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Structures, Intramolecular Rotation Barriers, and Thermochemical Properties: Ethanoal,
ao-Monoethanols, Dichloroethanols, and Corresponding Radicals Derived from H Atom Loss
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Structures and thermochemical properties on ethanolptighloroethanols; ethoxy and two-chloroethoxy
radicals;a-hydroxyethyl andx-hydroxychloroethyl radical; an-hydroxyethyl and twgs-hydroxychloroethyl
radicals are determined by ab initio and density functional calculations. Molecular structures and vibration
frequencies are determined at the B3LYP/6-31G(d,p) density functional level, with single point calculations
for the energy at the B3LYP/6-3#15(3df,2p), QCISD(T)/6-31G(d,p), and CBSQ//B3LYP/6-31G(d,p) levels.

The S’,9sandCy(T)’s (300 =< T/K =< 1500) from vibrational, translational, and external rotational contributions
are calculated using the rigid-rotor-harmonic-oscillator approximation based on the vibrational frequencies
and structures obtained from the density functional study. Potential barriers for the internal rotations are
calculated at the B3LYP/6-31G(d,p) level, and hindered rotational contributioBé@and C,(T)’'s are
calculated by using direct integration over energy levels of the internal rotational potentialAHFhes is
determined using several isodesmic reactions, and an evaluation of data at each calculation level results in
the AH¢°,95 values: —68.63 + 1.24 and—75.72 + 1.31 kcal/mol for CHCHCIOH and CHCCI,OH,
respectively. The\H;°,95 for CH;CHCIO and CHCCILO® are—14.79+ 2.90 and—21.85+ 2.82 kcal/mol,
respectively. The\H;°,95 for CH3C*CIOH, CH,CHCIOH, and CH,CClLOH are—25.894 2.13,—17.51+

2.13, and—23.79 &+ 2.13 kcal/mol, respectively. Bond energies for the RO and R-OH bonds in
a-chloroethanols are 106 and 97 kcal/mol. Groups for use in Benson type additivity estimations are determined
for the carbon bonded to oxygen and chlorine(s). The enthalpy values for the C/C/CI/H/O andQC/CI
groups are-20.53 and—27.62 kcal/mol, respectively. Hydrogen bond increment groups for the chloroethoxy,
o-hydroxychloroethyl, ang-hydroxychloroethyl radicals are also developed.

Introduction from CH;CHCIO is a dominant decomposition pathway by
. . . experiment, and this is supported by ab initio G2(MP2, SVP)
Accurate assessment of the environmental impact of chlori- oy,djes performed by Hou et &Hou et al. also calculated the
nated hydrocarbon released into the air requires a deta'ledAHf"zggofCH3CHCIO', CHsC*CIOH, and CH,CHCIOH at the
understanding of their atmospheric chemistry. Chlorohydrocar- G2(MP2, SVP) level. There are no experimentalos values

bons are present in the troposphere at levels somewhat lower, 4 4150 no publishe8;05 and Cy(T)'s on a-chloroethanols,

than those of major hydrocarbon pollutahtShe presence of & ;_chioroethoxy, or hydroxychloroethyl radicals. This research
Cl atom on a carbon site usually reduces the-Cbond energy  jetermined the thermochemical properties on ethanatono-

by about 4.0 kcal/mat? leading to lower activation energies 504 dichloroethanols, and corresponding radicals derived from
for abstraction of the hydrogen on thecarbon. Thismay lead 1 545m |oss using density functional and ab initio calculation

to a faster formation of chlorinated alkyl radicals and subse- 1 athods. A set of chloreoxy—alkyl groups and HBI groups
quently chlorinated alkyl hydroperoxidésThese species will are derived from these thermochemical property data.
subsequently react with NO or another organic peroxy radical

to form the corresponding chlorogenated alkoxy radiedlee Calculation Methods
thermochemistry of the dissociation products of chloroethanols Al of the density functional and ab initio calculations are
is of interest in pollution control, atmospheric chemistry, and performed using the Gaussian-94 program sdifehe geometry
combustion. Reliable thermochemical properties of these oxy- gptimization, harmonic vibration frequencies, and zero-point
genated chlorocarbon species are important in analysis of theiryjprational energies (ZPVE) are computed with the B3LYP/6-
effects on environment and in evaluation of kinetics or 3lG(d’p) level of theory. The Optimized geometry parameters
thermodynamic equilibrium for both destruction and synthesis gre used to obtain total electronic energies at the B3LYP/6-
processes. These properties are also needed as input in chemicghG(d,p), B3LYP/6-313G(3df,2p), QCISD(T)/6-31G(d,p), and
engineering design and in equilibrium codes. CBSQ//B3LYP/6-31G(d,p) (abbreviated as CBSQ//B3**) single
Several experimental and theoretical studies are reportgd CH point levels of calculatiod!~13 Total energies are corrected by
CHCIO as an important intermediate in the atmospheric ZPVE, which are scaled by 0.9806 as recommended by Scott
oxidation of chlorine-containing organic compourtdg Wall- et all4 Thermal correction0 K to 298.15 K, is taken into
ington and Kaisérreported the three-center elimination of HCl  account using the B3LYP structure and vibration data. Restricted
and open shell calculations are used for the stable and radical
* Corresponding author. E-mail: Bozzelli@nijit.edu. molecules, respectively.

10.1021/jp011949g CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/20/2001



9544 J. Phys. Chem. A, Vol. 105, No. 41, 2001

Contributions of vibration, translation, and external rotation

Sun and Bozzelli

Reactions in Scheme 3 are used Adtl;°,95 Of the -hydroxyl-

to entropies and heat capacities are calculated from scaledmono- and dichloroethyl radicals.

vibrational frequencies and moments of inertia of the optimized
structures. Potential barriers for the internal rotations are
determined at the B3LYP/6-31G(d,p) calculation level and each
conformer and barrier are optimized. Contributions from
hindered rotors t&°,95 and Cy(T) are determined using direct
integration over energy levels of the intramolecular rotational
potential curves. The number of optical isomers and spin
degeneracy of unpaired electrons are also incorporated for
calculation ofS’,gg.

A truncated Fourier series is used to represent the potential
calculated at discrete torsional angles:

i=1-8

V(®) = 8+ ) a,cos{®) +  bsin(P) 2,

where values of the coefficients are calculated to provide the
true minima and maxima of the torsional potentials with
allowance of a shift of the theoretical extreme angular
positionst>~17

The AH¢°29s for chloro-substituted species are estimated using
total energies and several sets of isodesmic reactions. Reaction
in Scheme 1 are used to calculadH;®>98 of mono- and
dichloroethanol.

Scheme 1
CH,CH,_,CI,.OH + CH, — CH,;OH + CH,CH,_,Cl, (1.1)
CH,CH,_,CI,.OH + CH, — C,H;OH + CH,_,CI, 1.2)
CH,CH,_,CI,.OH + C,H; — C,H:OH + CH,CH,_,Cl,
1.3)
CH,CH,_,CI,.OH + C,H; — n-C;H,OH + CH,_,Cl, (1.4)
CH,CH,_,CI,.OH + C,H; — CH;OH + CH,CH,_,CI.CH,
(1.5)
CH,CH,_,CI,OH + n-C;Hg; — n-C;H,OH + CH,CH,_,Cl,
(1.6)
CH,CH,_,CI,OH + CH;OH — C,H,OH + CH,_,CI,.OH
a.7)

Reactions in Scheme 2 are used to calculak®,qg of the
mono- and dichloroethoxy radicals.

Scheme 2
CH,CH,_,ClO" + CH,—~ CH,CH,_,CILOH + CH;" (2.1)

CH,CH, ,CL.O" + C,H;— CH,CH,_ClLOH + C,H,"

2.2)

CH,CH, ,Cl.O" + CH,Cl — CH,CH,_,CI,OH + CH,CI’
(2.3)

CH,CH,_Cl.O" + CH,OH — CH,CH,_,Cl,OH + CH,0"
(2.4)
CH,CH,_CL.O" + C,H,OH— CH,CH, ,Cl,OH + C,H.O’
(2.5)
CH,CH, CLO" + CH,— CH,CH, ,CI, + CH,O'  (2.6)
CH,CH, ,CL.O" + C,H,— CH,CH,_Cl, + C,H,O" (2.7)

Scheme 3

CH,'CH, ,Cl OH + CH, — CH,CH,_,Cl,OH + CH’
(3.1)

CH,"CH,_,CLOH + C,H; — CH,CH,_,Cl,OH+C,H,’
(3.2)

CH,"CH,_,Cl OH + CH,Cl — CH,CH,_,CLOH -+ CH,CI
(3.3)

CH,’CH,_,Cl,OH -+ CH,OH —
CH,CH,_,ClL,OH+C'H,0OH (3.4)

CH,"CH,_,Cl OH + C,H,OH —
CH,CH,_,Cl,OH + CH,C'HOH (3.5)

CH3C*CIOH is estimated using isodesmic reactions similar
to those in Scheme 3. The basic requirement of an isodesmic
Leaction is bond conservation, where the number of each of bond
type is conserved in the reaction. An isodesmic reaction will
lead to more accurate results if groups are also conserved in
the reaction, because the next nearest neighbor interaction is
then conserved. The accuracy to near 1 kcal/mol by this enthalpy
estimation method is illustrated in several previous stutfie$.

All the reactions in the reaction schemes are isodesmic except
for reactions 2.+2.3, which are useful for comparison, and
demonstration of the importance of isodesmic reactions. Reac-
tions 2.4 and 2.5 conserve groups in addition to conservation
of bond types (group isodesmic), and we consider these the best
reactions for evaluation of thAH:°,9s as error cancellation
should be optimal.

Calculations at each level of theory are performed on the
stable conformer(s) of each compound, andAk&°,gg of each
conformer is calculated using isodesmic reactions. FAm&Pogg
values are from a statistical distribution of rotational conformers.

Results and Discussion

Geometries. The lowest energy conformation for the two
chloroethanols and three hydroxyl chloroethyl radicals consis-
tently has the hydroxyl H atom gauche to the maximum number
of chlorine atoms, as illustrated in the Supporting Information
(Table S1), despite an apparent steric penalty. These lowest
energy conformations exhibit the anomeric effect like those of
chloromethanols reported by Schneid&@moto2! and Sun et
alX® This preference is ascribed to the delocalization of the lone
pair e on the oxygen with the antibonding® orbital of the
C—Cl bond; it is also supported by the electrostatic repulsion
between the nonbonding gair of oxygen and electronegative
Cl atom(s) and intramolecular interaction between the hydroxyl
H atom and the CI atorf?

It can be seen from Table S1 that the-O bond length
decreases significantly with chlorine substitution. This is due
to the anomeric effect where the nonbondingpair on oxy-
gen is mixing with the antibonding orbital of the—CI
bond?921.23 |In valence bond terminology, this would be
described as

CH—CH—O0—H
AU
Ci

.
CH;—CH=0—H
cr
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Figure 1. Potential barriers for internal rotation about the C bond

of C;HsOH, CHCHCIOH, CHCCIL,OH, GHs0°, CH;CHCIO:, CHs-
CCLO, CH;C*HOH, and CHC'CIOH. Points are calculated values at
the B3LYP/6-31G(d,p) level of theory. The geometries at the points
of minima and maxima are fully optimized.

The anomeric effect can also be seen in theQT bond
length, which is longer than the normat-CI bond. The G-H
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Figure 2. Potential barriers for internal rotation about the C bond
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bond increases with increased chlorine substitution, and bondof C'H.CH;OH, CH,CHCIOH, and CH,CCLOH. Points are calculated
strength gets stronger (see the bond energy discussion below)yalues at the B3LYP/6-31G(d,p) level of theory. The geometries at

The density functional structure predicts planar?(sps
tetrahedral (sf) on the hydroxyethyl and hydroxychloroethyl
radicals. ThelJH.—C—C—H, dihedral angles in ®&,CH,OH
and CH,CHCIOH are 170.1 and 168.0, which suggests a
nonplanar structure. However, thitH.—C—C—H. and the(JC—
C—0O—H dihedral angles in €,CCLOH both are 1809
indicating there is a mirror plane between the two chlorine
atoms, i.e.,Cs symmetry in CH,CCLOH. The inversion
frequencies for €¢4,CH,OH, CH,CHCIOH, and CH,CCI,OH
are calculated in this work to be 458.2, 666.5, and 539.21cm
respectively. The symmetry number is assigned as 1 fdp-C
CH,OH and CH,CHCIOH and 2 for GH,CCLLOH on the basis
of these data.

Rotational Barriers. Potential barriers for internal rotations

the points of minima and maxima are fully optimized.

CH3CH,OH vs CHCHCIOH, are, however, quite similar, 3.62
and 3.61 at the B3LYP level. We further evaluate these two
barriers using the MP2(FULL)/6-31G(d) level calculation; the
values are slightly higher but also similar: 4.04 and 4.28,
respectively. The reason for the similarity in barriers for€H
CH,OH and CHCHCIOH is likely due to the anomeric efféét

in CH;CHCIOH. The data also show thatC torsion barriers

for (chloro)ethanols are higher than those of the corresponding
(chloro)ethoxy radicals, which may in part be due to steric
hindrance of the hydroxyl hydrogen.

Figure 2 shows the calculated rotational barriers about the
C—C bond for CH,CH,OH, CH,CHCIOH, and CH,CCL,OH.

of all the species are calculated at the B3LYP/6-31G(d,p) level. These C-C torsion potentials show a 2-fold barrier for both
Potential energy as a function of dihedral angle is determined the chlorinated hydroxyethyl radicals but a 4-fold barrier in
by scanning the torsion angles from® 360 at 15 intervals C'H2CH,OH. The H- -OH eclipsed conformer is the most stable
and allowing the remaining molecular structural parameters to for the G-C torsion of CH,CCLOH due to the interaction of

be optimized. Each minimum and maximum on the torsional H atom on the—C*H; group and the O atom (the interatomic
potential are fully optimized. The barriers for internal rotations distance 2.483 A). In contrast, the H- -OH gauche structure (the
are calculated from the differences between the total energy of JHc—C—C—Cl dihedral 207.58) lacks the above interaction
each conformation and that of the most stable conformer. Datadue to a longer interatomic distance, 2.930 A. This gauche
on total energiesta K and calculated rotation barriers vs the structure is 3.07 kcal/mol higher energy and corresponds to the
dihedral angle for each rotational structure of the three stable maximum point on the potential curve. Similar maxima and

(chloro)ethanols and the eight related radicals are presented inminima structures exist in*€,CHCIOH and CH,CH,OH. The

the Supporting Information (Table S2). The coefficients of the
Fourier expansion componengg,andb; in eq E1 are listed in
the Supporting Information (Table S3).

The calculated rotational barriers about the@bond of CH-
CH,OH, CH;CHCIOH, CHCCIL,OH, CH;CH,0r, CH;CHCIC:,
CH3CCI,0Or, CH;C*HOH, and CHC*CIOH are shown in Figure
1. All the curves for G-C torsion potential are symmetric and
show a 3-fold barrier except G8°*HOH, which shows a 6-fold
barrier. The barrier heights for-€C torsion are 3.62, 3.61, and
4.91 kcal/mol for CHCH,OH, CH;CHCIOH, and CHCCl,-
OH; 2.49, 3.41, and 3.71 kcal/mol for GEH,O*, CH;CHCIC:,
and CHCCLLO; and 1.82 and 2.13 kcal/mol for GB*HOH
and CHC'CIOH. The above data show the barrier for the©
torsion increases with increasing-chlorine substitution on
ethanol, ethoxy, and-hydroxyethyl radical. The barriers for

C—C rotation barrier in @,CHCIOH calculated at the B3LYP
level is 4.60 kcal/mol, which is 1.53 kcal/mol higher than the
barrier in CH,CCLOH. MP2/6-31G(d) calculations in this work
also show a decrease in barrier itHaZCCLOH relative to CH,-
CHCIOH and they also predict partial sgeometry for the
—CHy* groups.

The higher barrier for &,CHCIOH suggests that the
H- -OH eclipsed conformer of €,CHCIOH has extra stability.
This CH,CHCIOH radical exhibits hyperconjugation between
the —CH,* center and the* (C—CI) molecular orbital in its
lowest energy conformét This effective orbital overlap is
possible because the dihedfaH.—C—C—H. and OOH.—C—
C—0 in the minimum energy conformer are 32&hd—25.1°,
respectively, so the p orbital in theCH,* center and the™
(C—Cl) orbital are nearly parallel. This reduces the minima
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Figure 3. Potential barriers for internal rotation about the G bond Figure 4. Potential barriers for internal rotation about the G bond
of CHsCHCIOH and GH,CHCIOH. Points are calculated values at the  0of CHsCH,OH, CH,CH,OH, CHCCI,OH, and CH,CCLOH. Points
B3LYP/6-31G(d,p) level of theory. The geometries at the points of are calculated values at the B3LYP/6-31G(d,p) level of theory. The
minima and maxima are fully optimized. geometries at the points of minima and maxima are fully optimized.

energy for CH,CHCIOH and gives it a higher barrier than either 6 HCCIOH
the parent or ¢4,CCLOH. 1 i ¢ CH3C-HOH
The calculated rotational barriers about the @ bond of c@-H 4 Eh
X=ClorH

CH3CHCIOH and CH,CHCIOH are shown in Figure 3. The 5
torsion potential curves for rotation about the-Q bonds in
CH3CHCIOH and CH,CHCIOH are similar. The most stable
conformer is R- -H (R= CHs or CH,) anti conformer, and its
energy is lower than that of the R- -H gauche conformer. This
is because an oxygen nonbondingpair eclipsed to the H atom

on thea-carbon in the R- -H anti conformer, but eclipsed to
the R group on thet-carbon in the R- -H gauche conformer.
The maxima points on the potential curves correspond to the
structures that the hydroxyl H atom is anti to the Cl atom on
a-carbon because the two nonbonding mairs from oxygen

are gauche to the Cl atom. This preference can also be ascribed
to the anomeric effect, the delocalization of the lone paioe

the oxygen with the antibonding orbital of the C-CI bond.

This phenomenon is similar to that in the chloromethanol, which
is observed by our previous studfy.

Figure 4 shows the calculated rotational barriers about the
C—-0 bond of CHCH,OH, CH,CH,OH, CHCCILOH, and
C°H,CClLOH. The C-0 torsion potential curves for GECl-

OH and CH,CCLOH are similar and have the same maximum Figure 5. Potential barriers for internal rotation about the G bond
barrier of 5.68 kcal/mol. The R- -H anti structure is the stable 0f CHsC'HOH and CHC'CIOH. Points are calculated values at the
conformation with the two nonbonding eairs from oxygen  BSLYP/ 6'3le(d'P) level ?f"theo?" T h(ej geometries at the points of
gauche to the two Cl atoms. The R- -H gauche conformers have 'ma and maxima are fully optimized.

higher energies than those of the R- -H anti conformers because The calculated rotational barriers about the @ bond of

of the three gauche interactions between two nonbonding e CH3;C*HOH and CHC*CIOH are shown in Figure 5. The-€O
pairs and the CI atom (only two of these interactions in the torsion potential for CHC*CIOH has a maximum corresponding
R- -H anti conformers). The energy difference between the two to the structure with a €C—0O—H dihedral of 91.30. In this
conformers calculated at the CBSQ//B3** level is 3.27 kcal/ structure, the two nonbonding eairs from the O atom are
mol for CH;CCLOH and 2.68 kcal/mol for ®,CClL,OH. This eclipsed with the Cl atom and theCHs group, with energy

is in agreement with the energy difference for similar conformers increased by 4.97 kcal/mol relative to that of the stable
in CHCLOH, 2.94 kcal/mol at the same level of calculation. conformer, which has the two nonbonding gairs gauche to
These values support that a gauche interaction between a Ckthe Cl atom and methyl group. The-© torsion potential for
atom and an O atom nonbonding pair increases energy in  CH3;C*HOH also has a similar curve; however, the £HH

the molecule by ca. 3 kcal/mél.The C-O torsion potential eclipsed structure for C¥*CIOH has energy 3.43 kcal/mol
for CH3CH,OH and CH,CH,OH are also similar and they have higher than that of the CH-H eclipsed structure for C¥C*-
lower barriers relative to C¥€CLOH and CH,CCIL,OH. HOH. This is because the nonbondinggair from the O atom

~
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TABLE 1: AH¢°,g for Standard Species in the Reaction
Schemes

J. Phys. Chem. A, Vol. 105, No. 41, 2004547

TABLE 2: Reaction Enthalpies and Enthalpies of
Formation of the C*H,CH,OH Radical®

species  AH¢°9g(kcal/mol) species  AH;°;9(kcal/mol) kA":;rxn | kAHIf;zgsl
_ i .
CH. ~17.89+007 CCLOH  —20.54+ 1.83 reaction series (kealmol) _(kealimal)
CH4CI —-19.60+0.12 CH 34.82+ 0.2 C'H2CH2OH + CH3OH — C*H,OH + C,HsOH —6.29  —5.72
CH,Cl, -22.8%+0.29 GHs 28.804+ 0.50" C*H,CH,0OH + CoHg — CoHs®* + CoHsOH —-1.38 —5.70
CH3OH —48.08 4+ 0.05 CHCI 27.7+2.00 C'H2CH0OH + CH; — CHg* + C;HsOH 2.28 —5.69
CoHs —20.24+0.12 CH,OH —3.97+0.22 average value and deviation —5.70+ 0.85
CHCH.CI —26.84+026 CHCHOH —13.34+0.84 2 The reaction enthalpies amtH;°,95 are calculated at the CBSQ//
CH:CHCl, —-31.094+0.29 CHO" 410+ 1.0¢ B3* level.
CsHg —25.02:0.12 CyHsO° —3.90+ 1.27
CH;CHCICH; —35.00'+0.56 CHCHCF 19.15+ 2.0 . .
CHsCCLCHs —4223+1.0  CHCClL 12.43 CBSQ calculations result in values that are ca. 3 kcal/mol lower
C:HsOH —56.124+0.2 CH,CH,OH —5.70+0.85" than values of reaction series-4. The density function results
n-CsH;0H —60.97+0.12 CI 28.92+ 0.3 agree with CBSQ results in reactions-4. We suggest the
gng‘g: _gg-ggi 8-?3 gH 5§-igi 8-%039 difference in CBSQ values is due to the changes to the
2 —0o. . . . 7 H T H H :

C-HCIOH 14464 1.75 environment of the dichlorinated carbon in the different reactions

schemes. Specifically, the methyl group is retained on the
—CCl,— carbon in reaction series4. The methyl group is
substituted wi a H atom on this-CClL— carbon, in reactions
1-3. The higher level density functional calculations do not
show this problem. These data suggest (i) substitution of a
methyl group with a hydrogen atom does not lead to good
cancellation of errors, and (ii) reactions-4 are preferred.
G3MP2 calculations with seven working reactions and MP2-
energies B0 K determined at the B3LYP/6-31G(d,p), B3LYP/ (FULL)/6-31G(d) geometries are used to further validate the
6-311+G(3df,2p), QCISD(T)/6-31G(d,p), and CBSQ//B3LYP/ enthalpy data. The results from G3MP2 calculation show good
6-31G(d,p) levels, scaled ZPVE's, thermal correction to 298.15 agreement imM\H® ., 2908 and AH;®29g Vs reaction set, with the
K are listed in the Supporting Information (Table S4). The spin CBSQ//B3** data (see Table 3). We therefore select CBSQ
expectation values¥L[], range from 0.760 to 0.781 for the eight  values from the reaction series-% for our recommended val-
target radicals in this work. The values are close to the correct ues on both CECHCIOH and CHCCLOH. The enthalpy on
value of 0.75 and suggest no significant error (due to spin the pure enantiomer of lowest energy for §£HHCIOH is
contamination) for these radicals. —68.72+ 1.24 kcal/mol and for CECCLOH is —75.75+ 1.31
The AH¢°29g's for chloro-substituted species are estimated kcal/mol.
using total energies and isodesmic reactions. Density functional 2. Chloroethoxy and Hydroxy-Chloroethyl RadicalEhe
and ab initio calculations with ZPVE and thermal correction AH;°,g of chloroethoxy and hydroxychloroethyl radicals are
are performed for all four compounds in each reaction, and the calculated based on th&H:°,eg's for the chloroethanols and
enthalpy of reactiom\H°n 29gis calculated. Sincé\H;®gg Of several isodesmic reaction series (Table 4). Reaction setiés 4
three compounds, have been experimentally determined orfor the chloroethoxy radicals are isodesmic, while reaction® 1
theoretical calculated, the unknown enthalpy of formation of are not. TheAH;°,0s for the two chloroethoxy radicals show
target compound is obtained. remarkable consistency at the CBSQ//B3** level for isodesmic
As an example, the following formula illustrates the calcula- reactions, where the standard deviation is within 0.2 kcal/mol.
tion of AH¢°29§ CHsCHCIO): The DFT and QCISD(T) calculations for the isodesmic reactions
show deviation of cat1 kcal/mol with the CBSQ values. The
DFT and QCISD(T) calculations result in still larger variations
for nonisodesmic reaction series-B. CBSQ//B3** calculation
results for nonisodesmic reactions are in satisfactory agreement
with the isodesmic reactions but consistently result in 0.5 kcal/
mol higher values for the two chloromethoxy radicals.
The recommendedH¢°,9s for the two chloroethoxy radi-
The AHr°25 and their respective uncertainties for standard CalS are an average of four isodesmic reactions at the CBSQ//

species used in the working reactions are listed in Table 1. TheB3™* calculation level. TheAH;;95 are —14.79 + 2.90 and
selection of these values is fully discussed by the previous —21.85 + 2.82 kcal/mol for CHCHCIO and CHCCLO*
study?® The AH;°205 of C'H,CH,OH is calculated by this work ~ "espectively.

to be —5.70+ 0.85 kcal/mol at the CBSQ//B3** level (Table The AH¢°295 0n the pure enantiomer of lowest energy for the
2). Itis in good agreement with Curtset al.’s value,—5.9 three hydroxychloroethyl radicals are an average over the five
kcal/mol, at the G2 level. isodesmic reactions at the CBSQ//B3** level25.92+ 2.13,

1. Mono- and Dichloroethanolhe reaction enthalpies and ~—17.62=+ 2.13, and 23.85t 2.13 kcal/mol for CHC*CIOH,
AH¢°20gs for the monochloroethanols and dichloroethanols C'H.CHCIOH, and CH,CCLOH, respectively. The CBSQ
obtained from the reaction schemes are tabulated in Table 3.values show excellent agreement across the five isodesmic
The results for\H°2¢g's in Table 3 show very good consistency reaction series with a standard deviation on the order of 0.01
for CHsCHCIOH over the seven reactions and all the calculation kcal/mol. The QCISD(T) also show very good agreement with
methods. The\H;°»05 for CH3CCLOH derived from the seven  CBSQ results.
reaction series show consistency over all reactions for the higher The error limits ofAH;°,9s for above species are calculated
level density functional calculation; but thAH:°gs for by adding the deviations between the isodesmic reactions and
dichloroethanol derived from reaction series 1, 2, and 3 in the the maximum uncertainties in theH;°,9g Of reference species.

aThe uncertainties are evaluated from refs 24 and® Beference
26. ¢ Reference 27¢ Reference 28 Reference 24.Reference 31.
9 Reference 29" Reference 32.Reference 33.Reference 1% Ref-
erence 34! Reference 357 By this work, see Table 2.Reference 30.

is eclipsed to the H atom in GG&*HOH but eclipsed to the ClI
atom in CHC*CIOH.
Enthalpy of Formation (AH:°299). The total electronic

AHorxn,298: E298(C2H50.) + E298(CH3CH2CI) -
E»6 CHCHCIO) — E,(C,Ho)

AHf°298(CH3CHCIO') = AHf°298(C2H50') +
AHf°298(CH3CH2CI) - AHfozgs(CzHe) - AHOrxn,ZQB



9548 J. Phys. Chem. A, Vol. 105, No. 41, 2001 Sun and Bozzelli

TABLE 3: Reaction Enthalpies at 298 K and Calculated Enthalpies of Formatior

B3LYP/ B3LYP/ QCISD(T)/ CBSQ//B3LYP/ G3MP2//MP2(full)/
6-31G(d,p) 6-311+G(3df,2p) 6-31G(d,p) 6-31G(d,p) 6-31G(d)
reaction series AH°nn AHf%208 AH%n AH%208 AH%xn AHi%208 AH i AH¢°298 AHnn AH¢°298
1. CH;CHCIOH + CHs — C2HsOH + CHgC 10.85 —68.68 10.22 —66.34 10.96 —68.79 11.22 —69.05 11.40 —69.23
2. CHCHCIOH + C;Hg — n-C3H7OH + CHCI 9.28 —69.61 8.72 —69.05 8.83 —69.16 8.44 —68.77 8.66 —68.99
3. CH;CHCIOH + CH30H — C,HsOH + CH,CIOH  1.65 —67.76 1.93 —68.04 2.62 —68.73 2.96 —69.07 2.98 —69.09
4. CHCHCIOH + CHs — CH3OH + C,HsCl 12.33 —69.36 11.08 —68.11 12.10 —69.13 11.94 —68.97 12.16 —69.19
5. CHsCHCIOH + CyHg — CoHs0OH + CoHsCl 6.86 —69.58 6.09 —68.81 6.54 —69.26 6.21 —68.93 6.42 —69.14
6. CHsCHCIOH + CgHg — n-C3H7OH + C,HsCl 6.90 —69.69 6.32 —69.11 6.62 —69.41 6.21 —69.00 6.49 —69.28
7. CHsCHCIOH + CoHg — CH3OH + CH3CHCICH;  8.20 —71.04 6.77 —69.61 6.58 —69.42 5.13 —67.97 5.73 —68.57
average value and deviatfon —68.72+ 0.50 —69.05+ 0.32
1. CH;CClLOH + CH4 — CH3CH2OH + CH,Cl» 15.53 —76.59 13.88 —74.94 16.96 —78.02 17.28 —78.34 16.63 —77.69
2. CH;CCLOH + CzHg — n-C3H70OH + CH,Cl, 13.96 —77.52 12.38 —75.94 14.83 —78.39 14.51 —78.07 13.88 —77.44
3. CHCCLOH + CH3zOH — C,Hs0OH + CHCILOH 186 —75.78 1.98 —7590 3.90 —77.82 4.38 —78.30 3.99 —77.91
4. CH;CCLOH + CHs — CH30H + CH3CHCL, 15.14 —-76.42 1291 —-74.19 15.38 —76.66 14.53 —75.81 14.51 —75.79
5. CH;CCLOH + CyHg — C2HsOH + CH3CHCL, 9.67 —76.64 7.93 —74.90 9.81 —76.78 8.81 —75.78 8.77 —75.74
6. CHsCCLOH + C3Hg — n-C3H;OH + CH3zCHCl, 9.71 —76.75 8.16 —75.20 9.89 —76.93 8.80 —75.84 8.84 —75.88
7. CHsCCLOH + CHg — CH3OH + CH3CCLCH3  10.40 —80.47 8.18 —78.25 8.23 —78.30 5.49 —75.56 5.63 —75.70
average value and deviatfon —75.75+ 0.13 —75.78+ 0.08

aReaction enthalpies include thermal correction and zero-point energy. Units in kcdl/fingl.deviation are between the isodesmic reactions
(see text).

TABLE 4: Reaction Enthalpies at 298 K and Calculated Enthalpies of Formatior

B3LYP/ B3LYP/ QCISD(T) CBSQ//B3LYP/
6-31G(d,p) 6-311+G(3df,2p)  /6-31G(d,p) 6-31G(d,p)
reaction series AH%yn AHi%208  AH®nn AHi°208 AH°xn  AHi°208 AH°nn AH¢°208
1. CHCHCIO + CH4— CHg* + CH3;CHCIOH 6.28 —22.20 2.65 —18.57 223 —18.15 —1.78 —14.14
2. CHCHCIO + C,Hg — C,Hs* + CH;CHCIOH 152 -21.11 -2.05 -17.54 -0.75 -18.84 —-5.44 -14.15
3. CH,CHCIO + CH3Cl — CH.CI* + CH3;CHCIOH 0.24 —2157 -—-3.44 —-17.89 -—-2.82 —-1851 -7.16 -—-14.17
4. CHCHCIO + CH3OH — CH3O*+ CH3;CHCIOH -1.19 —-15.26 —-0.74 —-15.71 —2.33 -—-14.12 —1.83 —14.62
5. CHCHCIO + C,HsOH — C;Hs0° + CH;CHCIOH —1.38 —15.03 -—1.15 —1526 -—-2.24 -14.17 -1.78 -14.63
6. CHCHCIO + CH; — CH3O+ CH;CH.CI 11.14 —-15.99 10.34 —15.19 9.77 —14.62 10.10 —14.95
7. CHCHCIO + C,Hg — C,Hs0 + CH3CH,CI 5.48 —15.98 494 -15.44 430 —14.80 4.44 —14.94
average value and deviatfon —14.79+0.19
1. CHCCLO* + CH; — CHg" + CH;CCLOH 140 —-2441 -156 -—21.45 -2.66 —20.35 —1.68 —21.33
2. CHCCLO* + C,Hg — C,Hs* + CH;CCLOH —-3.36 —23.32 —6.26 —20.42 -—5.64 —21.04 —-5.34 —21.34
3. CHCCLO* + CHCl — CH,CI*+ CH;CCLOH —-464 -—-2378 —7.65 -—20.77 —7.71 —20.71 -7.06 —21.36
4. CH,CCLLO* + CH3;0H — CH30*+ CH;CCLOH -6.07 —17.47 —-4.95 -1859 -7.22 -16.32 —-1.74 —21.80
5. CHCCLO* + C,Hs0H — C;Hs0* + CH3;CClL,OH —-6.26 —17.24 -536 —18.14 -7.13 -16.37 —-1.68 —21.82
6. CHCCLO* +CH;4 — CH3O*+ CH3;CHCl, 9.07 —18.17 7.96 —17.06 8.16 —17.26 12.79 —21.89
7. CHCCLO* + C,Hg — C,HsO* + CH3;CHCl, 341 -18.16 257 —-17.32 2.68 —17.43  7.13 —21.88
average value and deviatfon —21.85+ 0.04
1. CHC'CIOH + CH; — CHg* + CH;CHCIOH 12.83 —-28.75 11.79 -27.71 10.02 —25.94 9.99 —25.91
2. CH;C*CIOH + CyHg — CoHs" + CH3;CHCIOH 8.07 —27.66 7.14 —26.73 7.04 —26.63 6.33 —25.92
3. CH,C'CIOH + CH3Cl — CH,CI* + CH;CHCIOH 6.79 —28.12 5.72 —27.05 497 —26.30 4.60 —25.93
4. CH;CCIOH + CH30OH — C*H,0OH + CH3;CHCIOH 2.25 —26.77 2.23 —26.75 1.74 —26.26 1.42 —25.94
5. CHC'CIOH + C,Hs0OH — CH3;C*HOH + CH;CHCIOH 0.23 —26.05 0.21 —26.03 0.75 —26.57 0.10 —25.92
average value and deviatfon —25.92+0.01
1. CH,CHCIOH + CH; — CHg* + CH;CHCIOH 5.17 —21.09 442 —20.34 0.81 —16.73 1.69 —17.61
2. CH,CHCIOH + C,Hg — C,Hs* + CH3;CHCIOH 0.41 —-20.00 —0.23 —19.36 —2.17 —-17.42 -—-197 -17.62
3. CH,CHCIOH + CH;Cl — CH,CI* + CH;CHCIOH —-0.87 —20.46 —-1.66 —19.67 —4.24 —-17.09 —-3.70 —17.63
4. CH,CHCIOH + CH3;OH — C*H,OH + CH;CHCIOH -541 -19.11 -5.15 -19.37 -7.47 -17.05 -6.88 —17.64
5. CH,CHCIOH + C,HsOH — CH3C*HOH + CH;CHCIOH —7.42 —-18.40 -7.16 -—18.66 —8.46 —17.36 —8.20 —17.62
average value and deviatfon —17.624+0.01
1. CH,CCLOH + CH; — CHgz" + CH;CCLOH 3.89 —26.90 331 —-26.32 —-0.11 -2290 0.82 —23.83
2. CH,CCIL,OH + C;Hg — C;Hs* + CH3;CClL,OH —-0.87 —-25.81 —-1.34 —-25.34 —-3.09 —23.59 -2.84 -23.84
3. CH,CCI,OH + CH3Cl — CH,CI* + CH;CClLOH —-2.14 -26.28 —2.77 —25.65 —5.17 —23.25 —4.56 —23.86
4. CH,CCIL,OH + CH;OH — C*H,OH + CH;CCLLOH —-6.69 —2492 —-6.26 —25.35 —8.39 —23.22 -7.75 —23.86
5. CH,CCI,OH + C;Hs0H — CH;C*HOH + CH3CCIL,OH —8.70 —24.21 -—-8.27 —24.64 —-9.39 —-23.52 —9.06 -—23.85
—23.85+0.01

aReaction enthalpies include thermal correction and zero-point energy. Units in kcdl/vatage value calculated at the CBSQ//B3** level,
and the deviation are between the isodesmic reactions (see text).

Comparison with Literature Enthalpies. The AH¢°,gg for OH* — C'H,CHCIOH, which is a nonisodesmic reaction.
monochloroethanol and the corresponding radicals are foundWallington et alf estimated the\H¢°,9g of CH;CHCIO® to be
in the literature for comparisons. Sekliset al’” estimated —18.9 kcal/mol by assuming that the difference in tie°,9g
AH¢°29g 0of CH3;CHCIOH to be—69.7 kcal/mol by Benson’'s  between chloromethoxy and methoxy radicals is the same as
group additivity method, and this is in agreement with our that betweern-chloroethoxy and ethoxy radicals. Hou efal.
recommend value;68.63+ 1.24 kcal/mol. Sekiek et al. also calculated theé\H¢°9g for CH3;CHCIOr, CH;C*CIOH, and CH>-
calculated theAH¢°z9g of C'H,CHCIOH at the MP2/aug-cc-  CHCIOH at the G2(MP2, SVP) level to bel7.8,—29.7, and
pVTZ level to be—23.0 kcal/mol by reaction C}HCI + —21.3 kcal/mol, respectively; however, they did not provide
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TABLE 5: Enthalpy and Energy Difference of the Conformers, Relative Fraction, and Overall AH°,9g

J. Phys. Chem. A, Vol. 105, No. 41, 2004549

AE of conformers (kcal/mol)

B3LYP/ B3LYP/ QCISD(T)/  CBSQIB3LYP/  AH(¢ relative final AH®265
6-31G(d,p)  6-311G(3df,2p)  6-31G(d,p) 6-31G(d,p) (kcallmol)  fraction (%)  (kcal/mol)
CHsCHCIOH (1) —68.72 59.18
CH:CHCIOH (1P 0.17 0.44 0.24 0.22 —68.50 40.82 -68.63
CH:CCLOH (Lf ~75.75 99.20
CH:CCLOH (2f 4.07 3.66 3.49 3.27 —72.48 0.40 ~75.72
CH:C'CIOH (1 —25.92 98.79
CH:C'CIOH (1Y 3.79 3.16 3.26 2.61 -23.32 1.21 —25.89
C*H,CHCIOH (1) -17.62 62.79
C*H,CHCIOH (1p 0.59 0.75 0.36 0.31 -17.32 37.21 -17.51
C*H,CCLOH (1f -23.85 97.88
C*H,CCLOH (2) 3.76 3.45 2.05 2.68 —21.17 1.06 -23.79

2 The rotational conformer with the lowest ener§y.he rotational conformer with higher energyEnthalpy of formation at 298 K calculated

at the CBSQ//B3LYP/6-31G(d,p) level.

calculation details or indicate the method of analysis. Our

TABLE 6: Bond Energy Calculations

recommended\H;°»95 values for CHCHCIC', CHsC*CIOH, and

reaction series

bond energy (kcal/mol)

C*H,CHCIOH are consistently-34 kcal/mol higher than data
estimated by Hou et dIThe consistent difference between our
values and those of Hou et al. could result from the differences
in AH;°29g Of the parent CHCHCIOH, which is used in each
working reaction.

We therefore performed the G3MP2 calculations, noted
above, for the two saturated chloroethanols. The G3MP2
calculations show excellent agreement with the other calcula-
tions in this study. The precision of our calculated enthalpies
on CHCHCIOH over a range of calculation methods and
working reactions (Table 3) does not provide any support for a
different value. The good agreement we observe over the several
calculation levels fora-chloroethanol and the corresponding
radicals provide support that our calculations are consistent
across different calculation methods. The QCISD(T) results also
indicate that our values are consistent with HF and MP2
calculations. The high level QCISD(T)/6-31G(d,p), CBSQ//
B3**, and G3MP2 calculations all predict very similar enthal-
pies. Our recommended data are based on analysis of conformer
energies from internal rotations and use of the lowest energy
conformers.

Enthalpy of Rotational Conformers. Two conformers are

RO—H
CH3;CH,OH — CH3;CH,O* + H*
CH3CHCIOH— CH3CHCIO + H*
CH;CClLOH — CH;CCLO" + H*

R—o-H
CH3;CH,OH — CH3C°*HOH + H°*
CH3;CHCIOH— CH3C*CIOH + H*

R—p-H
CHyCH,OH — C*H,CH,OH + H*
CH3;CHCIOH— C*H,CHCIOH + H*
CH;CClLOH — C*H,CCILOH + H*

R—CI
CH3;CHCIOH— CH;C*HOH + CI*
CH3;CCIL,OH — CH;C*CIOH + CI*

R—ROH
CH3CH,OH — CHg* + C*H,OH
CH;CHCIOH— CHgz* + C*HCIOH
CHs;CCILOH — CHgz* + CCI,OH
R—OH

CH3;CH,OH — CH3;CHy* + OH*
CH;CHCIOH— CH3CHCF + OH*
CH3CCIlL,OH — CH3CCly + OH*

104.32
105.94
105.97

94.88
94.84

102.52
103.22
104.03

84.21
78.75

negative hyperconjugation effect. The hydroxyl group includes

pl’esent in chloroethanols and hydl’oxyl Chloroethyl radicals (See two nonbonding e pairs centered on oxygen, one pair can

Figures 3-5); one is R- -H (R= CHj3 or CH,) anti conformer

interact strongly with the*(C —Cl,) orbital; however, the other

and the other is R- -H gauche conformer. The total electronic pajr cannot effectively overlap with thes(C—Cl,) orbital. The
energies of these conformers are estimated at the BsLYP/B-RO—H bond energy for mono- and dichloroethanol increases

31G(d,p), B3LYP/6-313-G(3df,2p), QCISD(T)/6-31G(d,p), and

1.6 kcal/mol relative to that of ethanol; this is because théHO

CBSQ//B3LYP/6-31G(d,p) calculation levels. The energy dif- hond is heterolytic rather than homolytic, and it is slightly
ferences betweeq the conformers are Ilsted.m Table 5. Thestabilized by negative hyperconjugation even though thé4O
AH®295 0f the rotational conformers are determined from values pond is not directly perturbed by the chlorinefg).

The C-Cl bond energies decrease from 84.21 to 78.75 kcal/

calculated at the CBSQ//B3** level using isodesmic reaction
schemes. The statistical distribution and ovefdfl;®,9g Of the

mol with successive addition of chlorine. However, the@OH

chloroethanols and hydroxychloroethyl radicals are also listed pond energy increases from 86.97 in £HCH,OH to 88.99
in Table 5. It can be seen from Table 5 that the energy difference kcal/mol in CH—CHCIOH and to 90.00 kcal/mol in G4+
between the conformers decreases for the higher level calcula-cCL,OH. The G-a-H bond energies in ethanol and chloro-

tions. The energy differences at the CBSQ//B3** calculation ethanol are quite similar; they show a very slight decrease from
level are used to calculate the statistical distribution of rotational 94.88 to 94.84 with the monochlorine substitution. Normally,

conformers.
Bond Energies. RO—H, R—OH, R—H, and R-CI bond

we would have expected a decrease in bond energy on the
C—o-H bond in chloroethanol relative to ethanol using the

dissociation energies are presented in Table 6. They aretrends of C-H bond energies in the series GHCHsCl, CH,-

estimated using thAH;°,9s Of chloroethanols and the radicals
from this work, plus reference radicals (see Table 1).

Cl,, and CHC} and CHOH, CH,CIOH, and CHCIOH we have
studied!® We have not been able to find any indication of this

The R-OH bond energies increase from 94.35 kcal/mol in trend in the C-a-H bond of CHBCH,OH and CHCHCIOH in

CH3CH,—OH to 97 kcal/mol in CHCHCI-OH and CHCClL—

our calculations. In contrast, the-@-H bond energies in Ci

OH. The second chlorine does not appear to affect an increaseCH,OH, CH;CHCIOH, and CHCCIL,OH show a consistent
on the R-OH bond energies. This can be explained by a increase: 102.52, 103.22, and 104.03 kcal/mol, respectively.
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TABLE 7: Ideal Gas-Phase Thermodynamic Propertied

species AH{ 50 S Cy(300KF Ch400K) Co(500K) Cu(600K) C,(800K) C,(1000K) C,(1500 K)

CHCH,OH  TVR 5012 1211 15.57 19.00 22.05 27.00 30.76 36.79
@) IR® 3.66 2.17 2.26 2.21 2.08 1.81 1.60 1.31
IR 4.00 1.61 1.45 1.33 1.25 1.15 1.10 1.05

totab —56.12-0.2 66.78  15.89 19.29 2254 25.38 29.97 33.47 39.15

CH,CHCIOH TVR 67.13  15.25 18.94 22.29 25.13 29.56 32.83 38.02
@) IR 4.22 2.07 2.17 2.12 2.01 1.76 1.57 1.30
@) IR 2.52 1.80 2.05 2.15 2.17 2.07 1.90 1.56

totab —68.63+1.24 7522  19.12 23.15 26.56 29.31 33.39 36.31 40.88

CHCCLOH  TVR 7164  19.14 22.91 26.03 28.56 32.36 35.09 39.36
@) IR® 3.93 1.91 2.09 2.16 2.15 2.01 1.83 1.49
IR 1.10 1.95 2.76 3.32 3.52 3.23 2.71 1.84

totab —75.72+131 76.77  23.00 27.75 31.51 34.23 37.60 39.63 42.68

CHCH,O©  TVRY 61.74  13.44 16.54 19.52 22.16 26.41 29.63 34.67
@) IR 4.59 2.08 1.98 1.82 1.67 1.45 1.31 1.15

totab  —3.90+1.27 66.33 1552 18.52 21.34 23.83 27.86 30.94 35.82

CHCHCIO®  TVR® 69.42  16.06 19.51 22.52 25.01 28.80 31.56 35.80
@) IR 4.21 2.07 1.96 1.90 1.84 1.73 1.63 1.42

) totab —14.79+2.90 73.63  18.13 21.47 24.42 26.85 30.53 33.19 37.22

CH,CCLO*  TVRY 7474 2014 23.37 26.02 28.14 31.32 33.58 37.00
@) IR® 4.19 2.07 2.18 2.14 2.04 1.80 1.60 1.31

totab —21.85+2.82 78.93  22.21 25.55 28.16 30.18 33.12 35.18 38.31

CH,CHOH  TVR 60.39  12.30 15.28 18.11 20.58 24.54 27.55 32.42
@) IR 5.22 1.57 1.42 1.32 1.25 1.16 1.11 1.05
IR 3.31 1.52 1.66 1.70 1.69 1.60 1.49 1.30

tota® —13.34+0.84 68.92  15.39 18.36 21.13 23.52 27.30 30.15 34.77

CHC'CIOH  TVR 67.03  15.00 18.14 20.91 23.23 26.80 29.43 33.57
@) IR® 4.84 2.06 1.88 1.69 1.54 1.35 1.24 1.11
IR 1.25 2.18 2.99 3.41 3.45 2.98 2.45 1.68

totab  —25.89+2.13 73.26  19.24 23.01 26.02 28.22 31.13 33.12 36.36

CH,CH,OH TVR 60.84  12.94 15.97 18.77 21.17 24.99 27.88 32.58
1y IR® 4.86 1.42 1.29 1.21 1.15 1.09 1.06 1.02
IR 3.36 2.28 2.09 1.84 1.65 1.40 1.27 1.12

totab —13.50+3.0 69.06  16.64 19.35 21.82 23.97 27.48 30.21 34.72

C'H,CHCIOH TVR? 7140  16.06 19.26 21.94 24.10 27.37 29.78 33.67
1y IR® 3.21 2.05 2.27 2.34 2.30 2.09 1.86 1.48
) IR 2.40 2.18 2.27 2.28 2.24 2.07 1.88 1.53

totab —17.51+2.13 78.33  20.29 23.80 26.56 28.64 31.53 33.52 36.68

CH,CCLOH  TVRI 7463  20.01 23.29 25.72 27.57 30.20 32.06 35.04
@ IR® 4.13 1.79 1.82 1.76 1.68 1.52 1.39 1.21
IR 1.31 2.07 2.80 3.24 3.34 2.99 2.51 1.74

totab —23.79+2.13 80.30  23.87 27.90 30.72 32.59 34.71 35.96 37.99

aThermodynamic properties are referred to a standard state of an ideal gas of at 1 atm. Torsional frequencies are excluded in the calculations
of entropies and heat capacities. Instead, a more exact contribution from hindered rotations abe@ thed@-O bond is includedAH;°2gg for
CH3CH,OH, CH;CH,O*, CH,CH,OH, and CHC*HOH are from Table 1° Units in kcal/mol.¢ Units in cal/(mol K).4 The sum of contributions
from translations, external rotations, and vibratiohSontribution from internal rotation about the-€ bond.f Contribution from internal rotation
about the G-O bond.? Symmetry number is taken into accountR In(symmetry number))! Symmetry number. Optical isomer numbef.CH,
group is not planar (see text), and symmetry number is 1.

Entropy (S°299 and Heat Capacity Cy(T)'s (300 =< tion to S’,ggis ca. 0.7 cal/(mol K), and the maximum difference
T/K = 1500)).S’298 and Cy(T)'s calculation results using the  for the contribution toCy(T)'s is ca. 0.5 cal/(mol K). This
B3LYP/6-31G(d,p) determined geometries and harmonic fre- indicates that the maximum error for the contribution to
guencies are summarized in Table 7. Harmonic vibrational S’;9g and Cy(T)’s from one internal rotor is less than 0.7 cal/
frequencies and moments of inertia are listed in Supporting (mol K).

Information Table S5. The two lowest frequencies (one in  The standard entropies also include correction from rotational
CH3CH,O*, CHsCHCIO, and CHCCLO®) are omitted in conformers. This correction is calculated by the following
calculation ofS>,9g and Cy(T)'s; but we replace their contribu-  formula for 1 mol of mixture®

tions with values from analysis of the internal rotations. TVR

represents the sum of the contributions from translation, ASqixing = —Rzniln(ni) (E2)
vibration, and external rotation fo 95 and Cy(T)’s. IR

represents the contributions from hindered internal rotations wheren; is the equilibrium mole fraction of thigh form. ASnixing
about C-C and C-O bonds for S’»g8 and Cy(T)’s. The represents the entropy of mixing of rotational conformations
calculations are based on optimized geometries and rotationalor optical conformations.

potential curves from the B3LYP/6-31G(d,p) data. There are  Group Additivity Values. The C/C/CI/H/O and C/C/GIO
differences in barrier height calculated at the B3LYP/6-31G- group values are derived from the thermodynamic property data
(d,p) and the MP2(FULL)/6-31G(d) levels of theory, as of CHsCHCIOH and CHCCLLOH, respectively. The group
discussed in the rotation barrier section. The resulting differencesvalues forAHs°29g and C,'s of C/C/CI/H/O are calculated on

in S’295 and Cy(T)’s are however small. In the most extreme the basis of

case, the barrier height varies by 2 kcal/mol foH&Cl,OH
in the two calculations. The resulting difference in the contribu- (CH;CHCIOH) = (C/C/CI/HIO) + (C/C/Hy) + (O/C/H)
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TABLE 8: Group Values

J. Phys. Chem. A, Vol. 105, No. 41, 2004551

groups AH2e  Saef  Cy300KF  Ci(400K) Cu500K) C,(600K) C,(800K) C,(1000K) C, (1500 K)
CICIHs —10.20 30.41 6.19 7.84 9.40 10.79 13.02 14.77 17.58
O/C/H® —37.90 29.07 4.30 4.50 4.82 5.23 6.02 6.61 7.44
C/CICI/HIO —20.53 16.54 8.63 10.81 12.34 13.29 14.35 14.93 15.86
C/CICL/O —27.62 19.47 12.51 15.41 17.29 18.21 18.56 18.25 17.66

2 Units in kcal/mol.P Units in cal/(mol K).¢ Reference 39.
TABLE 9: Hydrogen Bond Increment (HBI) Group Values

groups bond energy  Sof  Cy300KF Cu(400K) Cu500K) C600K) C,(800K) C,(1000K) C,(1500K)
CH3CH,Or 104.32 0.93 —0.37 —-0.77 —1.20 —1.56 —-2.11 —2.52 —-3.33
CH;CHCIO 105.94 —1.59 —-0.99 —1.68 —2.14 —2.46 —2.86 —-3.12 —3.66
CHsCCLO* 105.97 2.16 —-0.79 —2.20 —3.35 —4.05 —4.48 —4.45 —4.37
CH;C*HOH 94.88 2.14 —0.50 —0.93 —1.41 —1.87 —2.67 —3.31 —4.38
CH;C:CIOH 94.84 —1.96 0.12 —0.14 —0.54 —1.09 —2.26 —3.19 —4.52
C*H,CH,OH 102.52 0.09 0.75 0.06 —-0.72 —1.41 —2.48 —3.26 —4.42
C*H,CHCIOH 103.22 0.93 1.17 0.65 0.00 —0.67 —1.86 —2.79 —4.20
C*H,CCILOH 104.03 2.73 0.88 0.16 —0.78 —1.64 —2.89 —3.68 —4.69

aFor efficiency in name length, these HBI groups are abbreviated in the BD files of Therm pfégimifollows:

CCQ CCCIO, CCCkO,

CCOH, CCCIOH, CCOH, CCCIOH, and GCCLOH. Therm is available (free by writing e-mail to the authoPd)nits in kcal/mol.c Units in

cal/(mol K).
and S°,95 of C/C/CI/H/O is calculated on the basis of

(CH,CHCIOH) = (C/CICI/H/O)+ (CIC/Hy) + (O/C/H) +
RIn(Ol) — RIn(o)

whereR = 1.987 cal/(mol K), Ol stands for optical isomer
number andv is the symmetry number. The group values of

group values for the bond energy of gBHHOH and CHC-
CIOH are similar to those of €l,0H and CHCIOH, ca. 95
kcal/mol. The HBI group values of entropy for GEF and
CClzO are —4.18 and—0.58 cal/(mol K) from the previous
work,!® these two values did not include the electronic orbital
degeneracy of 2 hyCs, symmetry because the optimized
geometries at the B3LYP/6-31G(d,p) level resulted in C

CICICL/O are estimated in the same manner. The thermochemi-symmetry for the two molecules. Thes §ymmetry is due to

cal properties on the C/C#and O/C/H group are taken from
the existing literature valu&.The two carbor-chlorine-oxygen
group values derived in this work are listed in Table 8, which
shows that the group values fdxH°,9s decrease with the
increased number of chlorine atoms.

Hydrogen Bond Increment Group Values.HBI*? (hydrogen
bond increment) group values are derived for the chianoy—
ethyl radicals in this study, using the thermodynamic property

the Jahr-Taller distortion and a vibronic coupling where the
asymmetric vibrational e modes couple to the degenerate E
electronic state$ Barckholtz et af'! report that an effective
electronic degeneracy of GB* is 2 because of the dynamic
nature of the JahnTaller effect and the relatively larger zero-
point vibration energy in CkD* (degeneracy is in addition to
the spin states). When the electronic orbital degeneracy for
CH30* and CCHO is 2, theS’,98 for CClO* is 80.41 cal/(mol

data of chloroethoxy and hydroxychloroethyl radicals and parent K) rather than 79.03 cal/(mol K), and the HBI group values for

chloroethanols.

As an example, the bond energy of gEHCIO—H is based
on theAH®yn 298 Of the homolytic reaction: (CECHCIOH) =
(CHsCHCIO) + H.

AS’298 and AC, are determined more directly, as the

entropy of CHO® and CC}O* are —2.80 and+0.80 cal/(mol
K). For CH;CH,O, the substitution of a hydrogen in G&°
with a methyl group perturbs thes, geometry and thus slightly
lifts the electronic degeneracy present in 404 At room
temperature, the HBI group value of entropy for £LHL,O" is

differences in respective properties of the molecule vs the radical —0.45 cal/(mol K) without the electronic orbital degeneracy.

in such a way that the HBI values f&0,9g andCy(T) are added
to the parent values to form the radical.

HBI C,(T))(CH,CHCIO) = C,(T)(CH,CHCIO) —
Cp(Ti)(CH3CHC|OH)
HBI S0 CH,CHCIO) = S°,,(CH,CHCIO) —
S26 CHzCHCIOH) + RIn(0cyy cricio/ 9ch,crcior)

Effects for changes in symmetry between the radical and
parent are not included in the HBI group but are included in

However, Ramond et &F.report that the splitting between the
ground A" and the firstX?A’ excited states of C4CH,O" is
very small, 355+ 10 cntl. The effective electronic degeneracy
of CH3CH,O® at room temperature can then be considered as
2, and this gives the HBI group values of entropy for £H
CHOr is 0.93 cal/(mol K). The electronic degeneracy present
in CHyO* for CH3;CHCIO® and CHCCLO® radicals will be
removed by the orbital splitting.

Summary

Thermodynamic properties of ethanak-chloroethanol,

evaluation of the entropy of each species separately. Thea-dichloroethanol, and corresponding radicals derived from H

following species have optical isomer number of 2 due to the
different constituents on the carbon bonded with chlorines-CH
CHCIOH, CHCHCIC, and CH,CHCIOH. The HBI values for
other radical species are estimated in the same manneras CH
CHCIO above, and they are listed in Table 9.

The HBI group values for the bond energy of &HH,O°
and CHCHCIO are similar to the values of G@* and CH-
CIO derived from previous work? ca. 105 kcal/mol. The HBI

atom loss in chloroethanols and parent ethanol are calculated
using density functional and ab initio methods with several
isodesmic reaction schemes-;°,9¢'s determined by the DFT,
QCISD(T), and CBSQ//B3** calculations over widely varied
isodesmic reaction schemes show remarkably good precision
for chloroethanols, chloroethoxy radicals, and hydroxychloro-
ethyl radicals.S’;98 and Cp(T)'s (300 < T/K =< 1500)) are
determined with B3LYP/6-31G(d,p) optimized geometries and
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frequencies, hindered internal rotational contributionStes

and Cy(T)'s are calculated by intramolecular torsion potential

curves, and the entropy corrections for the mixing of rotational
conformers are included. Thermodynamic properties on C/C/
CI/H/O and C/C/CJ/O groups are determined for use in group

additivity. The group increment values for (chloro)ethoxy and

hydroxy(chloro)ethyl radicals are also determined.

Acknowledgment. This research is supported by the USEPA

Northeast Regional Research Center and the USEPA Airborne

Organics Research Center.

Supporting Information Available: Geometrical parameters
of ethanol,a-chloroethanolg-dichloroethanol, and correspond-
ing radicals (Table S1). Total energies by torsion angle and
internal rotational barriers above species (Table S2) and

coefficients of truncated Fourier series representation expansion%r

Sun and Bozzelli

(14) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

(15) Lay, T. H.; Krasnoperov, L. N.; Venanzi, C. A.; Bozzelli, J. W.
Phys. Chem1996 100, 8240.

(16) Yamada, T.; Lay, T. H.; Bozzelli, J. W. Phys. ChemA 1998
102 7286.

(17) Yamada, T.; Bozzelli, J. W.; Berry, R. J. Phys. ChemA 1999
103 5602.

(18) Sun, H.; Chen, C.-J.; Bozzelli, J. W. Phys. ChemA 200Q 104
8270.

(19) Sun, H.; Chen, C.-J.; Bozzelli, J. W.. Phys. ChemA 2001, 105,
4504.

(20) Schneider, W. F.; Nance, B. I.; Wallington, T.1. Am. Chem.
Soc.1995 117, 478.

(21) Omoto, K.; Marusaki, K.; Hirao, H.; Imade, M.; Fujimoto, Bi.
Phys. Chem. £00Q 104, 6499.

(22) Pauling, L.The Nature of the Chemical Bon@ornell University
Press: lIthaca, NY, 1947.

(23) Henry, D. J.; Parkinson, C. J.; Mayer, P. M.; RadomJ.LPhys.
Chem. A2001, 105 6750.
(24) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical Data of
ganic Compounds2nd ed.; Chapman and Hall: London, New York,

for internal rotation potentials (Table S3). The total electronic 1g9gg.

energies 8O K determined at the B3LYP/6-31G(d,p), B3LYP/
6-311+G(3df,2p), QCISD(T)/6-31G(d,p), and CBSQ//B3LYP/
6-31G(d,p) levels, scaled ZPVE's, and thermal correction to
298.15 K (Table S4). Harmonic vibrational frequencies and
moments of inertia determined at the B3LYP/6-31G(d,p) level
(Table S5). This material is available free of charge via the
Internet at http://pubs.acs.org.

References and Notes

(1) WMO Global Ozone Research and Monitoring Project. Report No.
20, 1989.

(2) Chen, Y.; Tschuikow-Roux, El. Phys. Cheml1992 96, 7266.

(3) Niedzielski, J.; Tschuikow-Roux, E.; Yano, Iht. J. Chem. Kinet
1984 16, 621.

(4) Cohen, N.; Benson, S. W. Phys. Chem1987 91, 162.

(5) Atkinson, R.J. Phys. Chem. Ref. Date989 Monograph No. 1.

(6) Shi, J.; Wallington, T. J.; Kaiser, E. W. Phys. Chem1993 97,
6184.

(7) Maricq, M. M.; Shi, J.; Szente, J. J.; Rimai, L.; Kaiser, E. W.
Phys. Chem1993 97, 9686.

(8) Wallington, T. J.; Orlando, J. J.; Tyndall, G. $. Phys. Chem.
1995 99, 9437.

(9) Hou, H.; Wang, B.; Gu, YJ. Phys. Chem. 2000 104, 1570.

(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, R. J.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.

(11) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785.

(12) Becke, A. D.J. Chem. Phys1993 98, 5648.

(13) Montgomery, J. A.; Ocherski, J. W.; Petersson, GJAChem.
Phys 1994 101, 5900.

(25) Cox, J. D.; Pilcher, GThermochemistry of Organic & Organo-
metallic CompoundsAcademic Press: London, New York, 1970.

(26) Chase, M. W., Jr. NIST-JANAF Thermochemical Tables, 4th ed.
J. Phys. ChemRef. Data Monograph 9, 1998.

(27) Frenkel, M.; Kabo, G. J.; Marsh, K. Nhermodynamics of Organic
Compounds in the gas stafEhermodynamic Research Center, Texas A&M
university: College Station, TX, 1994.

(28) Stull, D. R.; Westrum, E. F.; Sinke, G. Clhe Chemical
Thermodynamic of Organic Compoundgobert, E. Kireger Publishing
Company: Malabar, FL, 1987.

(29) Stull, D. R.; Prophet, HHANAF Thermochemical Tableand ed.;
U.S. Government Printing Office: Washington, DC, 1970.

(30) Marshall, P.J. Phys. Chem. A999 103 4560.

(31) Shevtsova, L. A.; Rozhnov, A. M.; Andreevskii, D. Russ. J.
Phys. Chem. (Engl. TransI)97Q 44, 852.

(32) Holmes, J. L.; Lossing, F. B. Am. Chem. Sod988 110 7343.

(33) Mayer, P. M.; Glukhovtsev, M. N.; Gauld, J. W.; Radom,JL..
Am. Chem. Sod997, 119, 12889.

(34) Tsang, W., Martinho Simoes, J. A., Greenberg, A., Liebman, J. F.,
Eds.,Heats of Formation of Organic Free Radicals by Kinetic Methods in
Energetics of Organic Free RadicalBjackie Academic and Professional:
London, 1996.

(35) Cioslowski, J.; Liu, G.; Moncrieff, DJ. Am. Chem. Socd997,
119 11452.

(36) Curtiss, L. A.; Lucas, D. J.; Pople, J. A.Chem. Physl1995 102
3292.

(37) Sekuak, S.; Liedl, K. R.; Sabljize, Al. Phys. Chem. A998 102
1583.

(38) Benson. S. WThermochemical Kinetic2nd ed.; Wiley-Inter-
science: New York, 1976.

(39) Cohen, NJ. Phys. ChemRef. Datal996 25, 1411.

(40) Lay, T. H.; Bozzelli, J. W.; Dean, A. M.; Ritter, E. R. Phys.
Chem 1995 99, 14514,

(41) Barckholtz, T. A.; Miller, T. A.Int. Rev. Phys. Chem199§ 17,
435.

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



