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Ab initio molecular orbital calculations have been performed on all possible neutral molecules and cations of
the type CHCI, (m+ n = 1-3). Equilibrium structures were optimized using gradient techniques at HF/
6-31G(d,p), MP2/6-311G(d,p), QCISD/6-311G(d,p), and MP2/643tG(d,p). Thermochemical properties
(standard enthalpies of formation, adiabatic ionization energies, and proton affinities) have been calculated at
QCISD(T)/6-311+G(3df,3pd)//MP2/6-31%+G(d,p) and QCISD(T)/6-311G(2df,p)//QCISD/6-311G(d,p),
both including core-electron correlation, and at MP4SDTQ/6-311G(2df,p)//MP2/6-311G(d,p), frozen core.
Calculations at the first level of theory are accurate-th0 kcal mot?, and at the second and third levels of
theory, to+2.3 kcal mot?. Recent experimental data are critically reviewed against these calculated results,
and theory indicates that some experimental values are incorrect. Calculated QCISD(Hr6&BUf,3pd)

values for the enthalpies of formation for CGind CHCI are 304.9 and 286.7 kcal md] respectively, and

the ionization energies for CCl and CH&\() are 8.70 and 9.10 eV. Recent experimental results for the
enthalpies of formation for C&(56.5+ 3.0 kcal mot?) and CCk* (202.24 0.8 kcal mof?) are validated.

A hydride affinity scale for chlorinated carbocations, calculated at the MP4SDTQ/6-311G(2df,p) level, gives
the relative affinity order to be C€l ~ CCI" < CHCL* < CCL* < CH,CI* < CHCI* < CH;z" < CH* <

CH,".

Introduction than 50 kcal moil. Ab initio molecular orbital calculations

) ) ) carried out on chlorinesubstituted methylidynes and methyl-
Halogenated hydrocarbons are important industrial com- ones have been useful in resolving some of these

pounds used as solvents, as dry-cleaning agents, as refrigerant$,consistencie&25-31
and in the etching of microelectronic chip3. This widespread
usage has led to their existence in the environment as polldtants, .
and there has been considerable interest over the past decad HfE';:j 3:9353592 ban.d (ép;c&+,3z,35,3s,.39,4oar;d CCr?]Jz gnd

in the chemistry of small halogenated hydrocarbons, an interest. Cl™ 252555 obtained from a variety of methods are
sparked by the discovery of the destruction of the stratospheric'memaIIy consistent, with one major excep.t|on, that being the
ozone layer by chlorine atoms originating primarily from the standard enthaIEy of fornlanon of GEI Prior to 1977, the
photolysis of chlorofluorocarborfs.Organochloro compounds experlmentaIAI—ll 1208 (CCls") was bracketed between 192 and
have also been detected in interstellar space and play a role in?08.8 kcal mof™ based on a series of iemolecule reacuor‘?_é

the depletion of HCI in the Orion molecular clofidThese  @nd on appearance energy measurenénfawo recent studies
discoveries have stimulated interest, both theoretical and 92ve values greater than 200 kcal miol One?®based on an
experimental, in the chemistries and thermochemical propertiesdiabatic ionization energy of 8.1@9 0.005 eV derived from

of small chlorinated hydrocarbons and cations of the type & Photoelectron spectroscopy study of €aHd aAH®120d CCls)
CHyrCln (Wherem + n = 1—3)6-10 Much of the thermochemi- of 17.0 & 0.6 kcal mot?, determlnedAH"f,zg?(CCI_g*) to_ bg

cal data for these small molecules are not well-established, 205-2+ 0.6 kcal mot. The other, from an adiabatic ionization
particularly for CCl and CCl,11-19 CHCI and CHCF,10-12.16.20 energy of 8.06+ 0.02 eV72 gaveA_I-l"f,zgg(CCIg_*) = 2022+

and CCp and CC}+.70.11.132524 For example, for the enthalpy ~ 0-8 kcal mofl. Also, the Lias compilatiof gives

of formation of CC}, there are several reported vald&snging AH?209(CCls") to be 199 kcal mot', and Holmes and
from 30 to 59 kcal mol*. Two values are preferred, but they ~CO-workersi® using appearance energy measurements, obtained
differ widely (39 + 3 and 52.4+ 3.1 kcal mot1).121 The a value of 195+ 0.5 kcal mot®. Ab initio calculations (using
former is based on proton affinity bracketing techniques using the method of atom equivalents) have produced satisfactory
an ICR apparatus, while the latter is derived from the energetics values for the enthalpies of formation of @&, CHCL, and

The experimental thermochemistries of &H and

of the collisional induced dissociation of GClin a flowing CCl;,*° and the heats of atomization method has been used to
afterglow-triple quadrupole apparatus. The higher value is obtain AH® 20g CHzCI).%®

reinforced byab initio calculations which give 52.9 kcal n1dl Methylidynes, methylenes, and methyl radicals are highly
(using calculated proton affinities) and 56.2 kcal mgusing reactive, making them difficult to isolate and study experimen-
computed stabilization energi€®). In addition, two recent  tally. Such molecules are small enough to be amenable to high-
results, one derived from CHgCAcidity bracketing (57.2 4.0 level ab initio calculations, thereby providing an independent

kcal mot )22 and the other (51.& 2.0 kcal mot?) deduced  and reliable method of assessing experimental thermochemical
from the enthalpy of formatidd of CCl;* and an adiabatic ~ values. Theoretical methods which consistently reproduce
ionization energy (9.2 0.04 eV) extracted from the photo-  accurate thermochemical data (to withie3.0 kcal mot?)
electron spectrum of CgI® lend credibility to a value greater  include the BAC-MP4 approach by Binkley and Melitishe
heats of atomization method employing isogyric reactions (in
€ Abstract published irAdvance ACS Abstractdanuary 15, 1996. which the number of unpaired electrons are equal on both sides
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of the reaction) by Pople’s grodpand the G1 and G2 methods tal and theoretical studi€83945:6872 The situation for CHGI
also by Pople’s grouff4° Basis sets used in these procedures is less well-established experimentally, although it is probably
are traditionally quite small, and we have found that by using pyramidal?®.73-76 and previous calculations suggest an inversion
larger basis sets, combined with the heat of atomization method,barrier of less than 1 kcal mol.3%4° Here, we find that, based
better accuracies can be attaitedFor example, for halogen-  only on the electronic energy, pyramidal CH®& consistently
ated radicals, we calculated electron affinities, gas-phase acidi-slightly lower in energy than the planar structure, but, at the
ties, and standard enthalpies of formation to an accuragy?2of highest level of theory (MP4/2df,p), inclusion of zero-point
kcal mol1.45 energy is sufficient to reverse this order and the planar structure
The objective of the current study is to provide reliable and is preferred by 0.3 kcal mot.
accurate thermochemical properties (standard enthalpies of Standard Enthalpies of Formation. The method by which
formation, ionization energies, and proton affinities) for small the enthalpies of formation in Table 2 have been calculated has
chlorinated hydrocarbons and cations, some of which are notbeen described in detail previoudk£Cbut briefly the procedure
yet firmly established from experiment. In order to accomplish was as follows. The atomization energy for a molecule was
this, we have extended our level of theory to the quadratic calculated from thab initio molecular energies in Table 1, and
configuration interaction (QCI) level and have included core- this was combined with experimental enthalpies of formation
electron correlation and larger basis sets. for the constituent atori&to yield AH%,. Thermal corrections
were then added, using standard heat capacities for the ele-

Theoretical Methods mentg” and theoretical values from Table 1 for the molecule,
Molecular orbital calculations were carried out using the to give AH% 95

Gaussian 86, Gaussian 90, and Gaussian 92 suite of Eor the 24 molecules studied in this investigation the

programs~°3 Geometries were optimized at the MPRvel, calculated enthalpies of formation of all molecules (Table 2),
employing the 6-31lG(d{53and 6-31%+G(d,p) ba§|s setsand  \ith the exception of CCl, CHCI*, CCh, CChL* amd CCk",

at the QCISD® level with the 6-311G(d,p) basis set. All  4re consistent with experimental results. After removal of the
structures obtained at MP2/6-311G(d,p) were characterized byyjye problem molecules, enthalpies from MP4/2df,p and QCT/
harmonic frequency calculations. Single-point calculations 2dfp calculations are within:2.3 kcal mot? of the experi-
using fourth order MgllerPlesset theofy (frozen core) with  menta values, and for the most accurate calculations, at QCl/
the 6-311G(2df,p) basis set were performed on the MP2/6- 3df,3pd, they are withint1 kcal mol™.

311G(d,p) optimized geometries (denoted MP4/2df,p for brev- (a) CCI*. The calculated\H; ,0d CCI*) of 304.9 kcal mot?

ity). - Single-point calculations employing QCISD With a 55 hetween the experimental values of 29811.1+ 2.09
perturbative estimation of the tripRg(including core correla- 514313+ 4 kcal mol-2.24 and noting that this level of the’ory
tion) with the 6-311G(2df,p) basis set were also performed on ganerally gives enthalpies withiti1 kcal mol, we suggest
the QCISD/6-311G(d,p) optimized structures (abbreviated 10 (a1 5 yalue of 304.9: 1 keal mot ™ be adopted. In this respect,
QCl/2df,p). In addition, single-point calculations were carried ; ;g interesting to note that combining an establisA&d
out at the QCISD(T) levels (including core correlation) with AH°;20dCCl) of 104.0 kcal mot! with an experimental
the 6-311-+G(3df,3pd) basis set on the MP2/6-383G(d,p)  agiabatic ionization enerdy of 8.9 +£ 0.2 eV, gives

optimized structures (abbreviated QCI/3df,3pd). These three AHC 26 CCI*) = 309.2+ 4.6 kcal mot?, and the error limits
different levels of theory enabled us to have an internal check ¢ ihis value encompass our theoreticc';ll value.

on the consistency of the calculated values. The total energies (b) CHCI*. An experimental\H; 0 CHCI*) of ~298 kcal

for these calculations are given in Table 1. mol~! has been derived from the assumption that the hydrogen

h In orgje][ to obtain Tat'lsichryt zero-point entergles froml atom affinities (121+ 4 kcal mol?) of CHFt and CHCI are
armonic irequency caicufations, 1t 1S necessary to use a sca eequal.11 However, calculations show this assumption to be
factor, the magnitude of which is dependent on the level of

- incorrect since the MP4/2df,p hydrogen atom affinity (using
meory empl_o;t/ed. S_ome ca:}llcula_ted result_s (tch;1)Hu£der?5t'fmiteisogyric equations) for CHClis 112.8 kcal moit. Therefore,
e zero-point energies, and an increase in the scale factor o “'sirongly  suggest that our QCI/3df,3pd value for

has been recommended to rectify this probfénfA comparison AH°6(CHCI*) of 286.7 kcal mot® is more reliable. Ad-

of 36 experimental af‘d calculated harmanic frequencies for ditional theoretical support for this value can be found in the
small chlorocarbons yielded an average scale factor of 0.91 forrecent literaturda

the SCF/6-31G(d,p) frequencies and 0.94 for those at the MP2/ (&) CCL*. Recently we have calculated an enthalpy of
. 0 2
6-311G(d,p) leve?® Consequently we have used these factors formation for CF of —51 kcal motL27 in agreement with an

in scaling the zero-point energies listed in Table 1. experimental valué of —49 + 3 kcal mol®. An accurate value
Results and Discussion for AH% 294 CF,) is important as this molecule is frequently

Structural Details. Optimized structures are given in Figures Produced as a stable neutral in many appearance energy
1 and 2. Geometry optimizations at the MP2(FULL) level, in measurements whenever fluorinated-organic compoqnds are
conjunction with either the 6-311G(d,p) or the 6-31G(d,p) used as a sourcea. For examp_le, Rademann, Jochims, and
basis set, provide excellent molecular structures. The meanBaumg?rtel (RIB} ha\{e determined the appearance energy
bond length error for the MP2/6-311G(d,p) optimizations is ©f CCl™ from the reaction,

0.008 A, and with the inclusion of diffuse functions, an accuracy

of 0.005 A is produced. The errors in the bond angles are 2.2 Cl,C=CF,—CF,+ CCl," +e 1)

and 1.3, respectively. The QCISD method gives optimized

structures which have a mean bond length error of 0.013 A andthey deducedAH®; 24 CCL") from eq 2, whereAHcor 208

a bond angle error of 222this result may be due to inadequacies s a correction term for thermal energi€8 Using AH° 20 CF)

in the 6-311G(d,p) basis set, which was optimized for use in
MP?2 calculation$® + o + o

Our calculations show C}€l and CC} to be planar and AB(CCL) = AH7 50 CCL, ) + AH" 204 CF)
pyramidal, respectively, in agreement with previous experimen- AH®% 50 CF,CCL) — AH¢q 505 (2)
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as—49 £ 3 kcal mol? (instead of an earlier value 6f43.5+
1.5 kcal mot1)12 produces aAH° 29 CClL™) of 270.34+ 3.0
kcal mol?, about 3 kcal mol! higher than the value obtained

from MP4/2df,p calculations. FurthermoréyH°®; 294 CCL),
previously derived from RIB’AH° 20 CCL™") and an adiabatic
ionization energy® now becomes 56.53 3.0 kcal mof? (the

TABLE 1: Total Energies (hartrees) and Zero-Point and Thermal Energies (All in kcal mol?) from the Optimized Structures

and Single-Point Calculations

optimized single point optimized single point
HF/6-31G(d,p) HF/6-31G(d,p)
MP2/6-311G(d,p) MP4/2df,p MP2/6-311G(d,p) MP4/2df,p
QCISD/6-311G(d,p) QCl/2df,p QCISD/6-311G(d,p) QCl/2df,p
MP2/6-311+G(d,p) QCl/3df,3pd MP2/6-3Ht+G(d,p) QCI/3df,3pd
thermal thermal
molecule total energy ZPE correcn  total energy molecule total energy ZPEcorrecn  total energy
CH(I) —38.266 92 3.8 ChCI(A") —498.464 72 14.0
—38.379 96 3.9 15 —38.40154 —498.828 77 13.8 2.2  —498.87517
—38.405 63 —38.423 79 —498.858 49 —498.958 52
—38.381 86 —38.431 10 - -
CH*(1=h) —37.897 54 4.1 CBCIT(*Ay) —498.153 59 154
—37.995 24 4.0 14  —38.01253 —498.519 60 15.3 1.8  —498.560 16
—38.026 04 —38.037 22 —498.549 31 —498.644 61
—37.995 82 —38.042 48 - -
CCI(IT) —497.205 54 1.1 CHG(?By) —957.358 41 9.0
—497.531 96 1.2 15 —497.57824 —957.929 41 9.0 21  —957.998 54
—497.562 21 —497.661 63 - -
—497.537 29 —497.705 37 - -
CCIT(*=%) —496.880 71 1.6 CHG?A") —957.359 82 9.7
—497.223 23 1.7 15 —497.26211 —957.930 56 9.7 22  —957.999 14
—497.250 85 —497.343 88 —957.965 61 -
—497.227 85 —497.386 42 - -
CH(*A4) —38.876 31 10.1 CHGTI(*Ay) —957.055 42 10.7
—39.022 38 10.1 1.8 —39.048 60 —957.640 06 10.7 2.1 —957.701 44
—39.049 89 —39.072 58 —957.67111 —957.846 09
—39.024 64 —39.083 56 - -
CH(®By) —38.925 49 10.5 CGPAY) 1416.248 16 4.6
—39.051 15 10.5 1.7  —39.069 25 1417.028 06 4.5 2.7 —1417.11988
—39.071 41 —39.090 11 - -
—39.052 44 —39.099 94 - -
CH2'(%Ay) —38.570 61 10.0 CGIH(AY) 1415.945 76 5.4
—38.676 44 10.0 1.8 —38.69054 1416.746 60 5.4 2.5 —1416.830 70
—38.697 64 —38.711 66 - -
—38.676 86 —38.719 46 - -
CHCI(*A") —497.799 20 6.9 CH —40.202 17 26 1.8
—498.156 24 6.9 1.8 —498.20579 —40.398 04 —40.424 66
—498.188 45 —498.290 70 - -
—498.161 51 —498.337 90 - -
CHCIEA™) —497.827 75 7.0 CECI —499.098 95 23 1.9
—498.157 40 7.1 1.8 —498.199 10 —499.494 11 —499.541 86
—498.188 51 —498.283 00 - -
—498.161 42 —498.329 51 - -
CHCI*(?A") —497.499 17 7.2 CKCl, —957.990 02 184 2.2
—497.836 94 7.2 1.8 —497.876 37 —958.473 79 —958.659 85
—497.865 60 —497.959 63 - -
—497.841 00 —498.005 51 - -
CClh(*Ay) —956.712 26 2.6 CHGI —1416.873 44 125 27
—957.282 31 25 2.1 —957.35546 —1417.684 45 —1417.77578
—957.317 58 —957.500 43 - -
CCL*(?Ay) —956.406 61 3.2 cpP)
—956.963 34 33 2.0 —957.02520 —37.775 44
—956.994 30 —957.168 94 —37.796 42
- - —37.799 10
CHs(A1) —39.564 46 17.7 cte)
—39.725 67 17.8 2.0 —39.74999 —459.657 14
—39.748 35 —39.771 07 —459.717 96
—39.727 16 —39.784 05 —459.754 90
CHz™(*Ay) —39.236 30 19.0 HE)
—39.374 32 18.9 1.8  —39.39359 —0.499 81
—39.397 86 —39.415 39 —0.499 81
—39.374 73 —39.425 95 —0.499 82
CH.CI(?By) —498.464 51 135 bZg")
—498.828 75 135 1.8 —498.87522 —1.167 73
—498.858 48 —498.958 52 —1.168 34
- - —1.172 52

aHF zero-point energies are scaled by 0.91 and MP2 zero-point energies are scaled By BR&-314-+G(d,p) (scaled by 0.91) zero-point

energies®
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Figure 1. Optimized structures of methylidynes and methylenes and
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4.0 kcal mof?! (based on bracketed aciditiésjpnd with our
MP4/2df,p value of 55.3 kcal mot.

(d) CCls*. All of the MP4/2df,p enthalpies of formation for
the methyl radicals and their cations, except that forsCGlgree
to within 1.2 kcal mot? with the experimental values. As
outlined in the Introduction, there has been considerable
controversy over the value @fH® 299 CCl3™), with bracketing
methods establishing a range from 192 to 208.8 kcal-fnol
The two most recefit®experimental values fokH® 29 CCls™),
205.24 0.6 and 202.2- 0.8 kcal mot?, disagree by 3 kcal
mol~! and our calculated value of 200.2 kcal mbfavors the
lower one, but is outside the error limits.

(e) CHCI. Inclusion of core electron correlation and use of
a larger basis set resulted in a decrease in the calculated enthalpy
of formation of CHCIBA") from 85.9 kcal mot! at MP4/2df,p
to 83.3 kcal mot! at QCI/3df,3pd. There was also a decrease
in AH® 20 CHCI(?A")), but here the change was only 0.8 kcal
mol~%. In general, the MP4/2df,p enthalpies of formation are
slightly higher than the QCI/3df,3pd values, and calculations
with the 6-311G(2df,p) basis set overestimate enthalpies of
formation of the two molecules in triplet states. The G1 and
G2 methods give results comparable to those at MP4/2df,p,
underestimating the atomization energies of triplet sté%.
At the QCI/3df,3pd level the singletriplet splitting for
chloromethylene is 6.5 kcal miol, and for methylene it is 8.9
kcal moll, results which are in excellent agreement with
experimental valug878 of 6.4 + 0.5 and 9.024+ 0.014 kcall
mol—L.

The enthalpy of formation for CHCIA") has proven difficult
to measure, with experimental values ranging from 71 to 80
kcal mol1, and with large uncertainties=(0 kcal moi1).10-12

their cations; bond lengths in angstroms and bond angles in degreesThe most recent experimental restilysing gas-phase acidity

Experimental data can be found in refs-3&5.
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Figure 2. Optimized structures of methyl radicals and their cations:

bond lengths in angstroms and bond angles in degrees. Experimenta

data can be found in refs 9b, 67, and 68. “a” refers to the out-of-plane
angle, the angle between the bisector of HCH or CICCI and th€IC
or C—H bond.

previous value was 5% 2.0 kcal mot?), a value which
compares well with Cheng and Grabowski's value of 5%.2

bracketing, the electron affinity of CHGK'), and the bond
dissociation energy of HCHCI, gaveAH®; 26 CHCI(*A")) to

be 764 5 kcal mol?, in excellent agreement with the QCI/
3df,3pd calculation (76.8 kcal mol). Using this value in
combination with the experimental singtdtiplet splitting, an
experimentalAH® 20 CHCI2A'") of 82.4 + 5 kcal mol? is
obtained, and this is consistent with the QCI/3df,3pd result of
83.3 kcal mot2,

(f) CH*. For chlorocarbons the QCI/3df,3pd calculations
consistently yield the best correlation with experimental values,
but for CH" the situation is anomalous with MP4/2df,p
calculations being the best and the QCI calculations both
underestimating the enthalpy of formation. Extension of the
basis set using the MgllePlesset method to MP4SDTQ/6-
311++G(3df,3pd)//MP2/6-313+G(d,p) gaveAH® 0 CHY)
to be 388.2 kcal mot! in excellent agreement with the
experimental values.

lonization Energies. The adiabatic ionization energy of a
molecule A is defined as the standard enthalpy change in
reaction 3, assuming that ion*Ais allowed to relax to its
optimum structure. We have used the calculated enthalpies of
formation in Table 2 to calculate ionization energies using eq
3.

A—A"+e (3)

All of the calculated ionization energies in Table 3 are
Isystematically, but only slightly, lower than the experimental
results (Figure 3). The calculated ionization energies of the
parent hydrocarbons, GHare well-represented at all levels of
theory, with a maximum deviation from experiment of 0.12 eV,
and with still smaller deviations (0.06 eV) at QCI/3df,3pd.

Calculations at the three levels of theory gave almost identical
ionization energies, and this gave us confidence in assessing
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TABLE 2: Calculated and Experimental Standard Enthalpies of Formation (AH® »9g), (kcal mol=1)

molecule MP4/2df,p QCl/2df,p QCI/3df,3pd exptl
CH(II) 143.1 142.6 142.4 1425 0.32142.34+ 0.3}
CH™(1=") 387.2 385.2 386.2 3878 0.22388.0+ 0.1¢
CCICIT) 104.9 104.3 104.3 ~1048 1204+ 5°
CCI(*=h) 303.8 304.2 304.9 3114 2.0f3134+ 49297
CH,y(*A1) 103.8 102.7 102.7 101F# 0.5/ 102.6+ 0.6
CH(®B1) 95.2 95.7 93.8 93.6:0.6/93.940.7k94.14+ 0.6! 92.8+ 0.6
CH,*(?A1) 332.4 3325 3321 331333.6+ 0.7
CHCI(A) 77.6 76.4 76.8 76:5°71+5980+ 10°
CHCIGA™) 85.9 85.0 83.3 82.4 5073
CHCIT(?A") 288.6 288.0 286.7 ~2984324+ 1°
CChL(*Ay) 55.3 54.5 52.4 3.1951.0+ 2.0/ 57.24+ 4.003 39+ 3¢
CCL™ (A1) 267.3 267.0 264.8-1.8f279
CHs(?A1") 35.9 36.5 35.3 35.+0.1¢
CHs (*Ay) 260.4 260.6 260.9 2613 0.4"
CHCI(?B,) 28.4 28.2 277 2.0
CH,CIT(*Ay) 227.8 226.9 227.6- 0.5 228.8+ 0.4
CHCLy(?By) 22.4 223+ 2.0
CHCLL*(*Ay) 210.1 210.0 211.20.4X212.0.0+ 0.5¥
CCly(%A1) 18.0 18.0+2.07 17.0+ 0.6/
CCIlsT(*Ar) 200.2 199 205.24+ 0.6y 202.24+ 0.&
CH, —18.3 -17.8+ 0.1
CHsCl —20.1 —19.6+ 0.1
CH,Cl, —23.2 —22.94+ 0.2
CHCl; —25.4 —25.0+ 0.5

aReference 572 Reference 80¢ Reference 81¢ Reference 11¢ Reference 12\ Reference 139 Reference 14" Reference 44.Reference 82.
i Reference 83 Reference 84.Reference 85" Reference 867 Calculated using the enthalpy of formation in ref 84 and an ionization energy of
10.396+ 0.003 eV from: Herzberg, GCan J. Phys 1961, 39, 1511.° Reference 10, the enthalpy of formation &() is calculated by using a
singlet-triplet splitting of 6.4 kcal? Reference 169 Reference 21" See ref 7b and text.Reference 22. Reference 24" Reference 87 Reference
32. " Reference 36¢ Reference 35 Reference 9& Reference 7a. mot from ref 20.

TABLE 3: Calculated and Experimental Adiabatic lonization Energies (eV).

molecule MP4/(2df,p) QCl/(2df,p) QCI/(3df,3pd) exptl
CH 10.58 10.52 10.57 10.64 0.0%

ccl 8.63 8.67 8.70 8.9 0.2010.6

CHy(®B1) 10.29 10.27 10.34 10.396 0.003

CH(*A)) 9.91 9.97 9.95

CHCI(A") 9.15 9.18 9.10 9.84 0.2¢°

cCh, 9.19 9.21 9.1G: 0.101 9.27+ 0.04

CHs 9.74 9.72 9.78 9.84 0.01"

CH,CI 8.65 8.61 8.75: 0.01! 8.64+ 0.01

CHCl, 8.14 8.45+ 0.05 8.32+ 0.01! 8.23+ 0.10
CCly 7.90 8.109+ 0.005™8.06-+ 0.02

aReference 572 Reference 19 Reference 18 Reference 88 Difference in enthalpies of formation of neutral and cation from reft Rieference
13.9Reference 7b" Reference 89.Reference 38.Calculated from the difference in enthalpies of formation for the neutral from ref 32 and
cations from ref 36k Reference 37.Reference 907 Difference in enthalpies of formation of neutral and cation from ref"®@eference 7a.

widely differing experimental results for CCl. The most recent for the chloromethyl and dichloromethyl radicals are within 0.01
ionization energy® based on multiphoton ionization mass and 0.07 eV, respectively, of ionization energies derived from
spectrometry, is 10.6 eV, and this contrasts with an earlier value enthalpies of formation. There are two recent values for the
of 8.9 £ 0.2 eV, from multiphoton ionization photoelectron ionization energy of the trichloromethyl radical, one experi-
spectroscopy? Clearly then, the theoretical value of 8.70 eV mental (8.064+ 0.02 eV)’2 obtained from a photoelectron
indicates that the larger experimental value is too high and that spectroscopy study of C¢land the other (7.990 eV) calculated
the lower one is correct. Similarly, the calculated ionization at the CEPA-1 level using a tripléequivalent basis sé&t.Both
energy of 9.10 eV for CHCIA') is 0.74 eV lower than the  values are lower than an earlier resonance-enhanced multiphoton
experimental value (derived from the enthalpies of formation ionization energy of 8.10% 0.005 eV?2 and all are slightly
of the neutral molecule and its catiol)thereby casting doubt  higher than the MP4/2df,p calculated value of 7.90 eV.
on the experimental value. For molecules CCl and GKCl,, wherem + n = 3, the
Both the theoretical ionization energies for G(9.19 eV at electron removed in the ionization is from thesystem
MP4/2df,p and 9.21 eV at QCl/2df,p) are intermediate between (assuming that the methyl radicals are planar), and this results
the experimental values of 9.18 0.10 eV (from ionization  in the general trend of the ionization energy decreasing with
thresholds)f and 9.27+ 0.04 (from photoelectron spectroscdBy.  increased substitution by chlorine. The origin of this effect lies
However, a recently calculated value of 9.55 eV, based on in the ability of the chlorine atoms to carry a large amount of
density functional theory, is substantially largér. the positive charge in chlorocarbocations. For example, from
In the methyl series, the experimental ionization energies a Mulliken population analysis at HF/6-31G(d,p) on molecules
which correlate best with calculated results are those derived CX(2I1), where X is Cl or H, both atoms carry essentially zero
from the differences in the experimental enthalpies of formation charge, but in ions CXthe charge on H is-0.30, while that
of the neutra®® and catioR’ (as opposed to directly measured on Cl is+0.57. Consequently the ionization energy of CH is
values). Using this approach, the MP4/2df,p ionization energies much higher than that of CCl (10.58 eV compared with 8.70
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Figure 3. Plot of calculated ionization energy (eV) against experimental
values.

TABLE 4: Calculated Proton Affinities (kcal mol —1)

MP4/  QCl/ QCl/

molecule 2df,p 2df,p 3df,3pd exptl

C 149.7 151.6 150.7 1492 0.2

CH 1765 175.7 176.0 17780.2

CCl 182.3 182.2 1835 ~17Z

CH,(*Ay) 209.1 207.7 207.4 2074 1.0¢
CHCI(A") 2155 215.2 207.5% 2.7

CCh, 2104 210.2 209.6- 2.0 193+ 1°

aReferences 44 and 57References 44, 86, and FIReferences
11 and 449 References 83 and 86Reference 11f Reference 23.

eV). In the methyl radical series, there is a saturation effect
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TABLE 5: Substituent Stabilization Energies® (SSE, kcal
mol~1) Calculated from Reaction CHCl, + CH; —
CH4-nCly + CHmin

molecule SSE molecule SSE molecule SSE
CCI* 81.6 CHCI 41.8 CHCI* 30.8
CCl* 60.0 CHCH*" 45.0
CCls* 53.1
CcCl 36.4 CHCI 24.4 CECI 5.7
CCl, 43.6 CHC} 8.6
CClg 10.8

aThe MP4/2df,p enthalpies of formation in Table 2 are used to
calculate the substituent stabilization energies.

There are two molecules, CCl and CH®\(), for which the
theoretical and experimental proton affinities do not agree to
within £1.5 kcal mof!. For CCl the estimate of the experi-
mental proton affinity was obtained from the enthalpies of
formation of CCl (104 kcal moit) and CHCtH (~298 kcal
mol™1), both of which are not firmly establishéd** The
calculated enthalpies in Table 2 confirm the value for CCI but
show AH®,9g CHCIY) to be too high by~11 kcal mof™.
Hence, the experimental proton affinity is underestimated by
this amount.

Protonation enthalpy ladders are frequently used to determine
proton affinities, but the bracketing experiméatthat estab-
lished the proton affinity of CHCIA"), to lie between 205.4
and 209.5 kcal motft, gave results that are too low when
compared to the calculated MP4/2df,p value of 214.9 kcat ol
A similar situation exists in the case of GCWhere a value of
193 £+ 1 kcal mol! has been quotéH but recent resultg!
including our MP4/2df,p calculations, are in agreement with a
value?® of 209.6 & 2.0.kcal motl. Possible sources of error
in the bracketing experiments leading to low basicities include
residual internal excitation of the CHZCI reactant ion, the
occurrence of fast secondary reactions, and impurity ions in the
ICR2L

Substituent Effects. As already discussed above, chloro

with the first chlorine substituent resulting in a decrease of 1.09 substituents decrease the ionization energies and slightly increase
eV, the second 0.49 eV, and the third only 0.26 eV (from MP4/ the proton affinities of small hydrocarbons. These substituent

2df,p calculations).
In the singlet methylenes, Gi€l,, ionization removes a
o-electron and the stabilization by chlorine is diminished.

effects result from the ability of chlorine to delocalize the
positive charge in carbocations. We now discuss two additional
methods of assessing the stabilizing effect of chlorine in

Substitution by one chlorine decreases the ionization energy byhydrocarbons and in carbocations.

0.7 eV (at QCl/2df,p), a smaller change than that resulting from
monosubstitution in the methylidyne and methyl series, and the

The stabilization originating from chloro substitution in
CHiCln (m+ n = 1-3) can be estimated from the enthalpy of

second chlorine actually results in a small increase (by 0.03 the isodesmic reaction in eq 5. Here, molecule-CH (or ion

evV).
Proton Affinities. The proton affinity of a base (B) is defined

CH.Cl,+ CH,— CH,_.Cl,+ CH,,, 5)

as the standard enthalpy change for the reaction in eq 4. TheCHmCIn+) is compared with the corresponding unsubstituted
calculated proton affinities for carbon, the methylidynes, and olecule CHyin (0r CHnint), and it is assumed that there is
the carbenes are listed in Table 4, along with experimental pinimal interaction between chlorine atoms in the methane

values.

BH —B+H" 4)

The carbon atom has the lowest proton affinity in Table 4,

and as the reactant and products have different spin multiplicitiescorresponding neutrals.

(CHT(*=*) — C(P) + H), then the reaction has little physical

CH4-rCl. A positive energy for reaction 5 indicates that
CHnCln (or CH.Cly*) is more stable than its G, (or
CHmnt) analogue.

From the data in Table 5, chloro substitution stabilizes all
species, with the effect being larger in carbocations than in the
CClhas the highest substituent
stabilization energy, and this is consistent with the observation

importance. In all other protonation reactions spin is preserved. that the chlorine in CCl has the most pronounced effect in

The methylidynes have proton affinities which are lower by
~33 kcal mot? than the similarly substituted methylenes.
Substitution of both methylidyne and methylene by Cl atoms

decreasing the ionization energy. For the perchloro-substituted
carbocations the order of stabilization is CC+ CClL+ >
CCls™, and along the methyl cation series the one chloro

results in increases in the proton affinities, but the changes aresubstituent of CHCI™ is more stabilizing than the second chloro

small, indicating that stabilization of the cation by delocalization
of the charge onto chlorine is largely offset by the stabilizing
effect of chlorine on the carbene and carbyne.

(in CHCL;"), while the third one of CGIF has even less effect,
i.e., there is a saturation effect with increased substitution.
Among the neutral molecules, the methyl radicals have only
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TABLE 6: Hydride Affinities (HA, kcal mol —1) Calculated
from Equation CH +:Cl,, — CH,Cl,t + H™

molecule HA  molecule HA  molecule HA
CH* 318.1 CH* 331.0 CH" 313.4 (313)
CCI* 260.9 CHCt 294.9 CHCI™ 282.6(2819
CCl* 279.6 CHC}" 268.4 (270)
CCly* 260.3 (262.3)¢

aThe hydride affinities are calculated from MP4/2df,p enthalpies
of formation in Table 2. The enthalpy of formation for K34.7 kcal
mol?) is taken from ref 44° Reference 36¢ The hydride affinities of
CH.CI* and CH™ relative to CC4t have been reported to be 22.3 and
53.1 kcal mat?, respectively, at MP4(SDTQ)//MP2/6-31G(d): Reyn-
olds, C. H.J. Chem Soc, Chem Commun 1991, 975.¢ References
7a and 44.
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