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Heats of formation of CCl and CCl 2 from ab initio quantum chemistry
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High levelab initio electronic structure theory has been used to calculate the heats of formation of
CCl and CCl2 . The calculations were done at the CCSD~T! level with new correlation-consistent
basis sets up through augmented hextuple-z including tight d functions on the Cl and then
extrapolated to the complete basis set limit. Additional corrections for core/valence correlation,
relativistic effects both scalar and atomic spin–orbit, and zero-point energies have been included.
The heat of formation at 0 K of CCl is 103.160.4 kcal/mol and that of CCl2 is 55.160.4 kcal/mol.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1402167#
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We have been developing a composite theoretical
proach to reliably predict molecular heats of formation wi
out recourse to empirical parameters.1–9 Our approach starts
with existing, reliable thermodynamic values obtained fro
either experiment or theory. We use experimental ato
heats of formation, which are difficult to obtain theoretical
as well as molecular and atomic spin–orbit splittings~if
available!. High-level ab initio electronic structure method
are then used to calculate the molecular atomization ene
The energy of the valence electrons are calculated by u
coupled cluster methods including single, double, and c
nected triple excitations@CCSD~T!#, with the latter being
handled perturbatively.10–12 The CCSD~T! energies are ex
trapolated to the complete basis set~CBS! limit using the
correlation consistent basis sets (cc-pVnZ) from Dunning
and co-workers.13–15 This family of basis sets is chosen b
cause of the regularity with which it approaches the C
limit. In addition, core–valence (DECV) and relativistic, both
spin–orbit and scalar relativistic, corrections to the dissoc
tion energy are required for,1 kcal/mol accuracy. Finally
one needs an accurate zero-point energy in order to calc
the total atomization energy at 0 K,SD0 , and henceDH f at
0 K given the atomic heats of formation.

The heat of formation of CCl2 is of interest as it is a
prototypical halogenated carbene and is important in the
composition processes of chlorinated hydrocarbons. We
cently reportedDH f(CCl) andDH f(CCl2) at 0 K based on a
quantum chemical approach using total dissociation ener
calculated by extrapolating CCSD~T! results to the CBS
limit.16 In this calculation, we used the cc-pVnZ basis sets
with nmax55 for CCl andnmax5Q(4) for CCl2 . We included
core–valence corrections but did not include any effects
relativity including the spin–orbit correction to the atom
which decreases the dissociation energy of CCl2 by 1.76
kcal/mol. Another recent paper reported a similar study us
the same approach with the aug-cc-pVnZ basis sets and
nmax54.17 These authors did include relativistic correctio
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~both scalar and spin–orbit!. They obtainedDH f(CCl2!
554.761 kcal/mol as compared to our previous value
53.0 kcal/mol. The latter value would change to 54.8 kc
mol if we include the spin–orbit correction for the atoms.
addition, we have been exploring the role of tightd functions
in calculating atomization energies of species containing s
ond row elements and have found that such functions
necessary to obtain accurate dissociation energies.18 Thus,
we have recalculatedDH f(CCl) andDH f(CCl2) using new
tight d augmented basis sets up tonmax56.

For the present study, we used the new diffuse funct
augmented correlation consistent basis sets with tightd func-
tions, aug-cc-pV(n1d)Z, for Cl and the standard
aug-cc-pVnZ sets for C~n5D through 6!. Only the spheri-
cal components~5-d, 7-f , 9-g, 11-h, and 13-i ! of the Car-
tesian basis functions were used. All of the current work w
performed with theMOLPRO suite of programs.19 The open-
shell CCSD~T! calculations were carried out at th
R/UCCSD~T! level, where a restricted open-shell Hartree
Fock ~ROHF! calculation was initially performed and th
spin constraint was relaxed in the coupled clus
calculation.20–22 The CCSD~T! total energies were extrapo
lated to the CBS limit by using a mixed exponentia
Gaussian function of the form

E~n!5ECBS1A exp@2~n21!#1B exp@2~n21!2#,
~1!

wheren52 ~DZ!, 3 ~TZ!, etc., as first proposed by Peterso
et al.23 In addition, extrapolations of the CCSD~T! correla-
tion energies were also performed with the two-parame
function24,25

E~n!5ECBS1Almax
23 , ~2!

wherel max is the highestl value in the basis set and is equ
to n. The CBS limit total energy was obtained via Eq.~2! by
combining the extrapolated correlation energy with t
aug-cc-pV(61d) Hartree–Fock energy. The spread betwe
7 © 2001 American Institute of Physics
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TABLE I. Contributions to the total energy for C, Cl, CCl, and CCl2 .

Contributiona C Cl CCl CCl2

aug-cc-pV~61d)Z 237.788 755 2459.703 832 2497.647 016 2957.476 207
Est. CBSb 237.789 371 2459.707 159 2497.651 588 2957.484 514
ECV

c 20.052 214 20.323 644 20.376 449 20.700 402
ESR

d 20.014 986 21.403 868 21.418 557 22.822 182
DEelec 97.3060.18 176.2260.16
DECV 0.37 0.56
DESR 20.1960.1 20.3460.1
DESO

e 20.73 21.76
DEZPE

f 21.25 22.5860.04
SD0

g 95.5060.3 172.1060.3
DH f(0 K) 103.160.4 55.160.4

aTotal energies in hartrees and energy differences in kcal/mol. The final estimated uncertainties inSD0 andDH f

do not include the intrinsic errors of the CCSD~T! method.
bEstimated frozen core, CCSD~T! complete basis set energies obtained from Eq.~2! using aug-cc-pV~51d)Z
and aug-cc-pV~61d)Z correlation energies and the aug-cc-pV~61d)Z Hartree–Fock energy. Use of Eq.~1!
with the aDZ–aQZ basis sets yieldsDEelec values of 97.12 kcal/mol for CCl and 176.06 kcal/mol for CCl2 .

cCore/valence corrections were obtained from R/UCCSD~T!/cc-pwCVQZ calculations.
dScalar relativistic corrections were obtained from CISD~FC!/unc-aug-cc-pV~Q1d)Z calculations.
eNet spin–orbit correction to the atomization energy.
fContributions from the zero-point vibrational energies of CCl and CCl2 . See the text.
gSD05DEelec1DECV1DESR1DESO1DEZPE.
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the CBS values obtained via Eqs.~1! and ~2! were used to
estimate the uncertainty in the extrapolations.

The geometries were optimized at the frozen c
CCSD~T!/aug-cc-pV~Q1d)Z level of theory giving
r (CCl!51.6520 Å for the2P ground state of CCl~experi-
mental value26 is 1.6452 Å! and r (CCl!51.7175 Å and
,ClCCl5109.20° for the1A1 ground state of CCl2 as com-
pared to the microwaver 0 values27 of 1.7157 and 109.2° for
CCl2 . The zero-point energy of CCl is derived from the a
curate spectroscopic constants of Jinet al.,28 ve

5876.90 cm21 and vexe55.45 cm21. These can be com
pared to the quantities calculated from a sixth-order poly
mial fit to seven near-equilibrium energies at t
CCSD~T!/aug-cc-pV(51d)Z level of theory, ve

5877.5 cm21 and vexe55.3 cm21. The molecular zero-
point energy for CCl2 was derived from the experimenta
band origins.29 The experimental values are 730 and 3
cm21 for the symmetric stretch and bend, respectively, in
gas phase and an asymmetric stretching frequency of
cm21 from an argon matrix study. These can be compare
CCSD~T!/cc-pVQZ harmonic values for the symmetr
modes of 731 and 340 cm21 obtained in this work. For the
asymmetric stretch, we also note the CCSD~T!/cc-pVTZ har-
monic value of 760 cm21 from Ref. 17. The CCSD~T! values
can be used to provide an estimate of the error in the C2

zero-point energy of60.04 kcal/mol.
DECV was obtained at the CCSD~T!/cc-pwCVQZ level

of theory from both valence-only correlated calculations a
those where correlation of the C 1s and Cl 2s2p electrons
were also included. It should be noted that it is generally
reliable to deriveDECV using two different basis sets, e.g
CCSD~T!/cc-pVQZ for the valence-only calculation an
CCSD~T!/cc-pwCVQZ for the all-electron case, since th
core–valence correlating functions can have nonneglig
effects in valence-only calculations and their neglect can l
to an overestimate ofDECV . As in most electronic structure
ep 2002 to 134.121.44.19. Redistribution subject to A
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calculations, the present work does not explicitly account
any zero-field spin–orbit splittings, but instead yields
weighted average of the available multiplets. In order to c
rect for this effect, we apply an atomic spin–orbit correcti
of 20.08 kcal/mol for C and20.84 kcal/mol for Cl based on
the excitation energies of Moore.30 For CCl, a molecular
spin–orbit correction of 0.19 kcal/mol is available fro
experiment.28 Scalar relativistic corrections (DESR), which
account for changes in the relativistic contributions to t
total energies of the molecule and the constituent ato
were included at the CISD level of theory using an unco
tracted aug-cc-pV~Q1d)Z basis set in the frozen core ap
proximation.DESR is taken as the sum of the mass-veloc
and one-electron Darwin~MVD ! terms in the Breit–Pauli
Hamiltonian,31 and we assign an estimated uncertainty
60.1 kcal/mol to this quantity.

The various components of the energy are shown
Table I. The error bars for the valence electronic atomizat
energies are estimated as the difference between the re
of Eq. ~1! using the DZ through QZ basis sets and Eq.~2!
using the 5Z and 6Z sets, which yields error limits of60.18
kcal/mol for CCl and60.16 kcal/mol for CCl2 . By combin-
ing our computedSD0 values with the known32 heats of
formation at 0 K for the elements~DH f

0(C!5169.9860.1
kcal/mol andDH f

0(Cl!528.59060.001 kcal/mol!, we derive
DH f

0 values for CCl and CCl2 as shown in Table I. The hea
of formation of CCl at 0 K is 103.160.4 kcal/mol as com-
pared to our previous value of 102.5 kcal/mol. Most of t
difference is due to our previous neglect of relativistic effe
which account for 0.92 kcal/mol. Our current value is
reasonable agreement with the recent experimental dete
nation by Jesinger and Squires33 of 105.063.1 kcal/mol
~105.963.1 kcal/mol at 298 K!. For DH f(CCl2), our latest,
best prediction is 55.160.4 kcal/mol as compared to our pre
vious value of 53.0 kcal/mol. Again, most of the difference
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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due to relativistic effects, which total 2.1 kcal/mol. Our res
for DH f(CCl2) is larger in magnitude than the value
54.561 kcal/mol reported by Sendt and Bacskay.17 The dif-
ference in the two values is mostly due to the overestima
of core–valence correlation effects in Ref. 17, 1.37 ver
0.56 kcal/mol, as well as smaller contributions due to
lack of tight d functions in the basis sets used in their e
trapolations, as well as a slightly smaller scalar relativis
correction. The G3 value forDH f(CCl2) of 54.0 kcal/mol is
in qualitative agreement with our final predicted value. T
heat of formation of CCl2 was measured by Paulino an
Squires34 as 52.163.4 kcal/mol at 298 K~51.863.4 kcal/mol
at 0 K!. The Squires group35 later revised this value upward
to 55.062.0 kcal/mol at 298 K~54.762.0 kcal/mol at 0 K!.
The revised value is in excellent agreement with our la
calculated value.
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