjs- Parthiban and J. M. L. Martin, J. Chem. Phys4 6014(2003.
ably similar to those obtained from METB||)/6-31G(d,p) R. Janoschek and M. J. Rossi, Int. J. Chem. KiBd{.550 (2002.

; 2 8D. F. McMillen and D. M. Golden, Ann. Rev. Phys. CheB3, 493(1982.
((:Zodr;l FI)El:;a:)t;(orllgr;adicaI has a low-lying excited electronic state °L. Batt, Int. Rev. Phys. Chens, 53 (1987.
=9 y } ying 17 10J. Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Ch@8\. 2744
(A“A") observed experimentally by Ramomwd al,”* who (1994,

determined its excitation a,=355+10 cm 1. The listed 1R Atkinson, D. L. Baulch, R. A. Cox, R. F. Hampson, Jr., J. A. Kerr, M.
spectroscopic constants are those derived from a G3//B3LYPJ. Rossi, and J. Troe, J. Phys. Chem. Ref. (28al67 (2000.
calculation®* At this level of theory, the excitation i¥,  **J. A. Kerr and D. W. Stockerstrengths of Chemical Bondé CRC
=340 cm ! (4_07 kJ mOTl), in excellent agreement with Handbook of Chemistry and Physid®1st ed.(CRC, Boca Raton, FL,

the experimental value. The listed moments of inertia correhioosu‘rigflTAE Report No.867, Technion, Haifa, 2001; see dis/
_ A1 _ ~1 . ) . , , ) )
spond t91 Ae=1.167cm?",  Be=0.344cm”,  Ce ftp.technion.ac.il./pub/supported/aetdd/thermodynamics
=0.296 cm *, and the rotational constant of the internal ro- 145 p sander, R. R. Friedl, D. M. Golden, M. J. Kurylo, R. E. Huie, V. L.

tation, B;,,=6.398 cm . The listed vibrational wave num-  Orkin, G. K. Moortgat, A. R. Ravishankara, C. E. Kolb, M. J. Molina, and
bers are scaled by 0.9634The last listed wave number is a  B. J. Finlayson-Pitts, JPL Publication 02-25, NASA and JPL, February 1,
pseudovibration corresponding to the Cidternal rotor. 2003.

e . : s . .
(26) The heat capacities, entropies and enthalpy incrementse: RUSCic, A. F. Wagner, L. B. Harding, R. L. Asher, D. Feller, D. A.

. L . . Dixon, K. A. Peterson, Y. Song, X. Qian, C.-Y. Ng, J. Liu, W. Chen, and
were calculated using the rigid rotor-harmonic oscillator ap- 5"y 'schwenke. J. Phys. Chem.186, 2727 (200,

proach. The molecular constants of §IH,0 are those 1k M. Erin and V. F. DeTuri, J. Phys. Chem. 206 9947(2002.
listed above. The calculations include the first excited elect’T, M. Ramond, G. E. Davico, R. L. Schwartz, and W. C. Lineberger, J.
tronic state of ethoxyl & 2A’). The torsion motions in both  Chem. Phys112 1158(2000.
the ground and excited states were treated as hindered rotorg>- W: Erickson, J. Phys. Chem. Ref. D#a831(1977. _
In the ground state of ethoxyl?((zA”) the barrier at the LV Qurvu:h, I. V. Veyts, and C. B..AlcockThermodynamlc Properties of

i Individual Substancedth ed.(Hemisphere, New York, 1991\Vol. 2.
G3//B3LYP level of theor?/‘ is 737 cmi'=8.82 kamof * 203, D. Cox, D. D. Wagman, and V. A. MedvedeéODATA Key Values for
(including zero-point-energy correctiondn the low-lying ThermodynamicéHemisphere, New York, 1998(http://www.codata.org/
excited state A2A’) the analogous torsion barrier is _codata/databases/keyl.himl
1030 e t=12.32 kI moiL. In both states the barriers were H- Y- Afeefy, J. F. Liebman, and S. E. SteiNeutral Thermochemical

d to be three-cvcle sinusoidal potentials me Data, in NIST Chemistry WebBopRIST Standard Reference Database

assume 5 y p Number 69, edited by P. J. Linstrom and W. G. MallakiST, Gaithers-
f 3. Yamadaet al. .have_also recently perform?_d a calcula- burg, MD, 2003 (http://webbook.nist.goy/ July 2001 release.
tion of heat capacities, integrated heat capacities and entrex A curtiss, P. C. Redfemn, K. Raghavachari, V. Rassolov, and J. A.
pies for several selected temperatures using the results ofPople, J. Chem. Phy410 4703(1999.
CBS-q//MPZfull)/6-31GQd,p) and G2 calculations and esti- *L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem.
mated the contribution of the internal rotor by using the tabu- Phys.106 1063(1997.

. . . 24
lated values of Pitzer and Gwirti.However, they did not st' van Zee, M. F. Foltz, and C. B. Moore, J. Phys. Chef)1664(1993.
M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A.

include the |0W'|y|ngA state of ethoxyl' Apart from the ex- McDonald, and A. N. SyverudANAF Thermochemical Table3rd ed., J.

clusion of the excited state, their G2-based calculations arephys. chem. Ref. Data4, Suppl. 1(1985.

roughly commensurate with the present results. However, th&N. Cohen, J. Phys. Chem. Ref. D5 1411(1996.

inclusion of the excited state changes the thermochemicdlD. R. Stull and H. ProphetJANAF Thermochemical Tablegnd ed.,

functions rather significantly. NSRDS-NBS 37(U.S. Government Printing Office, Washington D.C.,

(2f) The standard heat capacity, entropy, and enthalpy incre; 197 _ ,

ment values reported in thehermochemical Database for - R Stull E. F. Westrum, and G. C. Sinkehe Chemical Thermodynam-
. 13 o 1 1 ics of Organic Compound&rieger, Malabar, FL, 1987

Combustiof® are C 9(2918'15 K1)= 56.615 JK'*mol E 2W. Tsang and R. F. Hampson, J. Phys. Chem. Ref. D5t4087(1986.

S°(298.15K)=268.589 JK"mol”~, and those obtained s G Baboul, L.A. Curtiss, P. C. Redfern, and K. Raghavachari, J. Chem.

from G3MP2B3 computatiods are C°p(298.15K) Phys.110, 7650(1999.

=64.44JK tmol™!, $°(298.15K)=273.37 JK 1 mol %, 81| . Batt, K. Christie, R. T. Milne, and A. Summers, Int. J. Chem. Kiret.

H°(298.15 K)— H°(0 K)=12.90 kJ mol . 877 (1974.
32K, M. Ervin, S. Gronert, S. E. Barlow, M. K. Gilles, A. G. Harrison, V. M.
References Bierbaum, C. H. DePuy, W. C. Lineberger, and G. B. Ellison, J. Am.

Chem. Soc112, 5750(1990.

1 . . 333, W. BensonThermochemical Kineticé/iley, New York, 1976.
V. F. DeTuri and K. M. Ervin, J. Phys. Chem. 203 6911(1999.

) . 34B. Ruscic and B. W blished Its, 2003
2L. A. Curtiss, K. Raghavachari, P. C. Redfern, and B. S. Stefanov, JgSM Eui(ggoinJ Ph :ngu:gnli :efe Dréi;ul:fS(lQmQa
Chem. Phys108 692 (1998. T » o PIYS. ) ’ '

3L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, and J A36M. E. Jacox, Vibrational and Electronic Energy Levels of Polyatomic

Pople, J. Chem. Phy409, 7764 (1998. " Transient Moleculesin NIST Chemistry WebBopKIST Standard Refer-
4F. Caralp, P. Devolder, C. Fittschen, N. Gomez, H. Hippler, Ridde, M. ence Database Number 69, edited by P. J. Linstrom and W. G. Mallard
T. Rayez, F. Striebel, and B. Viskolcz, Phys. Chem. Chem. Phy2935 (NIST, Gaithersburg, MD, 2001 (http://webbook.nist.ggv
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7.4. Miscellaneous Radicals
7.4.1. NH, Radical

7.4.1. Amidogen radical 13770-40-6
NHz(ZBl) Co(Texi=2)

A{H°(298.15 K)=186.2+-1.0 kimol ! A{H°(0 K)=189.1+1.0 kImol !
C°p(298.15 K)=33.663 JK * mol* H°(298.15 K)-H°(0 K)=9.911 kmoi !
$°(298.15 K)=194.868 JK 1 mol~* p°= 100000 P41 bap

Literature Data for the Enthalpy of Formation at 298.15 K

A{H°(kJmol 1) Authors and Reference Methbd Comments
Measurements
187.8+2.(F Gibsonet al. (1989 PIMS-PIC (1a)
191+ 6° Hacket al. (19867 KE (1b)
189.5+3.6° Sutherland and MichaglL988° KE (1o
186.12+0.4% Mordauntet al. (1996* DD (1d)
Computations
192+10 Melius and Binkley(1988° BAC-MP4 (1e
185.8+7.4 Mebel et al. (1995° G2M(RCO) (1f)
183.3+2.5 Espinosa-Garciet al. (1995’ QCISD(T) (19
190.4+ 15 Curtisset al. (19988 CBS-Q (1h)
186.2¢ 7. Curtisset al. (1998° G3 (1i)
186.9 Mebel and Lin(1999*° G2M(RCO) (1))
185.8-1.9F Parthiban and Marti2001)* w2 (1k)
184.8+ 7.8 Janoschek and Ros§002% G3MP2B3 (1l
184.9 Demaisoret al. (20033 ccsOT) (1m)
Reviews and Evaluations
184.9 NBS(1982% TT-U (1n)
185.4+4.6 McMillen and Golder(1982° CDE (10)
190.4+6.3 JANAF (19851¢ CDE (1p)
189+1 Anderson(1989*/ CDE (19)
190+ 10 Gurvichet al. (19898 CDE (1
188.7+1.3 Berkowitzet al. (1994*° CDE (19
190.4+6.3 NIST CCCBDB(1999%° TT-A (1t)
188.7+1.3 Atkinsonet al. (20002 TT-A (1u)
184.9 CRC HCR2001)%? TT-U (1v)
188.7+1.3 Kerr and Stockef200023 TT-A (1w)
189.135 Burcat2001)%* TT-A (1x)
18P+ 1 Sandeet al. (2003%° TT-A (1y)
190.4 NIST WebBook20032° TT-A (12)

#PIMS-PIC: positive ion cycle based on combining photoionization measurements of the appearanceEepeafya( cation from a stable molecule with
ionization energy [;) of the radical; KE: kinetic equilibrium study; DD: photodissociation dynamics study; CDE: critical data evaluation; TT-U: unannotated
tabulation of thermodynamic data; and TT-A: annotated tabulation of thermodynamic data.

The quoted value was either not given explicitly by the au@ar it was recalculated using auxiliary thermochemical values that differ from those used by
the original authors; see individual comments for additional details.

“The uncertainty was either not given explicitly by the original aut$aor it has been modified; see individual comments for further explanations.

Comments on the Enthalpies of Formation Eiad(NHy) =11.14+0.01 eV. This value is 0.32 eV lower

(1a Photoionization mass spectrometric study of Nbte- than the valu€11.46 eV reported in an earlier photoelectron
pared by the reaction HN,H,. The observed ionization Spectroscopic study.Combining this ionization energy with
onset was very gradual, reflecting the unfavorable Franckthe appearance threshold of the NHfragment from NH,
Condon factors resulting from the transition from a bent,NH Eap,((NHf/NHg) =15.768+0.004 eV obtained by
radical to a significantly less bent NH ion. Using a param- McCulloh?® the authors derived Do(NH,—H)=446.5
eterized fit of the assumednresolved rotational substruc- +1.0 kJmol'?, and with enthalpies of formation for NH
ture, the authors obtained an adiabatic ionization energy aind H they obtain A{H°,(NH,)=191.6+1.3 kdmol %,
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which  would correspond to A;H°,eqNH,)=188.7  the absorbance with time is observed. Under these conditions
+1.3 kJmol 1. However, in a recent private communication Kl NHz]=k[H,] and the equilibrium constark =k;/k, is
quoted by Songet al,?° Berkowitz gives a more conserva- equal to[H;]/[NHs]. Both the second-law and the third-law
tive estimate of; , NH,) =11.15-0.02 eV. Using the lat- derivation(with entropies taken from the JANAF Tabtés

ter value, together with a slightly refin®d are used to obtain the reaction enthalpy in the studied tem-
EapdNH,*/NH3)=15.765-0.001 eV, leads to a moder- perature range. Extrapolation to 298.15da@ K yields
ately lower valueDo(NH,—H)=445.31.9kJmol 2. Us-  AgH®p08(NH;)=189.5 1.3 kImol !, A(H°o(NH,)=192.5

ing auxiliary thermochemical data fro@ODATA Key Values *=1.3kImol'", and Do(H,N-H)=447.7-1.3 kJmol *.

for  Thermodynamic®  A{H°,H)=217.998-0.006 While the initially assigned uncertainty was kept at
kdmol', [H°(298.15K)-H°(0K)](H)=6.197£0.001 *1.3kJ mol !, as suggested by the authors, the linear analy-
kJmol 1, A¢H® 594 NH3) = — 45.94+0.35 kI moi %, sis performed in conjunction with determining the preferred
[H°(298.15 K — H°(0 K)](NH) = 10.043-0.010 kJmol?,  value has suggested an amplified overall uncertainty of
and [H°(298.15 K)-H°(0 K)](NH,)=9.911 kImof* as  *3.6 kImol ..

adopted in the present evaluation, produbesg NH,—H)  (1d) Hydrogen Rydberg atom photofragment translational
=451.3+1.9 kamol'!, and hence the enthalpy of formation Spectroscopy technique used to investigate the photodisso-
A{H® 595 NH,) =187.4+ 2.0 kI mol 1. ciation dynamics of NH following excitation to the lowest
(1b) Reaction NH+H,=NH3;+H studied in a discharge two (v,=0 and 2 vibrational levels of the first excited
flow system in both directions in the temperature range 6734A *A”,) singlet electronic state. Analysis of the respective
1003 K under pseudo-first-order conditions. The forward re+total kinetic energy release spectderived from the H atom
action was investigated by monitoring the time-dependentime of flight spectruny together with energy balance con-
concentration profile[H](t) using Lymane absorption, siderations, provides an estimate bf,(H,N—H)=37 115
while the reverse reaction was studied by determining the- 20 cm 1=443.99+ 0.24 kJ mol . With auxiliary thermo-
[NH,](t) profile with LIF. The rate coefficients are repre- chemical data as in (1a above, this produces
sented by the Arrhenius expressiomks=3.6x102exd  D,of NH,—H)=450.06+0.23 kJmol?, and hence the en-
—(38+3) kImol Y/RT] cnPmol ts™* and k,=8.1 thalpy of formation AH°,0NH,)=186.12+0.42

x 10 exd —(60.9+4) kImol Y/RT] cm®mol ts™t.  In  kdImol .

the second-law determination, from the activation energies,1e) BAC-MP4 ab initio calculations. The authors give a
Dgso HoN—H)=465 kdmol'! and in the third-law deriva- generic uncertainty of- 10 kJ mol'*, which is taken here to
tion, from the equilibrium constant K=k;/k,, roughly represent a 95% confidence limit.
Dgso(H,N—H)=460 kJmol'! was obtained at the mean (1f) Modified G2 (G2M) methods have been used to obtain
temperature of 850 K. With the integrated heat capacitiestomization energies for first-row compounds. The most ac-
from the JANAF Table$! the authors obtain curate model, called G2MRCO), gave tle 0 K atomization
Doog(H,N—H)=457 kJmol'?! and D,ogH,N—-H)=453  energy of 170.7 kcal mofl (714.2 kJmor?!) for NH,. Us-
kJmol !, respectively. From the mean value of these,ing auxiliary thermochemical data as given (iba) above,
DoogH,N—-H)=455kImol!,  the authors derive together with AH°,0qN)=472.68+0.40 kJmol'! and
A{H° 504 NH,) =191 kI mol ! (presumably using auxiliary [H°(298.15 K)—H°(0 K)](N)=6.197+0.001 kJ mof !
thermochemical values from the same edition of JANAFfrom CODATA Key Values for Thermodynami€gproduces
tables?). With the auxiliary thermochemical values given in an atomization energy of 722.9 kJ médlat 298.15 K, and
(1a) above and using data at 850 K interpolated from Gur-hence the enthalpy of formation A{H®,9¢(NH,)

vich et al,'® the mean value for the bond dissociation energy=185.8 kJmol*. The reporteti average absolute deviation
leads to the same enthalpy of formation of amidogen. Thdor this method is 3.7 kJ mol, and has been multiplied by a
authors do not give a clear indication of the associated unfactor of 2 to bring it closer to the desired 95% confidence
certainty. The initially assigned uncertainty &f4 kJ mol * limit.

attempted to reflect the slight disparity between the secon(lg) Ab initio calculations using MP4, QCISD), CCSOT),

and third law values. However, the linear analysis performe@nd multireference methods with two extended basis sets,
in conjunction with determining the preferred value has sug6-311+ G(d,p) and aug-cc-pVTZ. The reaction enthalpies
gested an amplified overall uncertainty ©% kJ mol *. for isogyric and hydrogenation reactions pMNH2H—N

(1c) The equilibrium constant of reaction HNH;=NH, +2H, and NH,+H,—NH3;+H, respectively, were calcu-
+H, measured over the temperature range 900-1620 K blated. Geometries were optimized at the MP2/6-@1@® and
using a flash photolysis-shock tube apparatus. Equal conceat the QCISDT)/6-31Gd,p) levels. Agreement was found
trations of H atoms and Njradicals are produced from the between the predictions based on various mettibgdroge-
flash photolysis of NH. Hydrogen atom concentration is nation reaction with full correlationand basis sets. Recom-
determined from transmittance measurements of Lyman-mended values of\{H°(NH,)=185.8+2.5kJmol! and
radiation. Since both NHand H, are maintained in large AH®,qfNH,)=183.3+2.5 kJ mol ! were reported. It is as-
excess, the kinetics simplifies to that of a system of twosumed that the intent of the quoted uncertainty is to reflect a
opposing first-order reactions. In the experiments, the con95% confidence limit.

centrations of H and NH; are chosen so that no change in (1h) CBS-Q calculation. The value listed in the table is con-

J. Phys. Chem. Ref. Data, Vol. 34, No. 2, 2005



IUPAC THERMOCHEMICAL PROPERTIES OF SELECTED RADICALS 653

verted from 45.5 kcal molt. The reported average absolute energy of 723.8 kJmol at 298.15 K, and hence the en-
deviation of 1.57 kcal mol* was multiplied by 2 to bring it thalpy of formationAH® o NH,) = 184.9 kJ mof *.

closer to the desired 95% confidence limit. The equivalentin) Critical data evaluation, but does not provide a pedigree
CBS-q and CBS-4 enthalpies of formation are 189.1of the selected value nor does it quote uncertainties.

+18 kJmol'! (45.2 kcalmol'!) and 190.8 26 kimol'! (10 Recommended value from extensive evaluation of data
(45.6 kcalmol'), where the uncertainties have been ob-(mainly kinetic determinationspublished till 1981. The re-
tained in an analogous way. ported value is primarily based on one previous kinetic de-
(1i) G3 ab initio calculation. The value listed in the table is termination.

converted from 44.5 kcalmot. The uncertainty quoted in (1p) Extensive compilation of thermodynamic data. The ,NH
the table corresponds approximately to 95% confidence limproperties were last revised in June 1977. The selected value
its, based on twice the average absolute deviation ofs based on kinetic determinations. The Nptoperties have
0.94 kcalmol! for the enthalpies in the G2/97 test set, not been revised in the new editidh.

which roughly corresponds to 1 s.d. At the @B2) level of  (1¢) A critical literature survey of the enthalpies of formation
theory?  A{H®,08(NH,)=186.269.9 kimol'* (445  of NH, published between 1975 and 1987. The author con-
kcalmol™t), where the quoted uncertainty has been deriveq|ydes that the result published by Gibsenal® and by

in a similar fashion as for the G3 value. At the G2 level of gytherland and Micha®l[see (18 and (1c) abovd have
theory®  AfH°,0fNH,)=188.3:13.1kJmol*  (45.0  mych higher precision than all the other measurements.
kcalmol®). _ Therefore, A{H°o(NH,) =192+ 1 kI mol ! is recommended
(1j) Systematicab initio calculations for hydrogen-exchange \ynich corresponds o AH® 0 NH,) =189.1
reactions of NH with methane, ethane, and propane, using+ 1 g kjmor *.

the RCC variant of the modified G2 meth?)f!BZM_(R_CC) (1r) An extensive compilation and evaluation of thermody-
[see(lg) abovd. The computed N-H Pond dlssomanoln eN- hamic properties. The selected value AfH®oqNH,)

ergy is Do(NH,—~H)=106.3 kcalmol~ (444.8kImol")  _190+10kImol! is based on kinetic investigations
and the C—H bond dissociation energies and relactlon emha(lfnainly pyrolysis studiesof reactions involving NH. The
pies  are- ArHo(HoN+H-CHy) = —1.7 keal r‘rlml“ (=71 yalue is unchanged from the previo(Russiaj edition3

kJ mol’l): Do(CHy—H)=104.6 kcal mol (4317'6 (19 Critical data evaluation of R—H bond dissociation ener-
kJmol =); Af'_iO(H2N+ H=CH,CHy)=—5.0 kcal mol 1 gies based on three methods: kinetic determinations, positive
(—20.9 kymol ), Do(CH;CH,—H) =101.3 kcal mol ion cycle determinations from photoelectron/photoionization

1y .
(423.8 kJ mol )’1 A,Hol[H2N+H—CH(CI-g)2] measurements and negative ion cycle determinations from
=~ 7.8kcalmol © (=32.6 kImol "), Dol (CHs)2CH—H] photoelectron measurements of negative ions combined with
=98.5 kcal mol'* (412.1 kImolY); AHo(H,N

gas phase acidities. The recommended value is that origi-
nally reported by Gibsoet al! [see(1a abové.

(1t) The compilation lists theoretical results at various levels
of theory, but also makes a reference to one experimental
benchmark. The quoted experimental benchmark value is
from the JANAF Table¥°[see(1p) abovd.

(1k) W2 ab initio calculation. The uncertainty quoted in the (1u) Critica}l evaluation of atmosphe_rically relevant kinetic
table corresponds approximately to 95% confidence limitd@tes. Their table of enthalpy data lists Kerr and Stocker

based on twice the average absolute deviation for the W2 te5$€€(1W) below] as their source of\{H® ;64 NHy), \{\s/)ho in
set of 0.23 kcalmal®, which corresponds roughly to one turn adopt the recommendation of Berkowi al.™” [see

standard deviation. At the W1 level of theory (19 above. o _ o

A¢H® 0¢(NH,) = 185.1= 3.1 kd mol *, where the uncertainty (1v) The tabulation gives a list of compilations as sources,
has been obtained in an analogous way. but no specific references for individual species. However,
(11) G3(MP2)//B3LYP ab initio calculations for 32 selected the value appears to correspond to that adopted by NBS
free radicals. The uncertainty given in the table correspondgables* [see(1n) abovd.

approximately to 95% confidence limits based on twice the(1w) Thermodynamic data compilation. The listed value is
quoted average absolute deviation of 3.9 kJthdlor the  that reported by Berkowitet al'® [see(1s) abovd.

calculated set of radicals, which corresponds roughly to A1x) Thermodynamic database for combustion. Burcat quotes
s.d. Note that the average absolute deviation for all enthalpAndersod’ [see(1g) abovd as the source afi{H® yoe NH,).

ies in the G2/97 test set using the same method is veryly) Critical evaluation of atmospherically relevant kinetic
slightly larger®* 4.7 kamol * [see alsq1i) abovd. data. The quoted value, 18d kJmol !, must be a typo-
(1m) CCSD(T)/aug-cc-p¥Z (up ton=4) ab initio calcu-  graphical error, because they quote Andetédsee (10)
lations extrapolated to complete basis set and corrected f@bovd as the source afi{H° ,9¢(NH5).

core—valence effects. The authors obtained the Mtdmi-  (1z) An unevaluated tabulation of available values from
zation energy of 715.1 kJmot. Using auxiliary thermo- other sources. The source for the listed value are the JANAF
chemical data listed ir{la) above leads to an atomization Tables®°[see(1p) abovd.

+H-CH,CH,CH;)=—4.6 kcalmol'! (—19.2 kJmol?),
Do(CH3;CH,CH,—H)=101.8 kcalmol* (425.9 kJmol't).
From these quantitie®,(H,N—H)=444.8 kJmol! and,
with auxiliary data as given irf1a above,D yqg HoN—H)
=450.9kJmoll can be obtained, and hence
AfHozgs(NHz) = 1869 kJ mOTl.
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Preferred Value of the Enthalpy of Formation uncertainties the weighted average shifts slightly to 186.2
AH°(298.15 K=186.2:1.0 kdmol ! +1.0 kIJmol !, which is the currently preferred value. The

L preferred value is in excellent accord with the value of

AfH®(0 K)=189.1+1.0 kJmol Mordauntet al* At the same time, the weighted average of

The four experimental measurements published since thiée photoionization result and the two kinetic res(étsclud-
review of McMillen and Goldet? are in reasonable agree- ing the photofragment resilt which is 189.0
ment, although the photofragment measurement of Mordaunt 3.3 kJmol %, is in accord with the preferred value, largely
et al,* which claims the highest accuracy, produces the lowbecause of the higher associated uncertainty. Finally, the
est value. The two kinetic measurements, by Heickl?and ~ weighted average of the listed calculatiofehere, for the
by Sutherland and Michaélseem to imply a value only purpose of averaging, the calculation of Mebel andf.ras
slightly higher than the original photoionization result of peen assigned an uncertainty-o¥ kJ mol"%, and the calcu-

Gibson et al,’ which was subsequently recommended injation of Demaisof? has been assigned an estimated uncer-
several compilations. However, after the recent conservatiVeyinty of +2 kJmol %), is 185.1-1.1 kImol'%, in reason-
revision of the ionization energy of Gibsat al! [see(1a) able accord with the preferred value.
abovd, which lowers the resulting enthalpy by 1.3 kJ ml The preferred value corresponds to the N—H bond disso-
the photoionization result falls somewhat closer to the pho-.._.. . . e
tofragment “low” value than to the two “high” kinetic val- ciaion ~energy in ammonia Daof HoN—H)=450.2

1 1 ; .
ues. At the same time, newer calculations lend further crej: 1.1kimor~ (444.1-1.1kJmol~ at 0 K), which pro

dence to the value obtained by Mordaental? It should be duces the Iis_ted enthalpy when used together with auxiliary
also noted that the two older tabulatiofi§BS* and Mc- ~ thermochemical valuesl from OCODAT%E: AfH:298(H)
Millen and Goldef®) seem to imply a lower value. =217.998-0.006 kImot -, . [H®(298.15 K)-H*(0 K)]
With the originally assigned uncertainties, the weighted(H)=6.197-0.001kImol~,  A¢H®2g(NH;) = —45.94
average of all four measurements produces a 298.15 K en=0-35 kmor %, [H®(298.15 K)—~H*®(0 K) ]J(NH5)
thalpy of formation of amidogen of 186:2.0 kJmol'l. ~ =10.043:0.010 kJmol*, [H°(298.15 K)-H°(0 K)](H,)
However, further linear analysis shows that the uncertaintiess 8.468+0.001 kJmol* and [H°(298.15 K)-H°(0K)]
of the two kinetic measuremeftswould have to be ampli- X(N;)=8.670+0.001 kJ mor %, together with
fied to =6 and 3.6 kamol', respectively, in order to [H°(298.15 K)—H°(0 K)](NH,)=9.929 kImol? as listed
achieve full harmony within the set. With these amplified below.

Geometry(distance in A, angles in degro&8

Cartesian coordinates

Z matrix X y z
N N 0.000 000 0.080 388 0.000000
H 1 1.0263 H 0.000 000 —0.558470 —0.803 226
H 2 1.0263 2 103.005 H 0.000000 —0.558470 0.803 226

Moments of inertia in the electronic ground stdte
1=1.181x 10 *" kg n? Ig=2.161< 10" %" kg n? 1c=3.425< 104" kg n?

Vibrational wave numbers in the electronic ground statem*)?°
3119.37 &,) 1497.32 @,) 3301.11 by)

Excited Electronic Stat&d
Term value:To[A %A (I1,)]=11122.6 cm* (Cypy, T ex=2)
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Heat CapacityC®,, EntropyS°, and Enthalpy Incremeriti®(T) —He (0 K)]@*#

C° o(T) S°(T) [H°(T)—H*(0K)]
T/IK (JK™ moI h (JK tmol 1) (kIJmol Y
100 33.303 158.413 3.294
200 33.350 181.508 6.626
298.15 33.663 194.868 9.911
300 33.674 195.076 9.973
400 34.477 204.863 13.377
500 35.594 212.672 16.879
600 36.879 219.274 20.502
800 39.728 230.268 28.157
1000 42.650 239.448 36.397
1200 45.344 247.467 45.203
1500 48.693 257.962 59.329
2000 52.605 272.549 84.729
2500 55.152 284.582 111.716
3000 56.874 294.806 139.768

7-Constant NASA Polynomial

AMIDOGEN RADICAL JUNO3 N 1.H 2. 0. 0.G 200.000 3000.000 16.02258 1
0.259263056+01 0.34768360E-02-0.10827162E-05 0.14934256E-09-0.57524119€e-14 2
0.21573834E+05 0.79056535E+01 0.41919802€+01-0.20460283E-02 0.66775613E-05 3
-0.52490724€e-08 0.15558995E-11 0.21186431E+05-0.90478524E-01 0.22394687E+05 4

9-Constant NASA Polynomial

AMIDOGEN RADICAL IUPAC Task Group on Selected Radicals
2 JUNO3 N 1.00H 2. 00 0.00 0.00 0.00 0 16.02258 186200.000
200.000 1000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 0.0 9911.000
-0.279034459D0+05 0.4257719860+03 0.165260988D+01 0.5526463870—02-0.5221624350-05
0.4112340910-08-0. 133807400D 11 0.0000000000+00 0.191754999D+05 0.138430812D+02
1000.000  3000.0007 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 O. 9911.000
-0.105603368D+07 0.601536996D+04-0.9565892000+01 0.152474093D-01- 0 698658949D-05
0.162676281D-08-0.151442119p-12 0.0000000000+00-0.131337863D+05 0.881066848D+02

Comments on Molecular Data, Heat Capacity,
Entropy, and Enthalpy Increment
(28 The structural dataZ matrix and Cartesian coordi-
nates are based on the QCISD(Tps4p2d2 f,3s2p] force
field computation of Martiret al®” [see also2b) and (2e)

puted an anharmonic potential surface of N&t the all-
electron QCISD(T)/5s4p2d2 f,3s2p] level and obtained
detailed spectroscopic constants that are—to the extent com-
parison is possible—not only in excellent agreement with
experiment, but provide much more detail with respect to

below], where the equilibrium N—H bond length of 1.026 31 anharmonic terms, rovibrational coupling, and centrifugal

A and H-N-Hangle of 103.005° were obtained.

(2b) The listed moments of inertia correspond to experimenMartin et al.

tal  rotational  constant® AO 23.693cm?!, B,
=12.952cm?!, andCy,=8.173cm’. The equwalent val-
ues computed at the QCISD(T)IZSs4p2d2 f,3s2p] level
are 23.600, 12.848, and 8.138 thy respectively{see also
(2e) below].

distortion. Using a hybrid analytic/direct summation method,
13" have computed the thermodynamic functions
including exact accounts for anharmonicity and rovibrational
coupling, and very good analytical approximations to cen-
trifugal distortion and quantum rotation effects. The
A2A,(I1,) excited state of amidogefiocated” 8 at about

11000 cmY) was also taken into account, albeit using a

(20) The listed vibrational wave numbers are experimentallyrigid rotor-harmonic oscillator approach. Maré al: 3" note

determined fundamental8. The equivalent values
computed’ at the QCISD(T)[5s4p2d2 f,3s2p] level are
3218.9, 1502.1, and 3298.5 ¢ respectivelysee alsq2e)
below].

(2d) The listed term value of thd 2A,(I1,) excited state has
been experimentally determinéiThe state is pseudolinear
with a barrier to linearity of 730 cm*.3®

that the effect of the inclusion of the excited state becomes
significant around 2000 K, and that in order to obtain more
accurate thermodynamic functions beyond 3000 K, the ex-
cited state contribution would need to include experimentally
unknown (and computationally very challenginganhar-
monic effects and rovibrational coupling in an approach
similar to that taken for the ground state of amidogen.

(2e) The heat capacities, enthalpy increments, and entropig2f) The standard heat capacity, entropy, and enthalpy incre-

|37

were adopted from Martiet al>* These authors have com-

ment values reported in the NBS Tabfes are
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C°,(298.15 K)=33.85 JK * mol ™%, $°(298.15 K)
=195.00JKmol™!, [H°(298.15 K)-H°(0 K)](NH,)
=9.937kJmol?, in the JANAF® and NIST-JANAF®
Thermochemical Tables are C°,(298.15 K)=33.572
JK tmol™?, $°(298.15 K)=194.707 JK 1 mol ™1,
[H°(298.15 K)—H°(0 K)](NH,)=9.929 kJmol!, in the
compilation by Gurvichet al.*® are C°,(298.15 K)=33.857
JK tmol™%, $°(298.15 K)=194.991 JK ' mol 1,
[H°(298.15 K)—H°(0 K)](NH,)=9.938 kJmol'!, in the
Thermochemical Database for Combustbn are
C°,(298.15 K)=33.857 JK ' mol %, $°(298.15 K)
=194.996 JK 1 mol~!, and those obtained from G3MP2B3
computation¥ are C°,(298.15 K)=33.59 JK * mol %,
$°(298.15 K)=194.77 JK * mol %, [H°(298.15 K)
—H°(0 K)](NH,)=9.93 kdmol *.
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