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Abstract: G2 and G2MP2 calculations on thek—.Cl,, C;Hs-Cly, and CH_,Cly* species produce benchmark
thermochemical data for homolytic-€€Z, C—H, and C-CI bond dissociations in ethane and its chloro derivatives.
Without exception, the €H bonds are found to be stronger than the@ones, which turn out to be barely stronger

than their C-CI counterparts. The standard enthalpies of the homoly#€(CC—H, and C-Cl bond dissociations
decrease sharply with the increasing number of chlorine atoms, @& lfdonds being affected the most. Wherever
available, experimental data confirm the reliability of the G2 calculations. The G2MP2 predictions are found to
follow closely those of the G2 method. At the same time, the present study uncovers a very poor performance of
the BLYP and B3LYP functionals for systems with strong repulsions between chlorine atoms. Analysis of the
computed enthalpies of bond dissociation in terms of substituent contributions leads to the conclusion that this poor
performance is caused by a systemic exaggeration of th€kand Ct--Cl repulsions. Most likely, this exaggeration

is caused by the inability of the currently used density functionals to correctly describe dispersion interactions.

Pyrolysis of chlorinated aliphatic hydrocarbons is of great CCl, that finally dimerizes to gCls,% whereas CGt mostly
practical importance to fuel conversion, large-scale synthesisrecombines to form &le.”2 Pyrolysis of GHCIs yields

of chemicals, and environmental protection. Direct conversion primarily C,Cl, through a sequence of-@H and C-Cl bond
of methane (the major component of natural gas) to more scission$, while dissociation of the €C bond plays an
valuable hydrocarbons such as ethane, ethene, ethyne, anémportant role in thermal decomposition of,Cs!° that
benzene that employs chlorination and pyrolysis has been ultimately produces &1, and CCL!! The initial stages of high-

developed recently. Industrial production of vinyl chloride
involves thermal decomposition of 1,24#Cl,.2 Incineration

of chlorine-containing chemical waste, which is widely used
for its disposaP generates highly hazardous pollutants due to
incomplete combustion. For example, pyrolysis e€G yields

a complex mixture of polychlorinated aromatic compounds,
including polychlorinated biphenyls, that are well-known per-
sistent soil contaminants and potent carcinodens.

temperature pyrolysis of £Ll, involve two consecutive €CI
bond dissociations that lead to formation of dichloroacetylene
C.Cl,, which promptly polymerizes to yield polychlorinated
aromatic hydrocarbond.

Thanks to a combination of experimental measurements and
cutting-edge electronic structure calculatiéfgyermochemistry
of the CH, (0 = n < 4) species is now well established. The
same is true for the CKCl, (0 < n + m < 4) family of

The chemical reactions that occur in the course of such moleculesi4-16 On the other hand, a survey of chemical

pyrolytic processes are mostly of a free-radical natuigond

literature reveals the scarcity of thermochemical data on

cleavage, abstraction of atoms, and recombination of radicalspolychloroethyl radicals (Table 1). The primary reason for this
are the major steps through which these reactions proceed. The ndesirablestatus quds the difficulty of generating particular
initial stages of thermal decomposition are strongly dependentsomers of polychlorinated radicals and their propensity to

on the substrate. For example, rupture of theQT bond
initiates the decomposition of both CHGInd CCL6-8 How-
ever, the CHG radical loses # producing dichlorocarbene:
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Table 1. Summary of the Available Experimental Data Afii; of the Species Relevant to Homolytic Bond Dissociations in
Polychloroethanes

species AH? (kcal/mol) species AHZ (kcal/mol)
He 52.103+ 0.00F (ol 28.992+ 0.002
CHg 35.06+ 0.1¢° CHCI* 29.1+1.0827.7+ 2.(¢
CHCl® 23.541.2822.34+ 2.¢0¢ CClg 18.0+2.0817.0+ 0.6
CoHs 28.924+ 0.36 CH.CICHy 22.8+2.0¢
CH;CHCF 19.3+2.¢¢ C,HCly9 4.9
C.Cls 77+1/844+19
CoHs —20.14+ 0.1 C.HsClI —26.84+ 0.
CH3CHCl, —31.24+ 0.7k —30.52 CH.CICH,CI —32.1+0.3k-30.33
CH3CCls —34.56+ 0.1 CH,CICHCl, —34.584 0.45% —36.14
CCILCH.CI —36.40+ 0.33% CHCLCHCI, —37.604 0.72k —35.68
C,HClIs —33.0,—34.2,—34.8k —34.8" CClg —32.9,—34.7,-33.0,—36.1k —33.7

aReference 17° Reference 18° Reference 19 Reference 20¢ Reference 217 Reference 22¢ Unspecified isomer! Reference 9' Reference
11.1 Reference 23¢ Reference 24.Reference 257 Reference 26.

The contemporary electronic structure theory offers several obtained at the BLYP/6-311G** and B3LYP/6-311G** levels
extrapolation schemes that are capable of highly reliable of theory reveals the excellent agreement between the two
predictions of standard enthalpies of formations. Thé’@ad extrapolation schemes and the poor performance of the DFT
G2MPZ28 approaches rely on the additivity of electron correla- approaches. Analysis of the computed data in terms of the
tion contributions to the total energy computed at escalating contributions due to geminal and vicinal interactions allows the
levels of theory. The CBS methods, such as CB8¢pCBS- construction of a simple additive scheme for the standard
APNO 2 employ a different formalism that is somewhat more enthalpies of homolytic EC, C—H, and CG-Cl bond dissocia-
empirical in nature. The recently published results of test tions and pinpoints the exaggeration of repulsions involving
calculations have demonstrated that, despite wide differenceschlorine atoms as the primary reason behind the observed failure

in the computational cost, these schemes possess similaof the DFT-based methods.

accuracy (typically £2 kcal/mol)3?

The lack of reliable thermochemical data on homolytie@
C—H, and C-CI bond dissociations in polychloroethanes and
the availability of the aforementioned quantum-chemical meth-
ods have prompted the research described in this paper.

published investigations of the relative accuracy of the G2-type
and DFT-based electronic structure calculati&8. Compari-
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In
addition to providing benchmarks for the standard enthalpies
of bond dissociation, this research complements the recently

Results

G2 and G2MP2 calculations on the,KCI,, and CH_.Cl,*
(0 < n < 3) radicals and all the species with the compositions
CoHs-nCl, (0 < n < 6) and GHs-Cl (0 < n < 5) were carried
out (one should note that several of these G2 runs constitute
the largest calculations of this type ever reported in the chemical
literature). BLYP/6-311G** and B3LYP/6-311G** geometry
optimizations and vibrational frequency calculations were also
performed for the aforementioned molecules and radicals. The
total energies (including ZPEs) as well as the standard energies,
enthalpies, and free enthalpies of all the molecules under study,
computed at the G2, G2MP2, BLYP/6-311G**, and B3LYP/
6-311G** levels of theory with the GAUSSIAN94 suite of
programs’* are reported in the Supporting Information.

Relative Energies of Isomers and Conformers of Poly-
chloroethanes and Polychloroethyl Radicals. Most of the
species under the present study possess several distinct rotamers.
According to numerous experimental measurementgydhehe
rotamer of 1,2-dichloroethane is less stable than aitgi
counterpart, the energy because of the large errors in the
measured standard enthalpies of formation (Table 1).

Experimental studies of individual rotamers of polychloro-
ethyl radicals are virtually nonexistent. The present calculations
reveal a well-pronounced preference for conformations in which
the gaucheorientation of a chlorine atom with respect to the
lone unpaired electron is avoided (one should be reminded that
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Table 2. Theoretical and Experimental Standard Enthalpies of Homolyti€€@®ond Dissociations in Ethane and Its Chloro Derivatives
AHZ_. (kcal/mol)

species products G2 G2MP2 BLYP/6-311G** B3LYP/6-311G** exp.
C,He 2CHy 90.81 91.07 85.61 86.04 90420.2
C;HsCl CHg* + CH.CI* 90.99 91.28 83.67 84.77 89482.2
CH;CHCl, CHg* + CHCl® 90.87 91.17 81.48 83.07 89483.3
CH,CICHCI 2CH.CI* 89.87 90.20 79.59 81.28 87423.3
CH;CClg CHg* + CClg* 90.01 90.26 78.26 80.26 87462.0
CH,CICHCl, CH,CI* + CHCl 87.97 88.32 74.58 76.79 86454.0
CCI;CH,CI CClg* + CH,CI* 85.93 86.22 69.23 71.84 82433.0
CHCLCHCI, 2CHChL 84.68 85.05 67.13 69.89 8404.7
C,HCls CClg* + CHCl 81.70 81.99 60.06 63.14 75#43.9
CClg 2CCk 77.56 77.72 50.98 54.34 7043.5

a Computed from the data listed in Table 1.

Table 3. Theoretical and Experimental Standard Enthalpies of Homolytiti®Bond Dissociations in Ethane and Its Chloro Derivatives
AHZ_, (kcal/mol)

species product G2 G2MP2 BLYP/6-311G** B3LYP/6-311G** exp.
CoHs C,Hs 102.61 102.67 97.98 99.09 10H10.4
C.HsClI CH;CHCF 99.09 99.17 93.91 95.48 98+22.0
CH,CICHy* 103.11 103.18 95.97 98.36 10H72.0
CH;CHCL, CH;CCl* 96.63 96.72 91.29 93.08 n/a
CHCICH 104.51 104.61 97.16 99.54 n/a
CH,CICH,CI CH,CICHCF 98.98 99.06 91.28 94.24 n/a
CH;CCls CCl,CHy* 105.51 105.62 97.86 100.32 n/a
CH,CICHCl, CH,CICCl, 95.56 95.66 87.68 90.69 n/a
CHCIL,CHCF 99.44 99.55 91.38 94.32 n/a
CClCH.CI CCl,CHCF 100.10 100.19 91.99 94.89 fAla
CHCLLCHCI, CHCLCCl 95.66 95.76 87.37 90.39 949€1.3
C,HClIs CCls 96.97 97.05 88.81 91.83 94452.2

a Computed from the data listed in Table’IThe GHCI,; species listed in Table 1 are assumed to be GEICL'.

the gaucheand anti designations for conformations of alkyl (Table 2). The standard enthalpy of the homolytie € bond
radicals are only approximate due to the almost planar arrange-dissociation in ethane is predicted with an error of less than 1
ment of atoms bonded to the formally trivalent carbon). For kcal/mol by both approaches. The agreement between the
example, the grotamer of the CHGICCly® radical is predicted experimental and theoreticAHZ_. worsens somewhat with

to be less stable than itg Counterpart by as much as 3.6 (G2), increasing degree of chlorination. It is unclear at present
3.5 (G2MP2), 4.8 (BLYP/6-311G**), and 4.2 kcal/mol (B3LYP/  whether this worsening reflects the reduced quality of the
6-311G**). Atall the four levels of theory, thgaucherotamers experimental data or it is caused by the neglect of spitbit

of CH,CICH*, CH,CICHCI (the conformer with thegauche effects that is known to diminish the accuracy of G2 predictions
arrangement of the Cl atoms), and CHCHCI* are not even for molecules with multiple heavy atord%. In all cases, the
energy minima. In the cases of @EICCl,* and CHCICHCF G2MP2 data deviate by less than 0.4 kcal/mol from their G2
(the conformer with thanti arrangement of the Cl atoms), such counterparts. On the other hand, both the BLYP and B3LYP
rotamers are minima on the G2 and G2MP2 potential energy density functionals badly underestimatei2_.. Although the

hypersurfaces but not on the BLYP or B3LYP ones.
Trends in the Standard Enthalpies of Homolytic Bond
Dissociations. Introduction of multiple chlorine atoms into

BLYP/6-311G** standard enthalpy of the homolytic-C bond
dissociation in the gHg molecule is too low by 4.6 kcal/mol
(which is much less than the error of more than 8 kcal/mol in

organic molecules brings about a substantial increase in stericthe computedAHg_. for CgHs-CgHs),*° the underestimation
repulsions that manifests itself in the markedly reduced stability becomes more severe upon chlorine substitution, amounting to
of such species with respect to homolytic bond cleavages. Thus,at least 20 kcal/mol for &ls. The B3LYP/6-311G** results
although alkanes with arbitrary numbers of carbon atoms can are only marginally better.

be synthesized, {lg readily loses Gl37 C4Clyo is very
unstable?® the initial report® of the synthesis of £Cl;, has never

The standard enthalpy of the homolytiec-€& bond dissocia-
tion in CHg is well reproduced at both the G2 and G2MP2

been confirmed, and higher perchloroalkanes are unknown atlevels of theory (Table 3). The B3LYP/6-311G** estimate is
present. The limited experimental data on the standard enthal-ca, 2 kcal/mol too low, whereas the BLYP/6-311G** calcula-

pies of homolytic C-C, C—H, and C-Cl bond dissociations,
AHZ ., AHZ_,,, andAHZ_,, in ethane and its chloro deriva-
tives confirm these observations. For example, theQbond
in C,Clg is ca. 20 kcal/mol weaker than that intdg (Table 2).
The analogous effects afHZ_,, and AHZ_, are smaller in
general (Tables 3 and 4).

The G2 and G2MP2 methods are equally successful at

reproducing the available experimental values MHZ_

(37) Khalaf, H.Tetrahedron Lett1971, 45, 4229.

(38) Roedig, A.AAnn Chem 1951, 574, 122. Miller, W.J. Am Chem
Soc 194Q 62, 341.

(39) Motsarev, G. V.; Inshakova, V. T.; Raskina, A. D.; Rozenberg, V.
R.; Kolbasov, V. I.Zh. Obshch Khim. 1990 60, 1623.

tions produceAH_,, that deviates by ca. 3 kcal/mol from the
experimental value (which is similar to the ca. 5 kcal/mol error
in AHZ_,, for CgHs—H).#%42 Comparison of the computed
data with the limited experimental results reveals a pattern
similar to that observed for the-&C bond dissociation, i.e. the
reliability of the G2 and G2MP2 levels of theory, and a marked

(40) Cioslowski, J.; Piskorz, P.; Liu, G.; Moncrieff, D. Phys Chem
1996 100, 19333.

(41) Cioslowski, J.; Liu, G.; Martinov, M.; Piskorz, P.; Moncrieff, D.;
J. Am Chem Soc 1996 118 5261. Cioslowski, J.; Liu, G.; Moncrieff, D.
J. Org. Chem 1996 61, 4111.

(42) Cioslowski, J.; Liu, G.; Moncrieff, DJ. Phys Chem A 1997, 101,
957.
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Table 4. Theoretical and Experimental Standard Enthalpies of Homolyt#€CBond Dissociations in Ethane and Its Chloro Derivatives
AHZ_(, (kcal/mol)

species product G2 G2MP2 BLYP/6-311G** B3LYP/6-311G** exp.
C,HsCl CoHs 86.49 87.63 78.27 78.05 84470.4
CH;CHCl, CH;CHCEH 82.25 83.41 71.70 71.51 79462.1
CH,CICH,CI CH.CICH, 85.70 86.85 74.13 75.11 8322.3
CH3CClg CHsCCly 77.47 78.56 64.78 64.58 n/a
CH,CICHCI, CH.CICHCF 80.36 81.52 66.25 67.47 n/a
CHCILCHy 85.31 86.50 72.50 73.49 n/a
CCLsCH.CI CH.CICCl 75.23 76.32 59.03 60.05 n/a
CClLCHy* 85.13 86.33 71.07 72.13 n/a
CHCIL,CHCl, CHCLCHCF 79.43 80.61 63.92 65.15 n/a
C,HCls CHCLCCly 74.38 75.47 57.01 57.95 67.8
CCIlsCHCEF 79.15 80.30 62.80 63.92 f/a
CClg CCls 74.53 75.53 56.44 57.34 715

a Computed from the data listed in TablePUncertainty of the experimental data difficult to assess, definitely greater than 0.9 kcél/fhel.
C,HCly species listed in Table 1 assumed to be G&CI. ¢ Uncertainty of the experimental data difficult to assess, estimated at about 2.8
kcal/mol.

deterioration in the accuracy of the BLYP and B3LYP predic- substituents whereas the-C fragment constitutes the molec-

tions upon the increase in the number of chlorine atoms. ular frame)*® A similar situation is encountered in the
The overall agreement between the theoretical and experi- C;Hs—Cly* radicals, in which the well-localized free electron

mental data is somewhat worse for the homolytie@ bond can be formally treated as a “substituent”. On the other hand,

dissociation (Table 4). The G2 prediction #6Hg_, of CoHs- all the 6 substituent pairs in the GHCI,* radicals are of the

Clis ca. 2 kcal/mol too high, and there is a difference of over geminal type.
1 kcal/mol between the G2 and G2MP2 estimates. These Considerations employing cluster expansi8risr the stan-
discrepancies (which are similar to those previously encountereddard enthalpies of formation of thes-»Cl,,, C;Hs-nCly*, and
in analogous calculations on chlorofluoromethatfg=rsist for CHs_Cly* species (see the Supporting Information) lead to the
polychloroethanes, for which the DFT-based methods again fail. following approximate expression for the site-specific standard
In particular, althouglAHg_, of C;HsCl is calculated too low enthalpies of homolytic €C bond dissociations in ethane and
by 6.5 kcal/mol at the BLYP/6-311G** level of theory (which its chloro derivatives:
can be compared with the error of ca. 5 kcal/mol fgHE-
Cl),%2 the error in the computedH_, of C,Cls amounts to  AHZ ¢ ~ 02_¢ + Ng0c_c + M08 + NGeolc +
15 kcal/mol. va va

It should be emphasized that the aforedescribed poor perfor- Neicioc-c (1)
mance of the BLYP/6-311G** and B3LYP/6-311G** levels of
theory does not stem from the moderate size of the basis set. |
fact, the agreement between the experimental and theoretical
standard enthalpies of the homolytic-C bond dissociations
worsens slightly upon the augmentation of the present basis se
with diffuse and additional polarization functions. In particular, . . g vg g va va
the predicted values afHZ . in C;Clg are 48.13 and 51.70 at AHc-w~ 0w+ Mhc0g-n + Migoc n + Micocw  (2)
the BLYP/6-311G(3df,2p) and B3LYP/6-31tG(3df,2p) lev-
els of theory, respectively, i.e., almost 3 kcal/mol lower than and
their BLYP/6-311** and B3LYP/6-311** counterparts. On the
other hand, a minor improvement is observed in the corre- AHZ ¢ & 0&_¢; + MEci08-c) + MEci0c ol T
spondingAHZ_, values that rise by ca. 2 kcal/mol to 58.19 Mmoo (3)
and 59.42 kcal/mol.

Analysis of Substituent Effects on the Standard Enthalpies
of Homolytic Bond Dissociations. The standard enthalpies
discussed in the preceding section of this paper refer to
“adiabatic” bond dissociations, i.e. those involving the parent
molecules and the resulting radicals in their lowest-energy
conformations. A much more detailed picture of substituent
effects on the energetics of homolytic bond dissociations is
provided by “vertical” (or site-specificAHZ_,, where X= C,
H, or CI, that are computed from the standard enthalpies of
formation of specific rotamers and those of the corresponding

radicals with the arrangement of substituents kept intact after 6). The DFT-based methods produce smaller values of

bond dissociation (Table 5). The computed values of site- ~/ . S . .
specific AHZ_, can be readily analyzed by enumerating the 7¢-C reflecting the general understimation of bond dissocia-
geminal and vicinal pairs of substituents in the parent molecules. tion enthalpies. Thec-c parameter, which describes the overall

; . . lowering of AHZ_- upon chlorination, is much too negative at
In the GHe-nCly, species (Figure 1), there are 6 geminal{X c-C
X2, Xa—X3, Xa—X1, Xa—Xs, Xs—Xe, and ¥%—Xa), 6 gauche the BLYP/6-311G** and B3LYP/6-311G** levels of theory.

P _ _ _ _ _ _ On the other hand, the three other parameters that measure
\;:l:éna}j! gﬁllti éiiirﬁl é&i()z(zx x;l(’;zxsxeél;(g éf;:)d :)(;ir;(%f nonadditivities among the +tH, H---Cl, and C}--Cl nonbond-

substituents (note that both the H and Cl atoms are regarded as (43) Cioslowski, J.; Varnali, TJ. Phys Chem 1996 100, 18725.

nwherenc, ng,C,, ngq, andnge, are, respectively, the numbers
pf the chlorine atoms and the gemingiuchevicinal, andanti
vicinal CI—Cl pairs in the parent molecule. Analogous formulae
can be derived foAHZ_, and AHZ ¢;

wheremyc, mig Mg (Mec, M), Méc)) are the numbers of
the chlorine atoms present in the parent molecule that are in

the geminal,gauchevincinal, andanti vicinal positions with
respect to the dissociating-¢ (C—CI) bond.

Inspection of Figure 2 reveals accurate reproduction of the
computed standard enthalpies of homolytie €bond dissocia-
tions by the five-parameter regression (1) at all the four levels
of theory. However, the parameter§_c, oc—c, 0&_c, 0cc,
and o& . obtained from the G2 and G2MP2 data differ
significantly from their BLYP and B3LYP counterparts (Table
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Table 5. Site-Specific Standard Enthalpies of Homolytie-8,
C—Cl, and C-C Bond Dissociations in Ethane and Its Chloro
Derivatives

AHZ_, (kcal/mol)

substituents BLYP/ B3LYP/
X1 X2 X3 X4 X5 Xp site? G2 G2MP2 6-311G** 6-311G**
HHHHHH 1 102.61 102.67 97.98 99.09
CcC 90.81 91.07 85.61 86.04
CIHHHHH 1 86.49 87.63 78.27 78.05 X 6
2 99.09 99.17 93.91 95.48
103.11 103.18 95.97 98.36
5 n/a n/a n/a n/a
CcC 90.99 91.28 83.67 84.77
CIHHHHCI 1 n/a n/a n/a n/a
2 n/a n/a n/a n/a
3 97.86 97.95 89.81 92.88
CcC 88.75 89.10 78.12 79.92
CIHHCIHH 1 85.70 86.85 74.13 75.11
2 100.90 100.98 n/a n/a
CC 89.87 90.20 79.59 81.28
CICIHHHH 1 82.25 8341 71.70 71.51
3 96.63 96.72  91.29 93.08 Figure 1. Numbering of substituents in polychloroethanes and
4 10451 10461  97.16 99.54 polychloroethyl radicals.
6 105.59 105.68 98.96 100.73
CC 90.87 91.17 81.48 83.07 T T
HCICICIHH 1 94.31 94.42 85.92 89.08 0G2
2 n/a n/a n/a n/a 90.0 | & G2MP2 1
4 85.13 86.33 7254 73.07 A BLYP
5 98.80 98.88 90.75 93.68 « B3LYP
CcC 86.71 87.08 72.82 75.18 =
CIHCICIHH 1 80.36 81.52 66.25 67.47 E
2 9785 9794  nla n/a g 800t 1
3 82.28  83.44 n/a n/a o
4 85.31 86.50 72.50 73.49 2
5 n/a n/a n/a n/a o
6 99.44  99.55 91.38 94.32 S 700 . 1
CcC 87.97 88.32 74.58 76.79 kS {
CICICIHHH 1 77.47 7856 64.78 64.58 g
4 105.51 105.62 97.86 100.32 5
CC 9001 90.26 78.26 80.26 © w0l |
HCICIHCICI 1 98.91 98.96 91.92 94.24 ’
2 79.11 80.31 63.64 64.81
CcC 84.36 84.74 66.86 69.55
CICICICIHH 1 75.23  76.32 59.03 60.05
2 7751 78.60 n/a n/a 50.0 ‘ i ‘ ‘
4 8513 8633 71.07 7213 50.0 600 70.0 80.0 90.0
5 100.10 100.19 91.99 94.89 Estimated C-C BDE [kcal/mol]
CcC 85.93 86.22 69.23 71.84 Figure 2. Computed C-C bond dissociation enthalpies (BDES) vs
CICIHHCICI 1 n/a n/a n/a n/a those predicted from eq 1.
2 80.05 81.19 65.04 66.12
3 95.66 95.76 87.37 90.39 Table 6. Substituent Effects oAHZ . (eq. 1)
CcC 84.68 85.05 67.13 69.89 level of
CICICICICIH 1 74.38 75.47 57.01 57.95 th o g vg va
3 77.96 78.97  61.84 62.13 oy  9cc Occ 9c-c 9cc  Ycc
4 79.15 80.30 62.80 63.92 G2 91.08 —2.28 —0.01 0.77 0.44
6 96.97 97.05 88.81 91.83 G2MP2 91.32 —2.28 0.02 0.78 0.44
CcC 81.70 81.99 60.06 63.14 BLYP 85.91 —5.85 —0.01 1.29 0.80
CICciclicicicl 1 7453  75.53 56.44 57.34 B3LYP 86.33 —5.35 0.07 1.28 0.85
CcC 77.56 77.72 50.98 54.34

_See Figure 1 for atom numberinyThe symmetry-unequivalent  eters are again found to be substantially underestimated by the
sites of the C-H and C-Cl bond dissociations are listed under numbers 51 _pocad methods

1-6, whereas the €C bond dissociations are denoted by CC.

ing interactions vary less from one method to another. In other Conclusions

words, the observed discrepancies among the values of The present calculations provide benchmark thermochemical
computed at various levels of theory single out the systemic data for homolytic G-C, C—H, and G-Cl bond dissociations
exaggeration of the nonbonding+Cl and Ct--Cl repulsions in ethane and in its chloro derivatives. In light of the very
as the main source of the gross underestimatioAidt_c in limited experimental data available at present and the involve-
polychloroethanes by DFT-based methods. ment of (poly)chloroethyl radicals in a wide variety of chemical
The lesser accuracy of the predictions faHg ,, and reactions of practical interest, the computed standard enthalpies

AHg_ ¢, based on eqs 2 and 3 (Figures 3 and 4) hampers of bond dissociations are particularly useful. Without exception,
unambiguous interpretation of the trends in the computed the C-H bonds are found to be stronger than either theQC
values of thesd_,,, 02_,;, 081, 081 02_chr Oy 08¢y @and or C—Cl ones. In addition, they are affected the least by the
o0&, parameters (Tables 6 and 7). In general, these param-presence of chlorine atoms. In general, the calculations predict
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Figure 3. Computed C-H bond dissociation enthalpies (BDES) vs
those predicted from eq 2.
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Figure 4. Computed C-Cl bond dissociation enthalpies (BDES) vs
those predicted from eq 3.

the C-C bonds to be barely stronger than theirCl
counterparts, accounting for the experimentally observed com-
petition between thermally induced bond scissiths.

Wherever available, experimental data confirm the reliability
of the G2 calculations. The G2MP2 predictions are found to
follow closely those of the G2 method, opening an avenue to
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Table 7. Substituent Effects oAHZ_, (eq 2)

g

level of theory 02 n Od_n ocn Ocoy
G2 103.46 —3.81 1.31 -1.33
G2MP2 103.54 —3.81 1.31 -1.31
BLYP 98.37 —4.26 0.88 —3.29
B3LYP 99.68 —3.94 0.98 -2.19

Table 8. Substituent Effects oAHZ_¢, (eq. 3)

level of theory 02 _g Oc_g o ol
G2 87.05 —4.78 —-0.33 —2.04
G2MP2 88.25 —4.84 —0.34 —2.03
BLYP 78.22 —6.94 -1.82 —4.67
B3LYP 78.20 —6.98 —1.70 —3.69

accurate theoreticaly studies of thermochemistry of higher
perchlorinated alkanes for which G2 calculations are presently
out of question. At the same time, the present investigation
uncovers a very poor performance of the BLYP and B3LYP
functionals for systems with strong repulsions between chlorine
atoms. Contrary to the recent claims of its overall superior-
ity,3233the B3LYP functional is found in this instance to perform
only marginally better than the BLYP one. It appears that the
difference in the accuracy of these functionals is significant only
for “easy” systems but is quite irrelevant for “difficult” cases.
Analysis of the site-specifiaHg_ in terms of substituent
contributions leads to the conclusion that the gross underestima-
tion of bond dissociation enthalpies by the DFT-based methods
is caused by a systematic exaggeration of the® and C}---
Cl repulsions. Most probably this exaggeration is caused by
the inability of the currently used density functionals such as
BLYP and B3LYP to correctly describe dispersion interactitins.
In light of this observation, the recently reported large errors in
the DFT predictions for the standard enthalpies of formation of
systems such as Si8? come as no surprise.
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