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Structures, Intramolecular Rotation Barriers, and Thermochemical Properties of Radicals
Derived from H Atom Loss in Mono-, Di-, and Trichloromethanol and Parent
Chloromethanols

Introduction

Chlorocarbons are widely used chemicals as solvents in;
synthesis and in cleaning agents, as synthesis starting materials’
and in polymer, pesticide, and other product manufacture.
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Structures and thermochemical propertid$if,qg, Syes and Cy(T) of three (mono-, di-, and tri-) chloro-
methanols; three chloromethoxy and the two hydroxychloromethyl radicals are determined by ab initio and
density functional calculations. The 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/B&311
(3df,2p), QCISD(T)/6-31G(d,p), and CBSQ//B3LYP/6-31G(d,p) levels. The vibration frequencies are scaled
for zero-point energies and for thermal corrections. The enthalpies of formatldf,f) are determined at

each calculation level using several isodesmic reactions. Standard erfgpyid heat capacityGy(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 vibration frequencies and structures obtained
from the density functional study. Potential barriers for internal rotation of the hydroxyl group are calculated
at the B3LYP/6-31G(d,p) level, and hindered internal rotational contributions to entropy and heat capacity
are calculated by summation over the energy levels obtained by direct diagonalization on the Hamiltonian
matrix of hindered internal rotations. An evaluation of data from the isodesmic reactions at each calculation
level results in the enthalpy of formation valuess8.07+ 0.69,—65.88+ 0.76, and—65.964+ 0.76 kcal/

mol for mono-, di-, and trichloromethanol, respectively. The standard enthalpies for the mono-, di-, and
trichloromethoxy radicals are5.13+ 2.18,—7.65+ 2.25, and—9.05 + 2.24 kcal/mol, respectively. The
standard enthalpies for the hydroxymono- and hydroxydichloromethyl radicalsla@r&6+ 1.75 and—22.54

=+ 1.83 kcal/mol. Bond energies for the R®I bond are 105.04, 110.33, and 109.01 kcal/mol, respectively.
Bond energies for the ROH bonds are 95.20, 98.81, and 94.39 kcal/mol, respectively. 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/CIAD, C/CL/H/O, and C/CJ/O groups are-20.17,—27.98, and—28.06 kcal/

mol, respectively. Hydrogen bond increment groups for the chloromethoxy and hydroxychloromethyl radicals
are also developed. The bond energies AHig,45 values suggest that the electronegative CI(s) on the methyl
serve to increase and R@ bond energyAHg, o, for CH,OH, CH;C*'HOH, and GHsO are also determined

and compared with literature data, and recommended values®a8¥ + 0.22,—13.34+ 0.84, and—3.90

4+ 1.27 kcal/mol, respectively.

radicals lead to formation of chloromethanol or chloromethoxy

species; the presence of these adducts needs to be considered

n modeling the combustion efficiency and pollutant formation.
The thermochemical property data on these oxygenated

Chlorocarbons and other halocarbon compounds are present irfhlorocarbon species are needed for evaluation of reaction paths
the atmosphere from evaporation of these solvents and other"d kinetic processes, such as stability of intermediate adducts
anthropogenic activities. They often exhibit relatively long @nd prediction of final products. The thermodynamic properties
tropospheric lifetimes due to their slow decay or low reaction aré also needed for use in kinetic modeling and in equilibrium
rates with OH radical® If they diffuse into the stratosphere, codes. There is limited experimental data on the Fhermodynamlc
the chlorine will contribute to the reduction of stratospheric Properties of these oxygenated chlorocarbons in the literature
ozone levels. Chlorine substitution on methyl and alkyl radicals With exception of acid carbonyl (acid chloride) species. This
results in lower reactivity of the radical with oxygen, and this €Séarch is an attempt to calculate the fundamental thermody-
slower reaction with @permits the chlorinated radicals to build ~N@mic property data on these species using ab initio and density
up to higher concentrations in combustion environments. Thesefunctional calculations with working reactions for cancellation
species are more likely to undergo reactions with the radical ©f €rror.

pool, of which HQs, OH, and O atoms are likely reactants. Several experimental and theoretical studies have been
Association reactions of Gi€I*, CHCL*, and CC}* with these reported on structural and related properties of chloromethanol

and chloromethoxy speciés’ Kunttu et al? reported vibration

* Corresponding author. E-mail: Bozzelli@nijit.edu. frequencies of chloromethanol from infrared spectra; they
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calculated its geometry and vibrational frequencies at the HF/ group are determined at the B3LYP/6-31G(d,p) calculation level
6-31G(d,p) ab initio level. Tyndall et lceported experimental ~ (each conformer and barrier optimized). The geometries and
infrared frequencies, along with calculated frequencies and harmonic vibrational frequencies are calculated for all the
geometric parameters at the RHF/6-31G(d,p) level for mono- rotational structures at the B3LYP/6-31G(d,p) level. Contribu-
and dichloromethanol. Schneider et ahlculated the structures  tions from hindered rotor t&y; and Cy(T) are determined
at the RHF/6-31G(d,p) level and bond energies and heats ofusing direct integration over energy levels of the intramolecular
formation at MP2/6-31G(d,p) for chlorinated methanols and rotational potential energy curves. The number of optical isomers
chloromethoxy radicals. Wallington etahave recently inves-  and the spin degeneracy of unpaired electrons are also incor-
tigated the stability and infrared spectra of the three chlorinated porated for calculation 084
methanols under atmospheric conditions using smog-chamber A truncated Fourier series is used to represent the torsional
experiments. Melilfs calculated the structures, moments of potential calculated at discrete torsional angles:
inertia, and frequencies at the HF/6-31G(d) level of theory, and
calculated the enthalpies and the free energies for these species V(®) = a, + Zai cos{®d) + zbi sin(i®) i=1-5
using the BAC-MP4 method. Kinetic studies on thermal (F1)
decomposition rates under atmospheric conditions, which reflect
on species stability, are in disagreement by several orders of
magnitude’.—® There is also considerable discrepancy in the V. . .
reported enthalpy data; for example, the respechiit,,'s of W|th_ _aIIO\i\gfil?;:e of a shift of the theoretical extreme angular
mono-, di-, and trichloromethanol are reported to-b&8.8, posmons.. . R .
—66.3, and—70.0 kcal/mol by Schneider et dland they are Enthalples .Of formatlonA(Hfzgg) for the target Species are
listed as—55.50, —66.40, and—66.20 kcal/mol by NISTe estlm_ated usmg_total_ energies and several sets of isodesmic
There is no published thermochemical property d&tg,@nd reactions. R_eact|ons_ in Scheme 1 are used to calclefg
Cy(T)) on chloromethoxy or hydroxychloromethyl radicals that of mono-, di-, and trichloromethanol.
weI areh_aware kof. N . i h SCHEME 1

n this work, enthalpy,AHggs entropy, and heat
capacitiesCy(T), are determineféggor the three C%SI,oromethanols, CH, ,CLLOH + CH, — CH;OH + CH,_Cl, (1.1)
the corresponding threg chIorqmethoxy radicqls, and two CH, ,Cl,LOH + C,H;— C,H,OH + CH,_,CI, (1.2)
hydroxychloromethyl radicals using density functional and ab
initio calculation methods. The enthalpies of formation are CH,; ,Cl,OH + C,Hz— CH;OH + CH,CH,_,ClI, (1.3)

evaluated at each calculation level, using several isodesmic
reactions. Contributions to entropy and heat capacity from CH, CLLOH + CgHg — CHOH + CH,CH,; ,Cl,  (1.4)

internal rotation of the hydroxyl group are estimated using direct CH,_,Cl OH + C;Hg — n-C;H,OH + CH,_,Cl, (1.5)
integration over energy level of the intramolecular rotation

potential energy curve, with the B3LYP/6-31G(d,p) level Reactions in Scheme 2 are used to calculbit,, of mono-,
calculations for rotation barrier estimations. A set of chtero  §i. ang trichloromethoxy radicals.

oxy—hydrocarbon groups and hydrogen bond increment groups

where values of the coefficientg and b; are calculated to
provide the true minima and maxima of the torsional potentials

are derived from these thermochemical property data. SCHEME 2

Calculation Method CH,_,CL.O" + CH,— CH,_,CIl,OH + CH;’ (2.1)
All of the density functional and ab initio calculations are CH;_,CLO® 4+ C,Hg— CH;_,CLLOH + C,Hy’ (2.2)

performed using the Gaussian94 program sWiehe geometry . .

optimization, harmonic vibration frequencies, and zero-point CHs-,CLO" + CH, — CH, ,Cl, + CH;O (2.3)

vibrational energies (ZPVE) are computed with the B3LYP/6-
31G(d,p) level of theory (opt verytight are used in calculation
for the accurate geometries). The optimized geometry parameter
are used to obtain total electronic energies at the B3LYP/6-
31G(d,p), B3LYP/6-311G(3df,2p), QCISD(T)/6-31G(d,p), and
CBSQ//B3LYP/6-31G(d,p) (abbreviated as CBSQ//B3**) single
point levels of calculatioA~13 Total energies are corrected by
zero-point vibration energies (ZPVE), which are scaled by m
0.9806, as recommended by Scott et*alhermal correction,

0to 298.15 K, is taken into account using the B3LYP structure SCHEME 3
and vibration data. The CBSQ calculations include an SCF

CH, ,CLO" + C,Hs — CH, ,Cl, + C,H.O" (2.4)
TH, ,CLO" + CH,0H— CH, ,CLOH+ CH,O"  (2.5)
CH, ,CLO" + C,H:OH — CH;_,CLOH + C,H.O'  (2.6)

Reactions in Scheme 3 are used Hg,gs of hydroxy-
ono- and hydroxydichloromethyl radicals.

energy at HF/6-31£G(3d2f,2df,2p), higher order correlation CH,,CLOH + CH, — CH, ,CILOH + CHy’ (3.1)
at QCISD(T)/6-31g(d), MP4(SDQ)/6-3%G(d(f),d,p), and a . .
further second-order correlation at MP2/6-313(3d2f,2df,2p). C'H,_,CLOH + CHg — CH;_CLOH + C,Hs 3.2)

They are reported to result in an energy value at the QCISD-
(T)/6-31++G(3df,2p) level of calculation. Restricted and open

shell B3LYP/6-31G(d,p) calculations are used for the chlo-
romethanols and radicals, respectively.

Contributions of vibration, translation, and external rotation c*H,  Cl OH + CH4OH— CH,_,Cl,OH + C'H,OH (3.5)
to entropies and heat capacities are calculated from scaled o .

vibrational frequencies and moments of inertia of the optimized C'H,_,ClLOH + C,H.OH— CH,_,CI,OH + CH,C'HOH
structures. Potential barriers for the internal rotations of hydroxyl (3.6)

C'H,_,ClOH + CH, — CH,_,Cl, + C'H,OH (3.3)
C'H, ,CLLOH + C,Hs— CH, ,Cl + CH,CHOH  (3.4)
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Figure 1. B3LYP/6-31G(d,p) optimized geometries of three chlorinated
methanols: (a) chloromethanol; (b) dichloromethanol; (c) trichlo-
romethanol.

(2) (b) (©)

Figure 2. B3LYP/6-31G(d,p) optimized geometries of three chlo-
romethoxy radicals: (a) chloromethoxy radical; (b) dichloromethoxy
radical; (c) trichloromethoxy radical.
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Figure 3. B3LYP/6-31G(d,p) optimized geometries of two hydroxy-
chloromethyl radicals: (a) hydroxychloromethyl radical; (b) hydroxy-
dichloromethyl radical.

The basic requirement of an isodesmic reaction is bond
conservation, where the number of each of bond type is
conserved in the reaction. An isodesmic reaction will lead to

Sun and Bozzelli

the data computed by Schneider et at the RHF/6-31G(d,p)
level and to the values computed by Wang éfat the UMP2-
(full)/6-31G(d) level.

The effects of chlorine-substitution on molecular geometries
can be seen from Scheme 4. The @ bond length decreases
significantly with the first chlorine substitution, moderately with

SCHEME 4
Re-o, A Re-o, A Reo, A
CHsOH 1.418 CHO 1.369 CHOH 1.369
CH,CIOH 1.374 CHCIO* 1.315 CHCIOH 1.349
CHCIL,OH 1.354 CHCJO* 1.302 CCI,0OH 1.346
CCIl0OH 1.351 CCiO 1.299

the second ClI, and very little with the third chlorine. The G
bond decrease in GIEIOH and in CHCIO* radical resulting
from one Cl addition (ca. 0.04 A) is similar in magnitude to
the decrease, due to resonance, resulting froffy@H radical
formation from methanoi?

In contrast, the @H bond length increases with the increased
chlorine substitution (see Scheme 5). The trends +0OCand
O—H bond lengths are alsoobserved in the geometries calculated

SCHEME 5
RO*Hy A RofH, A
CH;OH 0.965 CH,OH 0.966
CH,CIOH 0.967 CHCIOH 0.969
CHCLOH 0.970 CCI,.OH 0.970
CCILOH 0.971

at the RHF/6-31G(d) and UMP2(full)/6-31G(d) levels of
theony? (see Tables 43). It is unusual that while the ©H
bond length increases, it also gets stronger (see the bond energy
discussion below).

The optimized geometries at the B3LYP/6-31G(d,p) level
show that CHOH, CHCLOH, and CCiOH haveCs symmetry
and that CHCIOH hasC; symmetry. Because the internal
rotation barrier estimated at the B3LYP/6-31G(d,p) level for
CH3;OH and CC4OH is low, about 1.41.7 kcal/mol, the

more accurate results if groups are also conserved in the reactionsymmetry for these two species could be considered 1 at low
because the next nearest neighbor interaction is then conservedemperature, and 3 at higher temperatures, where internal

Accuracy to near 1 kcal/mol using this method of enthalpy
estimation is illustrated in several previous studf@$§Reactions

2.1 and 2.2 are not isodesmic; they are useful for comparison,
and for demonstration on the importance of isodesmic reaction.

rotation about the €OH bond is rapid.

It is interesting to evaluate the density functional structure
predictions, planar (gpvs tetrahedral (s}, on the hydroxy-
methyl and hydroxychloromethyl radicals. Thg-HC—O—H,

Reactions 2.5 and 2.6 conserve groups in addition to bond typesdihedral angle in @1,0H is 148, which suggests a structure
(group isodesmic) and we consider these the best reactions foithat is halfway between planar and tetrahedral. The Gt

evaluation of theAHgqe; as error cancellation should be
optimal.

Calculations at each level of theory are performed on the
stable conformer(s) of each compound, andAli,,, of each
conformer is calculated using isodesmic reactions. Final
AHg,q5 values are from a statistical distribution of rotational
conformers.

Results and Discussion

Geometry. The fully optimized geometries at the B3LYP/
6-31G(d,p) density functional calculation level for mono-, di-,
and trichloromethanol are presented in Figure 1, for mono-, di-,
and trichloromethoxy radicals in Figure 2, and for hydroxy-
mono- and hydroxydichloromethyl radicals in Figure 3. The
numerical values of the structural parameters including carbon
hydrogen, carbonchlorine, carboroxygen, and oxygen

O—Cl dihedral angle in GHCIOH is 134.9 and the C+C—
O—Cl dihedral in CCI,OH is 132.7, indicating these chlori-
nated carbon radicals are closer to tetrahedral (see Figure 3 and
the data in Table 3). Johnson efateported that hydroxymethyl

has a nonplanar structure based on the geometry optimized at
the MP2/6-311G(2df,2p) level of theory and has unequaHC
bonds within the methylene group. Our density functional
calculations show similar trends with the data of Johnson’s; but
just slightly longer bonds (0.0860.01 A); see Table 3. The
inversion frequencies for*&,0H, CHCIOH, and CCI,OH are
calculated in this work to be 443.4, 364, and 262 ém
respectively. The symmetries fort;OH and CCI,OH are
assigned as 1 on the basis of these data.

The bond angles, where oxygen is the center atom, on the
methanol and the hydroxyl methyl radicals are near®l@%d
suggest a tetrahedral structure for bonds on the O atom. Bair
and Goddartf reported a tetrahedral structure for the O in

hydrogen bond distances along with applicable bond angles areperoxides, with a 140angle between the oxygen lone pairs on

listed in Tables +3, respectively. Comparisons are made to

each oxygen atom and a I’1éngle between the bond and lone
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TABLE 1: Geometric Parameters? for CH ;0H, CH,CIOH, CHCI,OH, and CCIl;0H

CH:OH CH,CIOHP CHCLOH CCI5OH
X1=X2=H X1=C|,X2=H X1=H,X2=C| X1=X2=C|
parameter B3LYP RHFH B3LYP* RHF B3LYP* RHFH B3LYP* RHFH
r(C—Xy) 1.093 1.088 1.088 1.080 1.086 1.073 1.782 1.759
r(C—Xy) 1.101 1.082 1.851 1.808 1.824 1.786 1.826 1.784
r(C—Xy) 1.101 1.082 1.093 1.076 1.824 1.786 1.826 1.784
r(C-0) 1.418 1.398 1.374 1.363 1.354 1.346 1.351 1.344
r(0O—H) 0.965 0.942 0.967 0.944 0.970 0.947 0.971 0.948
0(0—C—Xy) 106.9 107.3 108.2 112.3 109.0 108.7 107.2 107.2
0(0O—C—Xy) 112.8 112.1 112.9 108.3 112.4 111.9 111.3 110.8
0(0—C—Xy) 112.8 112.1 114.4 113.5 112.4 111.9 111.3 110.8
OH-0-C) 107.9 109.6 108.9 110.6 109.5 1111 108.9 110.4
O(X1—C—0—H) 180.0 180.0 67.8 65.2 180.0 180.0 180.0 180.0
O(X,—C—0—H) 61.5 —175.6 61.6 59.9
0(X,—C—0—H) —61.5 ~51.0 ~61.6 -59.9

a Distances in angstroms and angles in degreess ¥ne symmetry-unique substituent (H, or Cl) un@gisymmetry; % are the two symmetry
equivalent substituent8.C; symmetry.c Geometrical parameters optimized at the B3LYP/6-31G(d,p) level of thé@gometrical parameters
optimized at the RHF/6-31G(d,p) level of theory by Schneider et al.

TABLE 2: Geometric Parameters? for CH ;0°, CH,CIO*, CHCI,0*, and CCIl;0*

CH:O CHxCIO® CHCLO* CCLO*
X1=X2=H X1=C|,X2=H X1=H,X2=CI X1=X2=C|
parameter B3LYP UHF® B3LYP? UHF® B3LYP? UHF® B3LYP? UHF®

r(C-0) 1.368 1.382 1.315 1.349 1.302 1.346 1.299 1.351
r(C—Xi) 1.103 1.088 1.852 1.796 1.109 1.081 1.858 1.771
r(C—Xy) 1.110 1.086 1.105 1.082 1.828 1.774 1.805 1.766
0(O—C—Xy) 113.7 111.7 116.9 113.8 105.6 106.1 97.6 111.8
0J(0O—-C—Xy) 105.4 106.2 110.6 109.1 114.8 111.8 114.5 106.6
OX1—C—Xy) 110.9 105.4 105.4 109.1

O(X2—C—Xy) 106.2 107.5 109.7 110.1

a Distances in angstroms and angles in degreess ¥he symmetry-unique substituent (H, or Cl) un@gisymmetry; % are the two symmetry
equivalent substituent8 Geometrical parameters optimized at the B3LYP/6-31G(d,p) level of the@gometrical parameters optimized at the
UHF/6-31G(d,p) level of theory by Schneider et al.

TABLE 3: Geometric Parameters? for C*H,OH, C*HCIOH, and C*Cl,OH

CH-OH C*HCIOH C-Cl,.OH
X1:X2:H X1:C|,X2:H X]_:Xz:Cl
parameter B3LYP MP2e B3LYP? ump B3LYP? umpz
r(C-0) 1.369 1.363 1.349 1.356 1.346 1.354
r(C—Xy) 1.083 1.075 1.775 1.744 1.788 1.751
r(C—Xy) 1.088 1.078 1.086 1.083 1.743 1.718
r(0O—H) 0.966 0.958 0.969 0.975 0.970 0.968
0(O—C—Xy) 112.9 1134 117.0 117.2 115.4 115.7
0(O—-C—Xy) 118.7 118.8 113.0 112.1 111.6 111.4
OX1—C—Xy) 119.9 120.5 113.2 115.5
OMH-0-C) 108.9 108.4 109.5 108.9 108.6 107.9
OX1—C—0—H) 176.0 46.0 —45.8
O(X,—C—0—H) 27.8 —-179.8 179.7
OX1—C—0— Xy) —147.7 134.9 —132.7

aDistances in angstroms and angles in degre@eometrical parameters optimized at the B3LYP/6-31G(d,p) level of the@gometrical
parameters optimized at the MP2/6-311G(2df,2p) level of theory by Johnsori%et! @eometrical parameters optimized at the UMP2(full)/6-
31G(d) level of theory by Wang et &. ¢ Geometrical parameters optimized at the UMFERJ/6-31G(d,p) level of theory by Hou et &l.

pair. This phenomenon is also observed in the structures of O—H dihedral angle ¢ = 30—15C) (rotate Cl into H about
chlorinated methyl hydroperoxides by Sun etél. the C-0 bond). The p-character of the oxygen atom lone-pair
The lowest energy conformation for the three chlorinated orbital is close to 100% over this range of dihedral afffe.
methanols consistently has the hydroxyl hydrogen gauche toWhereas a hybrid of the s and p atomic orbitals interacts with
the maximum number of chlorine atoms as illustrated in Figure the C-Cl orbital in the conformation withg¢ =18C), here the
1 and Table 1, despite an apparent steric penalty. Schneider etlectron delocalization is suppressed. Consideration of the
al# report that this results from a maximizing of the interaction electrostatic repulsion between the nonbonding electron pair of
between the unhybridized oxygen orbital and chlorine(s). oxygen and electronegative Cl atom(s) also seems to support
Omoto et al% ascribe this preference (anomeric effect) inZ£H  this gauche structure. The distances between a hydroxyl
CIOH, to the delocalization of the lone pair electron on the hydrogen atom and a chlorine atom on the methyl group are
oxygen with the antibonding* orbital of the C—Cl bond. They close enough for some electrostatic interaction (2.8° Apd
report the orbital of oxygen with pure p-character interacts with are less than the sum of the van der Waals radii of H and Cl
the C-CI ¢* orbital over a relatively wide range of €IC— (3.0 A2 The interatomic distances between the hydroxyl
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Figure 4. Potential barriers for internal rotation about the G bond

of CH,CIOH. Points are calculated values at the B3LYP/6-31G(d,p)
level of theory. The line is the Fourier expansion, F1, with the
coefficients listed in the Supporting Information (Table S2). The
geometries at the points of the minima and maxima are fully optimized.

hydrogen and chlorine(s) are 2.893 A in €HOH, 2.799 and
2.803 A in CHC}OH, and 2.756 and 2.757 A in C{OH,
respectively.

Rotational Barrier. ChloromethanolsPotential barriers for
internal rotations of CLCIOH, CHCLOH, CCEOH, CHCIOH,
and CCI,OH are calculated at the B3LYP/6-31G(d,p) level.
Calculation of potential energy as function of dihedral angle is
performed by varying the torsion angle in°3ihtervals and
allowing the remaining molecular structure parameters to be
optimized (except the°Opoint in CHCIOH radical, where the
dihedral C-C—0O—H is frozen). Each minimum and maximum
on the torsional potential is fully optimized. The geometries
and harmonic vibrational frequencies are calculated for all of
the rotational structures at the B3LYP/6-31G(d,p) level. The
barriers for internal rotations are calculated from the differences

between the total energy of each conformation and that of the

most stable conformer, where the zero-point vibrational energy
(ZPVE) and thermal correction to 298 K are also included. Data
on total energies, ZPVE, and thermal correction to 298 K, and
calculated rotation barriers for each rotational conformer of the
three chlorinated methanols and two hydroxychloromethyl
radicals are presented in the Supporting Information (Table S1).
Potential barrier diagrams for internal rotations about the2C
bond of above species are shown in Figures84Points are
calculated values at the B3LYP/6-31G(d,p) level. Lines are
results of the Fourier expansion F1. The coefficients of the
Fourier expansion componengs,andby, in eq F1 are listed in
the Supporting Information (Table S2). The stable conformers,
as noted below, are calculated at all theory levels.

The calculated rotational barrier for chloromethanol is shown
in Figure 4. The H-ClI gauche conformer is the most stable.
The H-CI eclipsed structure with an energy of 3.56 kcal/mol
is more stable than the HCI anti structure, which has the
highest energy, 5.50 kcal/mol. The+l anti structure has a
nonbonding & pair (from oxygen) gauche to the Cl atom. The
H—CI eclipsed structure has the nonbonding oxygerpair

Sun and Bozzelli

Rotational Barrier (kcal/mol)

60 120 180 240

CI-C-O-H Torsion Angle (degree)

300 360

Figure 5. Potential barriers for internal rotation about the G bond

of CHCLOH. Points are calculated values at the B3LYP/6-31G(d,p)
level of theory. The line is the Fourier expansion, F1, with the
coefficients listed in the Supporting Information (Table S2). The
geometries at the points of the minima and maxima are fully optimized.

eclipsed with H atoms, and the-+C| gauche conformer has
only an oxygen nonbonding epair—CIl gauche interaction.

Figure 5 shows the calculated rotational barriers in dichlo-
romethanol. The HH eclipsed structure has a slightly higher
energy, 4.94 kcal/mol, than the+Cl eclipsed structure, 4.32
kcal/mol. The H-H eclipsed structure has the oxygen’s non-
bonding € pair eclipsed with the two Cl atoms, while the-€I
eclipsed structure allows for possible H bonding (interatomic
distance between the Cl atom and the hydroxyl H is 2.520 A)
and has only one epair eclipsed with Cl. The HH anti
conformer has two gauche interactions of oxygempairs with
Cl and is 3.68 kcal/mol lower than the-+Cl anti conformer,
which has threeepair—gauche interactions with Cl. The energy
difference calculated at the B3LYP/6-3tG(3df,2p), QCISD-
(T)/6-31G(d,p), and CBSQ//B3LYP/6-31G(d,p) levels is in good
agreement: 2.98, 3.11, and 2.94 kcal/mol, respectively. CBSQ
values are used in the calculation of conformer distributions.
These results indicate a gauche interaction between a Cl atom
and an O atom nonbonding epair increases energy in the
molecule by about 3 kcal/mol.

The calculated rotational barrier for trichloromethanol is
shown in Figure 6. The HCI eclipsed structure has the energy
of 1.82 kcal/mol above the HCI gauche conformer, which is
the most stable conformer. Three chlorine atoms on the methyl
result in a symmetric, 3-fold, rotation barrier about the @
bond, and all stable conformers have four chlorine gauche
interactions with oxygen nonbonding @airs. This increases
the H—CI gauche conformer energy and results in a relatively
low internal rotation barrier for trichloromethanol compared to
the mono- and dichloromethanol.

Hydroxymethyl RadicalsFigure 7 shows the calculated
rotational barriers for the hydroxychloromethyl radical. The
H—H anti structure is the most stable conformer; it is 3.25 kcal/
mol lower than the HCl anti conformer. The energy differences
calculated at the B3LYP/6-3#1G(3df,2p), QCISD(T)/6-31G-
(d,p), and CBSQ//B3LYP/6-31G(d,p) levels are 2.37, 2.65, and
2.08 kcal/mol, respectively. The+HCI anti conformer of &
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Figure 6. Potential barriers for internal rotation about the G bond
of CCLOH. Points are calculated values at the B3LYP/6-31G(d,p) level
of theory. The line is the Fourier expansion, F1, with the coefficients
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of CCl,OH. Points are calculated values at the B3LYP/6-31G(d,p) level
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Figure 7. Potential barriers for internal rotation about the @ bond

of C"HCIOH. Points are calculated values at the B3LYP/6-31G(d,p)
level of theory. The line is the Fourier expansion, F1, with the
coefficients listed in the Supporting Information (Table S2). The
geometries at the points of the minima and maxima are fully optimized
except the point of the GIC—0O—H dihedral at 0, at which the C+
C—O—H dihedral is frozen.

HCIOH has two nonbondingepairs from the oxygen atom
gauche to the Cl atom, while the-HH anti conformer has only
one oxygen e pair gauche to the Cl atom. The structure with
the oxygen atom nonbonding eair eclipsed with the Cl shows
the maximum for rotational barrier at 4.22 kcal/mol above the
H—H anti minimum. The geometry with the €C—-0O—H
torsion angle 12671 (see Figure 7) has an energy 0.12 kcal/
mol higher than that of the structure with-&C—O—H torsion
angle 270.0.

points of the minima and maxima are fully optimized.

The calculated rotational potential curve for hydroxydichlo-
romethyl radical is shown in Figure 8. The two low-energy
structures have the hydroxyl H anti to one Cl and gauche to
one Cl. The structure with a €IC—0O—H torsion angle of 70.6
is calculated to have an energy 0.52 kcal/mol lower than the
structure with a C+-C—0O—H torsion angle of 248% The two
H—CI anti conformers both have three chlorine gauche interac-
tions with oxygen nonbonded electron pairs. This increases the
H—CI anti conformer’s energy and provides some explanation
why the barrier for C-O internal rotation decreases from 4.22
kcal/mol in CHCIOH to 2.12 kcal/mol in &Cl,OH.

Enthalpy of Formation (AHg,gg). The total energies deter-
mined at the B3LYP/6-31G(d,p), B3LYP/6-3tG(3df,2p),
QCISD(T)/6-31G(d,p), and CBSQ//B3LYP/6-31G(d,p) levels,
scaled ZPVE'’s, and thermal corrections to 298.15 K are listed
in Table 4. The spin expectation valué®L[] for CHO*, CH,-
CIOr, CHCLOr, and CC}Or are 0.760, 0.761, 0.763, and 0.777,
respectively. The values da&for C*"H,OH, CHCIOH, and
CCI,OH are 0.7615, 0.7617, and 0.7630, respectively. Spin
contamination is low, and values increase slightly with increased
chlorine substitution.

Enthalpies of formationAHz,eg) and their respective uncer-
tainties, for standard species used in the working reactions, are
adopted from evaluation of literature data or from this work;
values are listed in Table 5. The reaction enthalpies and
AHg,gg's for mono-, di-, and trichloromethanol; mono-, di-,
and trichloromethoxy radicals; and hydroxychloromethyl and
hydroxydichloromethyl radicals obtained from use of the
reaction schemes are tabulated in Tables 7 and 9, respectively.

Reference Data of Radicals in Working Reactioiitie
selection of theAHg, 44 Values for several reference species in
the above reaction schemes is important to our determined
values. An experimentalHg,qg of C*"H,OH, —2.9 & 1.0 kcal/
mol, has been reported by Berkowitz et%land more recently
from the same laboratory;3.97 4+ 0.22 kcal/mol by Ruscic et
al3%2Calculated data are4.25+ 0.31 kcal/mol from Johnson
et al.32 —3.82 kcal/mol from Mayer et af3 and—3.97+ 0.31
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TABLE 4: Total Energies® at 0 K

Sun and Bozzelli

B3LYP/6-31G(d,p) /B3LYP6-311G(3df,2p)

QCISD(T)/6-31G(d,p)

CBSQ//B3LYP/6-31G(d,p) ZPVE therm corf

CH,CIOH —575.3265536 —575.4076554 —574.4501957 —574.7034556 26.74 291
CHCI,OH —1034.9193506 —1035.0341002 —1033.4813828 —1033.8652102 20.96 3.40
CCl:0H —1494.4974476 —1494.6473552 —1492.5005970 —1493.0177223 14.34 4.12
CHCIO —574.6564977 —574.7343632 —573.7816066 —574.0369982 17.40 2.78
CHCLO* —1034.2413374 —1034.3533414 —1032.8052066 —1033.1903499 11.89 3.33
CCLO* —1493.8235872 —1493.9707796 —1491.8271236 —1492.3450579 6.20 4.08
C*HCIOH —574.6650211 —574.7464656 —573.7932899 —574.0528442 18.45 2.88
CCI,0H —1034.2567989 —1034.3727315 —1032.8233922 —1033.2146169 12.78 3.44

aTotal energy calculation is based

on the geometries optimized at the B3LYP/6-31G(d,p) level of theory. Units in HARYE. scaled

zero-point energies in kcal/mol. ZPVE is scaled by 0.9806 (Scott and Radtmeym corr: Thermal corrections in kcal/mol.

TABLE 5: AHg,o for Species in Reaction Schemes and
Bond Energy Calculatior?

species  AHggg(kcal/mol) species  AHg,gg(kcal/mol)
CH, -17.89 +£0.07 CH’ 34.82+ 0.8
CHyCI —-19.60+0.12 GHs 28.80+ 0.50¢
CH.Cl, —22.8%+0.29 CHOH —3.97+0.22
CHCl; —24.200+0.31 CHCHOH —13.34+0.84
CHs;OH —48.08 £ 0.05 CHO 4.10+ 1.0
CzHs —20.24+0.12 GHsO —3.90+ 1.27
CHsCH,CI —26.84+0.26 CHCI 27.70+ 2.0¢
CHsCHCl, —31.09+0.29 CHC}p 23.50
CHsCCls —34.0r+041 CCk 19.00+ 29
C,HsOH —56.12+ 0.2 Ct 28.92+ 0.3
CsHs —25.02+0.12 H° 52.10+ 0.00¥
n-CsH;OH —60.974+ 0.12 OoH 9.43+ 0.3

@ The uncertainties without superscript are evaluated from refs 22
and 23.P Reference 24¢ Reference 25¢ Reference 28 Reference 22.
fReference 267 Reference 27! Reference 33.Estimated in this work.

I Reference 30X Reference 340.Reference 34c.

TABLE 6: Reaction Enthalpies and Enthalpies of
Formation of C*H,OH, CH3;C*HOH, and C,HsO* Radicals®

AH? AHfgg
reaction series (kcal/ﬁ%‘ol) (kcaI;moI)

C*H,0OH+CoHg — CoHs*+CH3OH 491 —3.95
C'H,0H+C,HsOH — CHsC'HOH +CH:OH  —1.31  —3.99
average value and deviation —3.97+1.11
CH3C*"HOH+CH3OH — C*H,OH + C;Hs0H 131 -13.32
CH3C*HOH + CH;— C*H20H + CyHg 7.04 -13.36
av value and deviation —13.34+0.84
CoHs0°+ CH30H — CH3O*+ CoHsOH —-0.06 —3.88
CyHsO+ CH4— CH30+CoHg 5.67 —-3.92
average value and deviation —3.90+ 1.27

aThe reaction enthalpies antHg, o4 are calculated at the CBSQ//
B3** level.

kcal/mol from Dde et al®®. In this work, the AHgq, for
C'H,OH is calculated to be-3.97 + 1.11 kcal/mol through
analysis of two working isodesmic reactions at the CBSQ//B3**
level; this is identical with Ruscic and with'Deet al.’s value,
and we select-3.97 &+ 0.22 kcal/mol as the\Hg,qg of C*Ha-
OH. This corresponds to-HCH,OH bond energy of 96.2 kcal/
mol.

Experimental values of C4€°"HOH enthalpy are reported as
—15.24 1.0 kcal/mol by Alfassi et ai® and —14.5+ 3 kcal/
mol by Holmes et at? A calculated value estimated at the G2
level by Dyke et aP®2is —13.6+ 0.9 kcal/mol, and another is
—13.58 kcal/mol by Armstrong and Rag# In this work, the
AHg, 4 of CH3C*"HOH is calculated to be-13.34+ 0.84 kcal/
mol at the CBSQ//B3** level. This is in good agreement with
Dyke et al.’s and Armstrong and Rauk’s values. We use our
value, —13.34 kcal/mol, as th&Hg,qg of CH;C*HOH, which
corresponds to a G&H(OH)—H bond energy of 94.9 kcal/
mol.

An experimental value oAHg,qg 0f C,HsO*, —3.7 & 0.8
kcal/mol, is reported by Ervin et a%while calculated values
are reported as-3.1 kcal/mol by Curtiss et at% —3.34 kcal/
mol by Yamada et al'! —4 kcal/mol from Bensof? and—4.1
kcal/mol by Jungkamp et &F In this work, the AHg,q Of
C,HsOr is calculated as-3.90+ 1.27 kcal/mol at the CBSQ//
B3** level, and we use this as thAHgg, of CoHsO". The
resulting CHCH,O—H bond enthalpy is 104.3 kcal/mol, in good
agreement with accepted values of 104 kcal/mol.

The AHg,45 values for the above three species, the working
isodesmic reactions and data for calculated valuesHff,, are
given in Table 6. The error limits for these three species are
calculated by adding the deviations between the isodesmic
reactions and the maximum uncertainties in thelf,q; of
reference species.

ChloromethanolThe results in Table 7 on standard enthalpies
show very good consistency for monochloromethanol over the
five reactions and the four calculation methods, where the
overall average (all reactions and all calculation levels) is
—58.54 kcal/mol with a standard deviation of 0.74 kcal/mol.
This value is that of the lowest energy, pure enantiomer. The
average over the five reaction sets at the CBSQ leveb8.07
+ 0.69 kcal/mol. The 6-31tG(3df,2p) density functional
calculation consistently shows slightly higher enthalpy values
than the 6-31G(d,p). CBSQ//B3LYP/6-31G(d,p) is the highest
level and appears to be the best calculation method for the three
chlorinated methanols based on the results for the five reaction
series.

Di- and TrichloromethanolsThe results for the density
functional and QCISD(T) calculations show higher overall
deviations than for the monochloromethanol, but still reasonable
agreement. The CBSQ//B3** enthalpy values derived by
reaction series 1, 2, and 5 show deviation within 0.07 kcal/mol
for all three chloromethanols. In contrast, the CBSQ enthalpy
values derived in reaction series 3 and 4 differ by up to 2.6 and
2.8 kcal/mol for di- and trichloromethanol relative to values
from reaction series 1, 2, and 5. The chemical environment on
the carbon with the chlorines changes from an OH to a methyl
group in reactions 3 and 4 and changes from an OH to an H
atomin 1, 2, and 5. The results from the density functional and
QCISD(T) calculations are more consistent with the CBSQ
values for reactions 1, 2, and 5.

The choice of CBSQ results from reactions 1, 2, and 5 is
further validated by several additional reaction analyses, but
now using the enthalpy of chloromethanol, a species determined
in this work; see Table 8. The four reaction sets in Table 8 and
all calculation levels show reasonable agreement. The enthalpy
of dichloromethanol from these additional analysis-a65.79
+ 0.12 kcal/mol, only 0.13 kcal/mol lower than the selected
values in Table 7. The average values for trichloromethanol
show a slightly higher variation with an averagés,qq of



Structures and Thermochemical Properties of Chloromethanols J. Phys. Chem. A, Vol. 105, No. 18, 2004511

TABLE 7: Reaction Enthalpies at 298 K and Calculated Enthalpies of Formatior
B3LYP/6-31G(d,p) B3LYP/6-31+G(3df,2p) QCISD(T)/6-31G(d,p) CBSQ//B3LYP/6-31G(d,p)

reaction series AHZ . AHfeg AHZ AHggq AH? AHggg AHZ AHggg
1. CH,CIOH + CH;— CHsOH + CHsCl 9.20 —58.99 8.29 —56.37 8.33 —58.12 8.26 —58.05
2. CH,CIOH + C,Hg— C,HsOH + CH:CI 3.73 —59.21 3.31 —58.79 2.77 —58.25 2.54 —58.02
3. CH,CIOH + CyHg— CH3OH + CHsCH,CI 521 —59.89 4.17 —58.85 3.91 —58.59 3.26 —57.94
4. CH,CIOH + C3Hg—C,HsOH+-CH;CH,CI 1.35 —59.29 0.91 —58.85 0.56 —58.50 0.30 —58.24
5. CH,CIOH + C3Hg—n-C3H;OH+CHsCI 3.78 —59.33 3.54 —59.09 2.85 —58.40 2.53 —58.08
av value and deviatidn —58.07+0.11
1. CHCLOH + CH;— CHsOH + CH,Cl, 13.67 —66.69 11.90 —64.92 13.05 —66.07 12.91 -65.93
2. CHCLOH + C,Hg— C,HsOH + CH,Cl, 8.19 —66.90 6.92 —65.63 7.48 —66.19 7.18 —65.89
3. CHCLOH +C,Hg— CHsOH + CH3;CHCl, 7.80 —66.73 5.95 —64.83 5.90 —64.83 4.43 —63.36
4. CHCLOH +C3Hg— C,HsOH + CHsCHCl, 3.95 —66.14 2.70 —64.89 2.55 —64.74 1.48 —64.49
5. CHCLOH + C3Hg— n-C3H;OH + CH,Cl» 8.24 —67.02 7.15 —65.93 7.57 —66.35 7.18 —65.96
av value and deviatidn —65.92+ 0.03
1. CCKOH + CH;— CH30H + CHCl; 12.13 —66.52 10.01 —64.40 12.51 —66.90 11.58 —65.97
2. CCkEOH + C,Hg— C;HsOH + CHCls 6.66 —66.74 5.02 —65.10 6.94 —67.02 5.85 —65.93
3. CCBOH + C,Hg— CH30OH + CH3CCls 6.16 —68.01 4.14 —65.99 4.26 —66.11 1.29 -63.14
4. CCKOH + CsHg— C,HsOH + CHsCCls 2.30 —67.41 0.89 —66.00 0.90 —66.01 —1.66 —63.45
5. CCBOH + C3Hg— n-C3H,OH + CHCls 6.71 —66.86 5.25 —65.40 7.03 —67.18 5.85 —66.00
av value and deviatidn —65.96+ 0.03

aReaction enthalpies include thermal correction and zero-point energy. Units in kcdl/avaltage value the deviation are based on selected
reactions (see text) at the CBSQ//B3** level.

TABLE 8: Reaction Enthalpies at 298 K and Calculated Enthalpies of Formatior
B3LYP/6-31G(d,p) B3LYP/6-31+G(3df,2p) QCISD(T)/6-31G(d,p) CBSQ//B3LYP/6-31G(d,p)

reaction series AHZ AHg,gq AHZ L AHggg AHY AHpgq AH?, AHpgq
1. CHCLOH + C,Hg— CH,CIOH + C,HsCl —0.30 —64.36 —-0.41 —64.25 0.39 —65.05 0.99 —65.66
2. CHCLOH + CH;— CH,CIOH + CHsCl 3.69 —63.46 3.71 —63.49 4.81 —64.58 599 —-65.77
3. CHCLOH + CH3Cl— CH,CIOH + CH.Cl, 446 —65.76 3.61 —64.91 4.72 —66.01 464 —65.94
4. CHCLOH + CH30H — 2CH,CIOH —551 —62.54 —4.58 —63.47 —3.53 —64.53 —2.27 —65.79
av value and deviatién —65.79+ 0.12
1. CCBOH + CyHg— CH,CIOH + CH3CHCI, —-6.31 —62.60 —6.28 —62.64 —4.51 —64.40 —-3.86 —65.05
2. CCEOH + CH;— CH,CIOH + CHCl, —0.45 —62.56 —-0.34 —62.67 2.63 —65.64 461 —67.62
3. CCBOH + CH3Cl— CH,CIOH + CHCl3 2.93 —65.60 1.72 —64.38 4.18 —66.84 3.31 —65.98
4. CCkOH + CH3OH —CH,CIOH + CHCI,OH —14.12 -61.75 —12.24 —63.63 —10.42 —65.45 —-8.29 —67.57
av value and deviatién —66.56+ 1.26

aReaction enthalpies include thermal correction and zero-point energy. Units in kc&l/Awekage value the deviation are based on four isodesmic
reactions at the CBSQ//B3** level.

—66.56 £+ 1.26 kcal/mol, which is 0.60 kcal/mol higher than The recommendedAHg,s for the three chloromethoxy

the average CBSQ values of selected in Table 7. radicals are an average of the four isodesmic reactions at the
We select CBSQ//B3** values from these three reaction series CBSQ//B3** level: —=5.13 + 2.18,-7.65+ 2.25, and—9.05

1,2, and 5 in Table 7 for our recommended values. The enthalpy £ 2.24 kcal/mol for CHCIO*, CHCLO", and CC4O" respec-

of the pure enantiomer of lowest energy for dichloromethanol tively.

is —65.92+ 0.76 kcal/mol and is-65.96+ 0.76 kcal/mol for Hydroxychloromethyl RadicalsTable 9 also listsAHfqg

trichloromethanol. data for the hydroxychloromethyl radicals; all reactions are
The error limits of AHSg, of three chlorinated methanols isodesmic. The CBSQ values show remarkable agreement across

and radicals (see below) are estimated by adding the errorsthe six reaction series with a standard deviation on the order of

inherent in the present computational approach and the maxi-0.03 kcal/mol. The DFT and QCISD(T) also show good

mum uncertainties in the heats of formation of standard speciesagreement; but somewhat more deviationAcakcal/mol. The
in the working reactions. recommended\Hg,qs for the two hydroxychloromethyl radi-

Chloromethoxy RadicalsTable 9 shows the\HS,,, values cals are an average over the six isodesmic reactions at the
for chloromethoxy radicals. The enthalpies are based on theC_BSQ//BS** cal<_:ulat|on level and include the statistical dis-
AHg,, of the above three chloromethanols and six isodesmic tribution of rotation conformers=14.46+ 1.75 and_—22.54
reaction series. Reaction series-@ are isodesmic, while ~ + 1.83 kcal/mol for CHCIOH and CCI,OH, respectively.
reactions 1 and 2 are not. The enthalpy values for the three Chloromethyl Radical.The results from one additional
chloromethoxy radicals show excellent consistency at the reaction scheme (reaction series 7 in Table 9) relate to the
CBSQ//B3** level for isodesmic reactions, where the standard enthalpy of formation on CHCI* radical, for which reported
deviation is within 0.02 kcal/mol. The DFT and QCISD(T) values show significant disagreemeftis,q ranges from 27.7
calculations for isodesmic reactions show a deviation oftda. & 2%4Pto 29.1+ 1.0%*¢kcal/mol. This scheme is hydroxychlo-
kcal/mol with the CBSQ values. The DFT and QCISD(T) romethyl radicals reacting with methyl chloride to produce
calculations result in larger variations faonisodesmic reaction ~ methyl chloride radical and the corresponding chloromethanols.
series 1 and 2. CBSQ//B3** calculation results for nonisodesmic The AHg,q4 values of hydroxychloromethyl radicals calculated
reactions are in satisfactory agreement with the isodesmic by this reaction set at the CBSQ//B3** level give excellent
reactions but consistently result in 0.5 kcal/mol higher values agreement (maximum deviation of 0.03 kcal/mol from recom-
for the three chloromethoxy radicals. mended values) when the experimental valu@7.7+ 2 kcal/
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TABLE 9: Reaction Enthalpies at 298 K and Calculated Enthalpies of Formatior

B3LYP/6-31G(d,p) B3LYP/6-311G(3df,2p) QCISD(T)/6-31G(d,p) CBSQ//B3LYP/6-31G(d,p)

reaction series AHY AHfeg AH?, AHpgg AH?, AHpgq AH?, AHpgg
1. CH,CIO® + CHs— CHg* + CHCIOH 7.16 —12.52 3.79 —9.15 3.20 —8.56 —0.70 —4.66
2. CHCIO® + CoHg— CoHs® + CH,CIOH 240 -—11.43 —-0.91 —8.12 0.22 —9.25 —4.36 —4.67
3. CH,CIO* + CH;— CHzO" + + CHsCl —0.30 —5.59 0.40 —6.29 —1.36 —-453 —-0.75 —5.14
4. CH,CIO* + CoHg— C;Hs0* + CHsCl —0.50 -5.35 —0.01 —5.84 -1.27 —-458 —0.69 —5.16
5. CH,CIO* + CH3OH— CH30O* + CH,CIOH 890 -6.51 8.69 —6.30 6.97 —6.97 751 512
6. CH,CIO® + CoHsOH— C,Hs0" + CH,CIOH 323 —6.49 3.29 —6.55 1.50 —4.76 185 -511
average value and deviatfon —5.134+0.02
1. CHCLO® + CHs— CHg* + CHCLOH 186 —15.03 —-1.21 —11.96 —1.87 —11.30 -6.02 —7.15
2. CHCLO® + CoHg— CoHs® + CHCLOH —290 -13.94 —5.90 —10.94 —4.85 —-11.99 —-9.68 —7.16
3. CHCLO® + CH;— CH3O* + CH:Cl» —5.61 —8.09 —4.60 —9.10 —6.43 -7.27 —6.07 —7.63
4. CHCLO® + CoHg— CoHs0" + CH,Cl —5.80 —7.86 —5.01 —8.65 —6.34 -7.32 —6.02 —7.64
5. CHCLO® + CH3OH— CH30O* + CHCLOH 8.06 —8.90 7.30 —8.14 6.62 —7.46 6.83 —7.67
6. CHCLO® + CoHsOH— C,Hs0" + CHCLOH 239 —8.88 191 —8.40 1.15 —7.64 117 -7.66
average value and deviatfon —7.65+0.02
1. CCkEO* + CHs— CHs* + CCI:OH 3.50 -—16.75 0.45 —13.70 —1.14 —12.11 —4.68 —8.57
2. CCRO® + CoHg— CoHs* + CClOH —-1.26 —15.66 —4.25 —12.67 —4.12 —12.80 -8.34 —8.58
3. CCEO* + CHs— CH3O* + CHCl; —3.97 —9.81 —2.94 —10.84 =5.70 —-8.08 —4.73 —9.05
4. CCEO* + CoHg— CyHsO* + CHCls —4.16 —9.58 -3.35 —10.39 —5.61 —-8.13 —4.67 —9.07
5. CCkO* + CH3OH— CH3O* + CCI;OH 8.17 —10.38 7.07 —9.28 6.81 —9.02 6.85 —9.06
6. CCEO® + CoHsOH— C,Hs0" + CClLOH 250 -—10.36 1.67 —9.53 1.33 —9.19 118 —9.04
average value and deviatfon —9.05+0.01
1. CHCIOH + CH4 — CHgz* + CH,CIOH 11.37 -16.73 10.24 —15.60 9.39 1475 9.15 -—14.51
2. CHCIOH + CyHg — CyHs" + CHLCIOH 6.61 —15.64 5.54 —14.57 6.41 —15.44 549 -1452
3. CHCIOH + CHs — C*H2OH + CHsClI 9.99 -—15.67 8.87 —14.55 944 -15.12 8.84 —14.52
4. CHCIOH + CyHg— CH3C*HOH + CHsCI 250 —15.20 1.86 —14.56 2.88 —15.58 1.80 —14.50
5. CHCIOH + CH3zOH— C*H,OH + CH,CIOH 0.79 -—14.75 0.58 —14.54 111 —-15.07 0.58 —14.54
6. CHCIOH + C;HsOH— CH3C*HOH + CH,CIOH —1.23 —14.06 —1.45 —13.84 0.11 —-1540 -0.74 —1455
7. CHCIOH + CH3zCl— CHCI* + CH,CIOH 5.33 -—16.10 4.10 —14.87 433 —15.10 3.76 —14.53
average value and deviatfon —14.524+ 0.02
1. CCI,0OH + CHs — CHg* + CHCLOH 10.57 —23.74 9.96 —23.13 855 —21.72 9.34 -—-2251
2. CCI,0H + CoHg — CoHs® + CHCLOH 581 —22.65 5.27 —22.11 556  —22.40 5.68 —22.52
3. CCI,0OH + CH;— C*H,0H + CH:Cl, 13.65 —22.56 12.21 -21.12 1332 —22.23 13.67 —22.58
4. CCI20H + CoHg— CH3C*HOH + CH.Cl; 6.17 —22.10 5.19 —21.12 6.75 —22.68 6.64 —22.57
5. CCI,0H + CH3;OH— C*H,0OH + CHCIL,OH —0.01 -—-21.76 0.31 —22.08 0.27 —22.04 0.77 —22.54
6. CCl,0H + CoHsOH — CH3C*HOH + CHCLOH  —2.03  —21.07 -1.72 —21.38 -0.73 —-22.37 —-054 —2256
7. CCI,0H + CH3Cl— CH.CI* + CHCLOH 453 -—23.11 3.83 —22.41 349 —22.07 3.95 —22.53
average value and deviatfon —22.544+0.03

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

TABLE 10: Energy Difference of the Conformers at the Four Calculation Levels, Relative Fraction, and OverallAHg,qq

AE of conformers (kcal/mol)

B3LYP/6- B3LYP/6- QCISD(T))  CBSQI/B3LYP/ AHg relative final AHggg
31G(d,p) 311+G(3df,2p) 6-31G(d,p) 6—31G(d,p) (kcal/mol) fraction (kcal/mol)
CHCIL,OH (1 —65.92 0.9862
CHCLOH (2y 3.68 2.98 3.11 2.94 —63.02 0.0069 —65.88+ 0.76
C*HCIOH (1¥ —14.52 0.9710
C*HCIOH (1) 3.25 2.37 2.65 2.08 —12.44 0.0290 —14.46+1.75

aThe H-H anti conformer in CHGIOH. » The H-CI anti conformer in CHGIOH. ¢ The H-CI gauche conformer in €ICIOH. ¢ The H-CI
anti conformer in GHCIOH. € Enthalpy of formation at 298 K calculated at the CBSQ//B3LYP/6-31G(d,p) level.

mol) for the CHCI* radical is used. The recommended atthe CBSQ//B3** level using isodesmic reaction schemes. The
AHg,4g's for hydroxychloromethyl radicals does not include statistical distribution and overalAHg,q, of CHCLOH and

the values from this reaction due to the large error range. The C"HCIOH are also listed in Table 10. As noted in the discussion
agreement between values derived with ;CH in working
reactions and the other isodesmic reaction values for each ofconformers decreases for the higher level calculations. The
the radicals in this study gives support to thsl5,eg (—27.7
kcal/mol) value for CHCI*.

Enthalpy of Rotational Conformer. There are three stag-

gered conformers in CH@DH; two of them are HCl anti and

one is H-H anti. For CHCIOH, there are two staggered

conformers: one HH anti and one is HCIl anti. Total
electronic energies including ZPVE and thermal correction to (AHggg are listed in Table 5). The REH bond energy for

298 K of the CHCJOH, CHCIOH conformers are estimated at

on rotational barriers, the energy difference between the

energy difference at the CBSQ//B3** level is used to calculate
the statistical distribution of rotational conformers.

Bond Energy. RO—H, R—OH, R—H, and R-Cl| bond
dissociation energies are presented in Table 11. They are
estimated using thAHg,q, values of chloromethanols and the
corresponding radicals from this work; plus reference radicals

monochloromethanol increases ca. 0.7 kcal/mol relative to that

all four calculation levels. Energy differences between the of methanol, while the ROGH bond energy for di- and
conformers at the above levels are listed in TableAlldg,qs of
the rotational conformers are determined from values calculatedthat of methanol. The second chlorine increases théi®ond

trichloromethanol are both similar at ca—6 kcal/mol above
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TABLE 11: Bond Energies at 298 K&
reaction series

bond energy (kcal/mol)

RO-H

CHiOH — CHyO" + H* 104.28
CH,CIOH — CH,CIO" + H* 105.04
CHCLOH — CHCLO" + H* 110.33
CClLOH— CCLO" + H* 109.01
R—OH
CH;OH — CHy' + OH" 92.33
CH,CIOH — CH,CI* + OH* 95.20
CHCLOH — CHCI;" + OH* 98.81
CCLOH— CCly + OH' 94.39
R—H
CH;OH — C*HOH + H* 96.21
CH,CIOH — C*HCIOH + H* 95.71
CHCLOH — C'CI,OH + H* 95.44
R—Cl
CH,CIOH — C*H,OH + CI 83.02
CHCLOH — C*HCIOH + CI* 80.34
CClLOH— C'Cl,OH + CI' 72.34

a Enthalpy of formation at 298 K for reference radicals are listed in

Table 5.
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interactions occur between—Cl---H bonds. The stable con-
formations of di- and trichloromethanol both have the hydroxyl
hydrogen gauche to two CI's, so they have similari®bond
energies.

The R-OH bond energies increase from 92.3 in £HOH
to 98.8 in CHC}—OH and then decrease to 94.4 kcal/mol in
CClz—OH. The C-Cl bond energies decrease from 83.0 to 80.3
to 72.3 kcal/mol with successive addition of chlorine.

The C-H bond energies (at 298 K) in methanol and
chloromethanols are quite similar. They show a very slight
decrease from 96.2 to 95.4 from @bH through CHCJOH
with the increased chlorine substitution. In contrast, theHC
bond energies in C4€l, CH,Cl,, and CHC} show a more
monotonic decrease at 99.4, 98.4, and 95.3 kcal/mol, respec-
tively. The H-CH,OH bond is about 3 kcal/mol weaker than
the H—=CH,CI bond; a comparison relative to GHH shows
there is ca. 8.6 vs 5.4 kcal/mol stabilization in {Hand CH,-

OH relative to CH.

Entropy (S3q9 and Heat Capacity (Cy(T)'s (300= T/K =
1500)).S595 andCy(T) calculation results using B3LYP/6-31G-
(d,p) determined geometries and harmonic frequencies are

energy by 5 kcal/mol, but the third chlorine has essentially no summarized in Table 12. TVR represent the sum of contributions
effect. The increase in ©H bond energies may result from
interaction between the electronegative chlorine on the methyl Cy(T)’s. The scaled vibrational frequencies and moments of
and electropositive hydroxyl hydrogen, as well as the increasedinertia are given in Tables 13 and 14. In Table 13, we compare
electronegativity of the CI(s) on the methyl further attracting values with both the experimentally measured frequencies by
the hydrogen’s electron through the hydroxyl hydrogen bonding. Kunttu et al?> and Wallington et at.and those computed by

Several recent studi#s*® suggest significant hydrogen bonding Tyndall et al® at the RHF/6-31G(d,p) level and by Wang et

TABLE 12: Ideal Gas-Phase Thermodynamic Propertie3

from translation, external rotation, and vibrations &g and

species and
symmetry no. AHS See  Cp(300F  Cy(400) Cy(500) Cu(600) Cy(800) Cy(1000) Cy(1500)

CH,CIOH TVR? 63.09 11.43 13.65 15.68 17.39 20.03 21.97 25.07

LR 2.53 1.75 2.03 2.16 2.19 2.08 191 1.56
1) total —58.07+ 0.69 65.62 13.18 15.68 17.84 19.58 22.11 23.88 26.63

Schneideretdl. —58.8+5

NIST" —55.50 71.5 12.45 16.92 21.27 23.26 26.40
CHCIL,OH TVRY 69.60 14.68 17.13 19.06 20.55 22.68 24.14 26.39

I.R. 1.24 2.23 3.08 3.49 3.48 2.96 241 1.65
Q) total —65.88+0.76  71.00 16.91 20.21 22.55 24.03 25.64 26.55 28.04

Schneideretdl. —66.3+5

NISTh —66.40 72.5 16.50 20.60 24.02 25.40 27.64
CCI;0H TVRY 73.59 18.93 21.35 22.99 24.14 25.60 26.51 27.82

I.LR.® 3.84 1.71 1.60 1.48 1.37 1.24 1.16 1.08
1) total —65.96+0.76  79.61 20.64 22.95 24.47 25.51 26.84 27.67 28.90
?3) total —65.96+ 0.76  77.43 20.64 22.95 24.47 25.51 26.84 27.67 28.90

Schneideret&#. —70.0+5

NISTh —66.20 79.2 20.19 24.02 26.68 27.54 28.92
CH,CIO totalf —5.13+2.18 64.68 12.18 14.27 15.99 17.38 19.42 20.86 23.00
(1) Schneideretd. —4.4+5

NIST" —-2.4 64.4 11.76 15.69 19.21 20.71 22.98
CHCLO* totaf —7.65+2.25 7217 15.58 17.71 19.27 20.40 21.93 22.90 24.23
(2) Schneideretd. —-6.6+5

NIST" —-4.1 71.6 15.03 18.75 21.62 22.64 24.13
CClLO* totaf —9.05+2.24 79.03 19.80 21.65 22.80 23.56 24.44 24.90 25.40
1) Schneideretd. —10.4+5

NIST" —4.4 78.4 19.23 22.40 24.33 24.78 25.38
C'HCIOH TVRH 63.99 11.28 13.08 14.57 15.74 17.46 18.69 20.67

LR 1.47 2.60 3.32 3.46 3.26 2.61 2.11 1.49
1) totalf —14.46+1.75 65.72 13.88 16.40 18.03 19.00 20.07 20.80 22.16

NIST" —16.60 65.4 13.07 16.83 19.83 20.93 22.57
C:CI,OH TVRH 71.03 14,51 16.36 17.68 18.64 19.91 20.72 21.93

ILR.® 3.61 2.15 1.88 1.65 1.49 1.29 1.19 1.08
1) totalf —22.54+1.83 74.64 16.66 18.24 19.33 20.13 21.20 21.91 23.01

NISTh —22.70 73.7 16.68 19.57 21.49 22.10 23.20

a Thermodynamic properties are referred to a standard state of an ideal gas of at 1 atm. One torsional frequency is excluded in the calculations

of entropies and heat capacities. Instead, a more exact contribution from hindered rotations abeu® thend is included® Units in kcal/mol.
¢ Units in cal/(mol K).4 The sum of contributions from translations, external rotations, and vibrati@mntribution from internal rotation about
the G-0 bond." Symmetry number is taken into accountR In(symmetry number)) Reference 4" Reference 6¢, NIST web site.
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TABLE 13: Vibrational Frequencies (cm™1)
SpeCies V1 Vo V3 Va Vs Ve V7 Vg V9 Y10 V11 V12 source

CH,CIOH 342 452 632 950 1116 1180 1326 1384 1493 3018 3121 3730 thig work
343 432 694 941 1075 1166 1325 1356 1469 2976 3097 3652 Wallthgton
372 469 669 959 1096 1114 1231 1323 1393 2913 2981 3591 experifental
697 960 1083 1176 1318 1374 3646 experiméntal
CHCIL,OH 268 316 439 479 650 681 1135 1220 1256 1387 3132 3701 thiswork
276 316 438 458 673 748 1089 1222 1238 1359 3074 3620 Wallihgton
740 1105 1221 1388 3611 experimeftal
CCI;OH 222 240 324 335 393 415 514 720 738 1141 1298 3690 thisdwork
231 247 333 344 392 417 522 778 786 1094 1266 3606 Wallifigton
784 784 1113 1311 3604 experimefital

CH.CIO* 374 642 650 1028 1139 1239 1302 2880 2920 this work
382 687 696 1043 1050 1287 1339 2870 2932 Wang ®t al.
CHCLO* 263 310 396 597 646 1033 1104 1119 2850 this Work
280 315 428 668 770 1027 1168 1214 2962 Hou ét al.
CClLO* 194 223 313 354 356 453 541 727 1175 this veork
C'HCIOH 364 457 661 822 1151 1258 1349 3136 3708 this work
360 437 701 827 1123 1217 1326 3050 3484 Wang &t al.
CCI,0OH 262 318 381 465 569 774 1193 1272 3706 this Wwork
274 328 380 466 607 834 1176 1258 3663 Hou ét al.

2 Frequencies are calculated at the B3LYP/6-31G(d,p) level of theory scaled by 0°F8@6uencies are calculated at the MP2/6-31G(d,p) level
by Wallington et al. Scaled by 0.92Infrared frequencies observed by Kunttu et'dhfrared frequencies observed by Wallington etdrequencies
are calculated at the UMP2(full)/6-31G(d) level by Wang et al. Scaled by OF@quencies are calculated at the UMARJ/6-31G(d,p) level by
Hou et al. Scaled by 0.95.

TABLE 14: Moments of Inertia 2 of CH,CIOH by Melius et al. is 2.58 kcal/mol higher than that
calculated in this work.

species d I le A .

CH,CIoH 4586015 33096314 36061622 Group Value. Group addlt!wty12 is a straightforward and
CHCLOH 267 95397 570.46659 796.29309 reaspnably accurate calculation method to estimate thermody-
CCLOH 752.35282 759.41437 1089.13758 namic properties of hydrocarbons and oxygenated hydrocar-
CH.CIO* 36.78321 323.23443 348.60294 bons#’ it is particularly useful for application to larger molecules
CHCLO 250.72784 571.62340 794.25535 and codes or databases for thermochemical properties and
CCLO* 717.61395 752.40835 1115.44988 reaction mechanism generation. We develop a set of chloro
g(H:ECI)%H Zig..g%gi gg%ggg %z'ﬁéégg oxy—hydrocarbon groups derived from the thermodynamic

property data of three chlorinated methanols in this work. Values
2 Optimized at the B3LYP/6-31G(d,p) level of theory. Units in amu- - gre reported for the groups C/CYi®, C/Cb/H/O, and C/CJO

Bohr. derived from CHCIOH, CHCLOH, and CCJOH, respectively.

As an example, group values faHg,os and Cy's of C/Cl/

alf2at the UMP2(full)/6-31G(d) level. One torsional frequency H2/O are calculated on the basis of

in Table 13 is omitted in calculation of entropi&,, and heat

capacitiesCy(T). Instead, a more exact contribution from (CH,CIOH) = (C/CI/H,/O) + (O/C/H)
hindered rotations is calculated. |.R. represents the contribution
from internal rotation about the -€0 bond for S,q and

Cp(T)’s. — _
Standard entropies also include correction from rotational (CH,CIOH) = (C/CI/H,/0) + (O/C/H) = Rin(0)

conformers. This correction is calculated by the following whereR = 1.987 cal/(mol K) ands is symmetry number. The

and Syyg of C/Cl/H,/O is calculated on the basis of

formula for 1 mol of mixture?? group values of C/GIH/O and C/CYO are estimated in the
same manner. Symmetry € 3) is used for CGOH. The group
ASixing= _Rzni In(n) values forAHg,qq See andCy(T) of O/C/H are taken from the
existing literature dat&, which come from alcohols. The
wheren; is the equilibrium mole fraction of thigh form. ASyixing carbor-chlorine-oxygen group values are derived in this work
represents the entropy of mixing of rotational conformations and are listed in Table 15. The group values for heat of
or optical conformations. formation decrease with an increased number of chlorine atoms,

Table 12 list comparisons with previous ab initio calculation but not linearly. The carboenchlorine-oxygen group values
data. The calculation results show agreement for the enthalpyfor entropy and heat capacities below 1500 K increase with an
data (except CGDH) estimated by isodesmic reactions at the increased number of chlorines, as expected for the increased
MP4/6-31G(d,p) level reported by Schneider et @he results mass and lower vibrational frequencies.
also show agreement for the enthalpy, entropy, and heat Hydrogen Bond Increment Group Value for Radicals. A
capacities of chlorinated methanols (exceys,qs of CHy- method to estimate thermochemical properties for radicals from
CIOH) with the data from the NIST web site.The AHg,qq the corresponding properties of the parentweitH atom bonded
values of CHCIOH are reported to be-55.49 kcal/mol onthe  to the radical site using a single group to modify the parent
web site of Carl Melius® we have checked the geometry of properties (hydrogen bond increment (HBI) group) has been
CH,CIOH reported on the same web site and find that the C|  reported by Lay et &? HBI group values are derived for the
C—0O—H dihedral angle of CBKCIOH is 180, corresponding chloro—oxy radicals in this study, using the thermodynamic
to the maximum in our intramolecular rotation potential energy property data of chloromethoxy and hydroxychloromethyl
curve (see Figure 4). This is probably the reason the enthalpyradicals and parent chloromethanols. Increment values are
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TABLE 15: Group Values

group AHZe Sod Co(300y C,(400) Cp(500) C,(600) C,(800) C,(1000) Cy(1500)
O/C/H —37.90 29.07 4.30 4.50 4.82 5.23 6.02 6.61 7.44
C/CI/H,/O —20.17 36.55 8.88 11.18 13.02 14.35 16.09 17.27 19.19
C/CL/H/O —27.98 41.93 12.61 15.71 17.73 18.80 19.62 19.94 20.60
CICl/O —28.06 50.54 16.34 18.45 19.65 20.28 20.82 21.06 21.46
2 Units in kcal/mol.? Units in cal/(mol K).¢ Reference 47.
TABLE 16: Hydrogen Bond Increment (HBI) Group Values

species bond energly  ASyd AC,(300y ACy(400)  AC,500) ACL600)  AC,B800) AC,1000)  AC,(1500)
CHzOr 104.28 —4.18 —0.88 —0.83 —1.02 —1.28 -1.79 —2.26 —3.16
CH,CIO* 105.04 —0.94 —1.00 —1.41 —1.85 —2.20 —2.69 —3.02 —3.63
CHCLO 110.33 117 —1.33 —2.50 —3.28 —3.63 -3.71 —3.65 —3.81
CClOr 109.01 —0.58 —0.84 —1.30 —1.67 —1.95 —2.40 —2.77 —3.50
C'HOH 96.21 —2.15 0.44 0.34 —0.10 —0.67 -1.77 —2.68 —4.10
C*HCIOH 95.71 0.10 0.70 0.72 0.19 —0.58 —2.04 —3.08 —4.47
C-Cl,OH 97.44 3.64 —0.25 —1.97 -3.22 —3.90 —4.44 —4.64 —5.03

aUnits in kcal/mol.? Units in cal/(mol K).

derived from calculated properties of @EO*, CHCLO",

CClz0r, CHCIOH, and CCI,OH and the respective parent

Electronic spin degeneracy is included.

Hereo represents symmetry or degeneracy and it is applied to
both the radical and the parent molecule. Degeneracy of the

stable chloromethanols. A hydrogen atom bond increment (HBI) radical electronic state is included in HBI group. Gain or loss
group for AHg, 4 reflects the enthalpy change due to loss of a of an optical isomer also needs to be considered in the entropy.

H aton?® from a stable parent molecule in the form of the R In general, effects of symmetry, optical isomers, and electron
bond energy. As an example, the bond energy 6{GCIOH degeneracy need to be accounted for in the parent and radical
is ba_sed on the heat of reaction of the following homolytic species. Electronic degeneraci (n(2)) for one unpaired
reaction: electron is included in the radical group. Symmetry and optical
isomer effects are added to the target molecule (radical) when
it is constructed, they are not included in the group. One
exception is in hydroperoxy groups, where one additional optical
isomer is present. The contribution from this Ol is removed in
the peroxy radical group, to account for loss of this optical
isomer.

The group increment values for CHCF, CCLO*, CHCIOH,
and CCI,OH are estimated in the same manner as@8*
above. The tetrahedral structures resulritsymmetry) of the
radical species being 1, where rapid inversion eliminates the
need to include a second optical isomer itHCIOH radical.
The hydrogen bond group increment values for the radicals
derived from chloromethanols are listed in Table 16.

As noted above the *BICIOH radical has a tetrahedral
structure and, with three different ligands, it will have two
optical isomers. The inversion frequency is, however, only 364
cm™?, and therefore we estimate interconversion between these
isomers will be rapid on a time scale of measurement of light
rotation measurement. We assign only one optical isomer to
this CHCIOH radical.

At first evaluation it may seem that these HBI groups are
properties of the radical and parent. We note thatG}(&) and unique, that is, only applicable to the chloromethanol parent
the Sy components include contributions from vibration fre-  they were derived from, or to larger species through an ether
quencies, moments of inertia, internal rotor(s), determined for |ink. We have noted in previous publicatidhhat the hydrogen
the two species (parent anpl radical) for each respective_ radicalhond increment values result from changes in only a few
The effects for changes in symmetry between the radical andfrequencies and involve similar changes in structure for longer
parent are not included in the HBI group but are included in chajin hydrocarbons. They are, therefore, appropriate as estimates
evaluation of the entropy of each species separately. The numbegq, primary (terminal) chlore-oxy hydrocarbons. This will be
of optical isomers does not change for these chloromethanolfither demonstrated in our ongoing work for primary and
species (see below). _ secondary chloreoxy radical groups. We do note that bond
The HBI group value 0AS, for CH,CIO" can be written  gnthalpies for the primary and secondary chieoay radical
as groups will have the most significant differences, due to
stabilization effects of added methyl groups. TheHRbond
energies usually decrease in a trend similar to those of
hydrocarbons changing from methyl (gHH), to primary
(C:Hs—H), to secondary (€C—H), to tertiary (GC—H): 104.7,
101.6, 98.5, 96.5 kcal/mol, respectively.

(CH,CIOH) = (CH,CIO") + H
AHZ,, 505= D(CH,CIO—H)

The bond energy of HCHCIOH can be written as
D(CH,CIO—H) = (CH,CIO") + 52.1— (CH,CIOH)

AS s andAC, are determined more directly, as the differences
in respective properties of the molecule versus the radical in
such a way that the HBI values f&,5 andCy(T) are added to
the parent values to form the radical.

radical= parent values- corresponding HBI value

Heat capacity is the most straightforward, as it is a simple
difference in the correspondin@,(T) properties:

C,(T) CH,CIO" = C,(T)) (CH,CIOH) +
HBI C(T)) (CH,CIO)

Here we determine HBIC,(T;)) (CH.CIO") values from the

HBI S3,(CH,CIO")
= [See(CH,CIO") + Rlnogy ci0l
— [Sed CH,CIOH) + Rlnogy, cionl
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Summary
Thermodynamic properties of chlorinated methanols and

related radicals are calculated using density functional and ab

initio methods with several reaction schemes for cancellation
of errors. Standard enthalpies of formatiaH,qg, are calcu-

lated using isodesmic reaction schemes based on the B3LYP/

6-31G(d,p), B3LYP/6-311G(3df,2p), QCISD(T)/6-31G(d,p),
and CBSQ//B3LYP/6-31G(d,p) levels and include the statistical
distribution of rotational conformers. Entropie3,, and heat
capacities Cy(T)'s (300 = T/K = 1500)) are determined with
B3LYP/6-31G(d,p) optimized geometries and frequencies,
hindered internal rotation contributions to entropy and heat
capacity are calculated by intramolecular torsion potential
curves, and the entropy correction for mixing of rotational
conformers is included. Enthalpy, entropy, aBT) properties
are determined for C/CIO, C/ChL/H/O, and C/CJO chloro—

oxy groups for use in group additivity. The group increment
values for CHCIO*, CHCLO*, CClO*, C"HCIOH, and CCl,-

OH are also determined.

Enthalpies determined by the DFT, QCISD(T), and CBSQ
calculations over several different working reaction schemes
show remarkable precision for chlorinated methanols and
hydroxychloromethyl radicals. The DFT and QCIST(T) methods
show consensus for enthalpy of chloromethoxy radicals only
in isodesmic reactions.
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