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Abstract Based on a previous potential energy surface

describing the H ? CCl4 reaction, a new analytical surface

named PES-2010 was developed modifying both the

functional form to give it more flexibility, and the cali-

bration process in which exclusively theoretical informa-

tion was used. Thus, the surface is completely symmetric

with respect to the permutation of the four methane chlo-

rine atoms, and no experimental information is used in the

process. For the kinetics, the thermal rate constants were

calculated using variational transition-state theory with

semiclassical transmission coefficients over a wide tem-

perature range, 300–2,500 K. The theoretical results

reproduce the experimental variation with temperature.

The influence of the tunneling factor is small, since the

abstraction reaction involves the motion of a heavy particle

(a chlorine atom) that cannot easily tunnel through the

reaction barrier. The coupling between the reaction coor-

dinate and the vibrational modes shows qualitatively that

the HCl stretching mode in the products appears vibra-

tionally excited. The dynamics study was performed using

quasi-classical trajectory calculations, including correc-

tions to avoid the zero-point energy problem. First, we

found that the HCl(m0, j0) product mostly appears with small

rotational energy and vibrational population inversion.

Second, the state-specific scattering distributions show

backward scattering, which becomes more noticeable as

the HCl(m0) vibrational state increases. Unfortunately, no

experimental dynamics data are available for the title

reaction, but the comparison with the kinematically similar

and well-studied H ? Cl2 reaction shows good agreement,

indicative of similar mechanisms. These kinetics and

dynamics results seem to indicate that the potential energy

surface is adequate to describe this reaction, and the rea-

sonable agreement with experiment lends further confi-

dence to this new surface.

Keywords Potential energy surface � Kinetics study �
Dynamics study � H ? CCl4 light-heavy-heavy reaction

1 Introduction

In the same way that the H ? Cl2 system is a prototype of

triatomic reactions with the light-heavy-heavy (LHH) mass

combination, the H ? CCl4 system plays a similar role for

gas-phase polyatomic reactions. These mass combinations

are characterized by skew angles, b, close to p/2.

The construction of potential energy surfaces (PES) in

polyatomic systems involves the evaluation of thousands of

quantum chemical calculations, and hence a high compu-

tational cost, especially if chemical accuracy, ±1 kcal

mol-1, is needed. Obviously, this cost increases exponen-

tially with molecule size and the number of electrons

involved. If the complete construction of an analytical PES

is usually far from trivial and is time-consuming, it is easy

to understand that this problem is magnified in the case of

the title reaction with its four heavy atoms. Due to these

difficulties, in 2005, our group [1] constructed the first

analytical PES for this reaction using an economical

alternative based on an analytical PES for a similar reac-

tion, introducing the appropriate modifications. We tested

this PES-2005 against theoretical [2–5] and experimental
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[2, 6] studies. First, the geometric, energy, and vibrational

properties of reactants, products, and saddle point in gen-

eral showed good agreement. The enthalpy of reaction at

0 K, -31.9 kcal mol-1, agreed with the experimental

value [6], -32.0 kcal mol-1. Second, kinetically an

extensive study using variational transition-state theory

with semiclassical transmission coefficients over a wide

temperature range, 300–2,500 K, was performed. We

found that the PES-2005 reproduces the experimental for-

ward rate constants [2], which were measured by Bryukov

et al. using the discharge flow-resonance fluorescence

technique, and proposed the following Arrhenius expres-

sion: k(T) = (1.36 ± 0.31) 0.10-10 exp(-2,927 ± 92

K/T) in cm3 molecule-1 s-1, in the temperature range

297–904 K, with an activation energy of 5.8 kcal mol-1.

However, in spite of this agreement with theoretical and

experimental data, the PES-2005 left some questions open:

first, the planar or pyramidal geometry of the CCl3 free

radical, and second, the topology of the reaction path in the

reactant and product zones. With respect to the first ques-

tion, the planar or pyramidal structure of the CCl3 product

is still a debatable issue [6], although theoretical calcula-

tions [4, 5] obtain pyramidal geometries with a dihedral

angle of about 145�. With respect to the second question, as

was noted above, ab initio calculations of high level are

prohibitive for this system, so that calculations have been

limited to the density functional theory (DFT) level. Sheng

et al. [4] performed DFT calculations finding a more pro-

nounced drop in the product channel than those obtained

with the PES-2005, with differences of 8–10 kcal mol-1 in

the exit channel. This different depth will influence the

dynamics of the reaction, for instance, in the product

energy partitioning. To add more flexibility to the func-

tional form of PES-2005, in the present work we include

some modifications to that PES, constructing the PES-

2010.

The article is organized as follows. In Sect. 2, electronic

structure calculations are outlined, with especial attention

paid to the barrier height information and the topology of

the reaction path from reactants to products. In Sect. 3, a

detailed description of the PES for the H ? CCl4 chlorine

abstraction reaction is presented, highlighting the modifi-

cations introduced. The computational details are also

presented in this section. The kinetic results using varia-

tional transition-state theory with multidimensional tun-

neling effect are presented in Sect. 4, together with the

dynamics results using quasi-classical trajectory (QCT)

calculations. Section 5 is devoted to a comparison with the

kinematically similar H ? Cl2 reaction. Finally, Sect. 6

presents the conclusions.

2 Electronic structure calculations: a review

One of the more difficult energy properties of a PES to

estimate is the barrier height. Theoretical calculations have

been reported by a few laboratories [2, 4, 5] for the title

reaction using different levels—DFT or ab initio. The main

results are summarized in Table 1. Depending on the level

used (correlation energy and basis set), the barrier height

(DE) ranges from 5.1 to 6.0 kcal mol-1, and the adiabatic

barrier (DVa, i.e., when the zero-point energy is included)

ranges from 5.6 to 6.5 kcal mol-1. Given that there is no

direct experimental measurement for comparison (some

authors compare the barrier height with the experimental

activation energy, which is only a coarse approximation), it

is not possible at present to take any value as reference in

the subsequent calibration process (see Sect. 3). Given that

the reaction is very exothermic [DHR(0 K) = -32.0

kcal mol-1] [6], the transition state is early, i.e., it appears

soon on the reaction path. As a consequence, the transition

state is ‘‘reactant-like’’, and the length of the C–Cl0 bond

that is broken is similar to its value in tetrachloromethane,

while the Cl0–H bond formed is long. These distances also

vary widely with the level used (Table 1).

Another important and computationally costly property

is the topology of the reaction path from reactants to

products. This has been calculated only by Sheng et al. [4]

using the BHandHLYP/6-311G(d,p) DFT method, refining

the energies at the PMP4/6-311 ? G(3df,2p) single-point

level. They obtained a deeper drop in the exit channel than

those obtained with the PES-2005, which is typical of a

very exothermic reaction.

In the present work, we have also performed DFT cal-

culations using the MPWX model of Pu and Truhlar [7],

where the percentage of Hartree–Fock (HF) exchange is X.

Table 1 Electronic structure calculations for the saddle point (energies in kcal mol-1, and distances in Ångstrom units)

Method DE= DVaa R(C–Cl0) R(Cl0–H) Ref.

UMP2/6-31G(d,p) 5.8 6.3 1.911 1.647 [2]

PMP4/6-311 ? G(3df,2p)/BHandHLYP/6-311G(d,p) 6.0 6.5 1.899 1.810 [4]

CCSD(T)/6-311 ?? G(d,p)/MP2/6-311 ?? G(d,p) 5.1 5.6 1.907 1.654 [5]

MPW48 5.1 5.5 1.929 1.845 This work

a Enthalpy at 0 K (i.e., including the zero-point energy)
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The results are also included in Table 1, where the HF

exchange is set to 48%. The saddle point presents a

barrier height of 5.1 kcal mol-1 (DVa = 5.5 kcal mol-1),

although the exothermicity is overestimated, -37.9 kcal

mol-1, relative to the experimental data [6], -32.0 kcal

mol-1.

In spite of the range of theoretical values, these will be

the only data we use in the calibration of the new PES-2010

(see Sect. 3).

3 Potential energy surface and computational details

3.1 Potential energy surface

The analytical PES function we employ is the same as we

used in our previous study [1], and therefore will not be

repeated here. Basically, it consists of four London-Eyring-

Polanyi (LEP) stretching terms, augmented by out-of-plane

bending and valence bending terms. In order to better

understand the modifications introduced, we shall start by

outlining in some detail its mathematical form and terms.

The potential energy for a given geometry, V, is given

by the sum of three terms: a stretching potential, Vstretch, a

harmonic bending term, Vharm, and an anharmonic

out-of-plane potential, Vop,

V ¼ Vstretch þ Vharm þ Vop ð1Þ

The stretching potential is the sum of four London-

Eyring-Polanyi (LEP) terms [8], each one corresponding to

a permutation of the four methane chlorines,

Vstretch ¼
X4

i¼1

V3 RCCli
;RCH;RCliHð Þ ð2Þ

where R is the distance between the two subscript atoms,

Cli stands for one of the four methane chlorines, and H is

the attacking hydrogen atom, and where there are 12 fitting

parameters, four for each of the three kinds of bond,

RCCli
;RCH; and RCliH: In particular, these are the singlet

and triplet dissociation energies, D1
XY and D3

XY ; the equi-

librium bond distance, RXY
e , and the Morse parameter, aXY,

which depends on two switching parameters, a and b.

Therefore, 14 parameters are required to describe the

stretching potential.

One of the problems with this functional was that the

equilibrium C–Cl distances for the reactants, saddle point,

and products are the same, leading to a very rigid PES-

2005. Based on a recent paper of Truhlar et al. [9] on the

H ? C2H6 reaction, in this paper a modification is included

to endow the new surface with greater flexibility. The

reference C–Cl bond distance is transformed smoothly

from reactant to product using the equation,

R0
CCl ¼ P1R0

CCl;R þ ð1� P1ÞR0
CCl;P ð3Þ

where P1 is

P1 ¼
Y4

i¼1

T1 RCCli
ð Þ ð4Þ

which is symmetric with respect to all the four chlorine

atoms, and goes to zero as one of the chlorine atoms is

abstracted, and T1 is a geometry-dependent switching

function, given by

T1 RCCli
ð Þ ¼ 1� tanh w1 RCCli

� w2ð Þ½ � ð5Þ

where w1 and w2 are adjustable parameters. Therefore, this

adds 2 new parameters (total 16 parameters) to describe the

stretching potential.

The Vharm term is the sum of six harmonic terms, one for

each bond angle in tetrachloromethane,

Vharm ¼
1

2

X3

i¼1

X4

j¼iþ1

k0
ijkikj hij � h0

ij

� �2

ð6Þ

where k0
ij and ki are force constants and hij

0 are the reference

angles. All these magnitudes are allowed to evolve from

their value in tetrachloromethane to their value in trichlo-

romethyl by means of switching functions. In total, 16

terms need to be fitted for the calibration of the Vharm

potential.

The Vop potential is a quadratic-quartic term whose aim

is to correctly describe the out-of-plane motion of

trichloromethyl,

Vop ¼
X4

i¼1

fDi

X4

j¼1
j6¼i

Dij

� �2 þ
X4

i¼1

hDi

X4

j¼1
j6¼i

Dij

� �4
: ð7Þ

The general expressions are given by Jordan and Gilbert

[10] and are not repeated here. The force constants, fDi
and

hDi
are switching functions which are such that Vop

vanishes at the tetrachloromethane limit, and Dij is given

by,

Dij ¼ cos�1 ðrk � rjÞ � ðrl � rjÞ
kðrk � rjÞ � ðrl � rjÞk

� ri

rik k

� �
� h0

ij ð8Þ

where the vectors r are associated with the bonds R, and hij
0

are the reference angles. The original expressions [10] were

developed for the H ? CH4 reaction yielding the CH3

radical, which is planar. However, there is some

controversy about the geometry of the CCl3 radical—

whether it is planar or pyramidal [6]. Theoretical

calculations [4, 5] at the DFT or ab initio levels give

pyramidal geometries, with dihedral angles, ClCClCl, of

about 145�. Therefore, in this paper we have modified the

reference angle hij
0 in Eqs. 6 and 8. Thus, the original

expression [10],
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h0
ij ¼ sþ ðs� p=2Þ Su RCCli

ð Þ:Su RCClj

� �
� 1

� 	

þ ðs� 2p=3Þ S# RCClk
ð Þ:S# RCCll

ð Þ � 1½ �
ð9Þ

where s = 109.4�, and Su and Sh are two switching

functions, is replaced by

h0
ij ¼sþ ðs� s1Þ Su RCCli

ð Þ:Su RCClj

� �
� 1

� 	

þ ðs� s2Þ S# RCClk
ð Þ:S# RCCll

ð Þ � 1½ �
ð10Þ

where s2 is the bending angle ClCCl in the CCl3 product,

and s1 is related to s2 by the expression

s1 ¼ p� arcsin
sinðs2=2Þ
sinðp=3Þ

� �
ð11Þ

For the calibration of the Vop potential, 5 new

parameters are needed.

The PES, therefore, depends on 37 parameters, 16 for

the stretching, 16 for the harmonic term, and 5 for the out-

of-plane potential. These 37 parameters give great flexi-

bility to the PES, while keeping the VB-MM functional

form physically intuitive.

Having selected the functional form, we next consider

the calibration of the PES. This process has been

described in detail elsewhere [1], so that here we shall

present just a short description of the three steps of the

process. Note, however, that, unlike the previous PES-

2005 [1] which was calibrated against theoretical and

experimental data, i.e., it was semiempiral in nature, in

the present PES, denominated PES-2010, only theoretical

information, DFT or ab initio, is used in the fitting

procedure. In the first step, we change the parameters of

the PES related to the geometric, energy, and vibrational

properties of the reactants and products (RCCl,R
0 , RCCl,P

0 ,

RClH, RCH, DCCl
1 , DClH

1 , aClH), so that the geometries,

heat of reaction, and vibrational frequencies agree with

the available theoretical data. In the second step, we re-

fit some parameters in order to reproduce the charac-

teristics of the quantum mechanically calculated saddle

point, in particular, the geometry, barrier height, and

vibrational frequencies (DCCl
3 , DClH

3 , DCH
1 , DCH

3 , aCH).

Finally, as the third step of the calibration, we re-fit

some parameters of the analytical PES in order to

reproduce the topology of the reaction, from reactants to

products, using especially the switching functions. With

this relation between parameters and reaction properties,

we maintain the problem physically intuitive. Note, for

instance, that the difference between DCCl
1 and DClH

1 , the

dissociation energies of the broken and formed bonds,

represents the energy of reaction, -34.92 kcal mol-1.

The final values of the parameters used in the fitting

procedure are listed in Table 2.

3.2 Computational details

In the kinetics study, we used the variational transition-

state theory (VTST) [11]. Starting from the saddle point

geometry, we followed the reaction path toward both

reactants and product, obtaining the minimum energy path,

MEP [12], in the range s = ±2.0 bohr, s being the reaction

coordinate. Along the MEP, we calculated vibrational

frequencies after projecting out the motion along the

reaction path using redundant internal coordinates [13, 14].

With this information, we calculated first the ground-state

vibrationally adiabatic potential curve,

Table 2 Parameters of the new PES

R0
CCl;R 1.76000 Å

R0
CCl;P 1.74000 Å

w1 1.00 Dimensionless

w2 1.76000 Å

RCH 2.74000 Å

RClH 1.27460 Å

D1
CCli

69.94900 Kcal mol-1

D1
CH 36.58000 Kcal mol-1

D1
ClH 104.86000 Kcal mol-1

D3
CCli

14.33400 Kcal mol-1

D3
CH 12.50300 Kcal mol-1

D3
ClH 25.52400 Kcal mol-1

aCCl 1.50000 Å-1

bCCl 0.14001 Å-1

cCCl 997.614 Å-1

aCH 0.73400 Å-1

aClH 1.86770 Å-1

kCCl3 1.15770 mdyne Å rad-4

kCCl4 1.36470 mdyne Å rad-4

aa1 0.70095 Å-2

aa2 0.59996 Å-2

aa3 0.16595 Å-2

aa4 1.56998 Å-2

Ah 0.90787 Å-1

Bh 0.35488 Å-3

Ch 1.89155 Å

Au 2.40879 Å-1

Bu 0.20066 Å-3

Cu 1.92351 Å

f
CCl3

D 0.69575 mdyne Å rad-2

h
CCl3

D 0.19150 mdyne Å rad-4

a3
s 0.14191 Å-3

b3
s 1.13383 Å

s2 2.04300 rad

746 Theor Chem Acc (2011) 128:743–755

123



VG
a sð Þ ¼ VMEP sð Þ þ eG

int sð Þ ð12Þ

where VMEP(s) is the classical energy along the MEP with

its zero of energy at the reactants, and eint
G (s) is the zero-

point energy at s, and second the coupling terms [15],

Bk,F(s), measuring the coupling between the normal mode k

and the motion along the reaction coordinate, mode F.

These coupling terms are the components of the reaction

path curvature, j(s), defined as

j sð Þ ¼
X

Bk;F sð Þ
� 	2� �1=2

ð13Þ

and they control the non-adiabatic flow of energy between

these modes and the reaction coordinate [16, 17]. These

coupling terms will allow us to calculate accurate semi-

classical tunneling factors, and to give a qualitative

explanation of the possible vibrational excitation of reac-

tants and/or products, i.e., dynamical features, which are

another sensitive test of the new surface.

Rate constants were estimated by using canonical vari-

ational transition-state theory (CVT) [11, 18]. Quantum

effects in motions transversal to the reaction path were

included by using quantum–mechanical vibrational parti-

tion functions in the harmonic approach, while quantum

effects in the motion along the reaction path were included

by using the microcanonical optimized multidimensional

tunneling (lOMT) method, in which (at each energy) the

transmission probability is taken as the maximum of two

trial calculations, namely small-curvature tunneling (SCT)

[19] and large-curvature tunneling (LCT) [20] methods.

Recently, Truhlar et al. [21] have developed a new method

to calculate the tunneling effect—the least-action tunneling

transmission coefficient for polyatomic reactions, LAG—

which is also tested in this paper. The rotational partition

functions were calculated classically, and the vibrational

modes were treated as quantum mechanical separable

harmonic oscillators. All kinetics calculations were per-

formed using the general polyatomic rate constants code

POLYRATE [22].

In the dynamics study, we performed quasi-classical

trajectory (QCT) calculations [23–25] using the VENUS96

code [26], customized to incorporate our analytical PESs.

The accuracy of the trajectory was checked by the con-

servation of total energy and total angular momentum. The

integration step was 0.01 fs, with an initial separation

between the H atom and the tetrachloromethane center of

mass of 6.0 Å, and a maximum value of the impact

parameter of 3.0 Å. Since no experimental data are avail-

able, in this study we considered a relative translational

energy of 15 kcal mol-1 and a tetrachloromethane rota-

tional energy of 300 K. Batches of 100,000 trajectories

were calculated, where the impact parameter, b, was

sampled by

b ¼ bmax R1=2 ð14Þ

with R being a random number in the interval [0, 1]. The

reaction probability, Nr/NT, is the ratio of the number of

reactive trajectories and the total number of trajectories,

while the reaction cross-section is defined as

rr ¼ p b2
max Nr=NTð Þ ð15Þ

A serious drawback of the QCT calculations is related to

the question of how to handle the quantum mechanical

zero-point energy (ZPE) problem in the classical

mechanics simulation [27–37]. Many strategies have been

proposed to correct for this quantum-dynamics effect (see,

for instance, Refs. [27–31], and [34], and references

therein), but no completely satisfactory alternatives have

emerged. Here we employed a pragmatic solution, the so-

called passive method [32], even knowing that this method

perturbs the statistics, and therefore can lead to

uncertainties in the dynamics study [38]. We used two

approaches. The first discards all the reactive trajectories

that lead to either the CCl3 or the HCl product with a

vibrational energy below their respective ZPEs. This we

call histogram binning with double ZPE constraint, HB-

DZPE. Schatz et al. [39, 40] showed that in atom ? triatom

reactions this approach yields unphysically small cross-

sections, and they suggested that the ZPE constraint should

be applied just to the newly formed bond. In the present

case, it is applied only to the HCl product. This we call

histogram binning with ZPE-HCl constraint, HB-ZPE-HCl.

In this particular reaction, due to the small ZPE of both

products, CCl3 = 4.76 and HCl = 4.33 kcal mol-1, the

two approaches, HB-DZPE and HB-ZPE-HCl, give the

same results, since the CCl3 co-product is always obtained

with energies above its ZPE.

The application of Eq. 15 requires the correct determi-

nation of the number of reactive trajectories, Nr, and the

total number of trajectories, NT, which are related to the

previously analyzed ZPE problem. So, we have three

possible values of Nr: counting (1) all the reactive trajec-

tories, (2) only those that lead to both products with

vibrational energy above their ZPE (HB-DZPE), and (3)

only those that lead to HCl with vibrational energy above

its ZPE (HB-ZPE-HCl). As we have just seen, these last

two cases are equivalent for this particular reaction, so that

the possible values reduce to two: counting all the reactive

trajectories, and those with HB-DZPE. However, this form

of removing trajectories from the Nr count without taking

into account the behavior of the ensemble of trajectories

can lead to erroneous results because it modifies the sta-

tistics [38]. Recently, Bonnet [41] proposed an adiabaticity

correction in atom ? diatom reactions which simply con-

sists of omitting vibrationally adiabatic non-reactive tra-

jectories in the calculations of final attributes. Based on

Theor Chem Acc (2011) 128:743–755 747
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these ideas as applied to polyatomic systems, here we

count the total number of trajectories in two ways. First, as

has been usual in the QCT literature, we consider the total

number of trajectories run in the calculation, in our case,

NT = 100,000. In the second approach, NT in Eq. 15 is

replaced by the total number of trajectories minus the

number of reactive trajectories whose final vibrational

energy is below the ZPE of the two products (HB-DZPE

criterion), and minus the number of non-reactive trajecto-

ries whose final vibrational energy is below the ZPE of the

CCl4 reactant. This number is denoted NT
0. Therefore, we

have four counting methods for the calculations of the

reaction probability, (Nr/NT), and therefore of the reaction

cross-section, Eq. 15: Nr
all/NT; Nr

HB-DZPE/NT; Nr
all/NT

0
;

Nr
HB-DZPE/NT

0
.

4 Results and discussion

4.1 Stationary points and reaction path

The properties for the final fit of the reactants and products

are listed in Table 3, and those of the saddle point in

Table 4. One observes in Table 3 that, in general, the

agreement between PES-2010 and other theoretical values

(DFT or ab initio) is good, indicating that the PES fit and

functional form are very accurate. It is interesting to note

that the C–Cl equilibrium distance varies along the reaction

path, reproducing the theoretical and experimental behav-

ior, and improving the behavior of the more rigid PES-

2005, which wrongly assumed that the C-Cl equilibrium

distance is constant over the entire surface. Moreover, the

CCl3 product presents a pyramidal structure, with a dihe-

dral angle of 146.6�, reproducing the theoretical results.

The harmonic vibrational frequencies are systematically

lower than other theoretical values, but they reproduce the

experimental data. However, because we looked for a

balanced fit, the differences practically cancel out when we

compute the vibrational zero-point energies and the chan-

ges in reaction enthalpy at 0 K. Thus, the latter is

-32.1 kcal mol-1, improving the agreement of other the-

oretical values with experiment [6], -32.0 kcal mol-1.

The saddle point properties show reasonable agreement

with the sparse ab initio and DFT quantum chemical cal-

culations, although the new surface has a shorter C–Cl0

bond. The transition state is ‘‘early’’, i.e., it is a reactant-

like transition state, where the length of the bond that is

broken (C–Cl0) increases by only 3%, and the length of the

bond that is formed (Cl0–H) is 53% larger than at the

products. These results are similar to those obtained with

the previous PES-2005, although the imaginary frequency

characterizing this stationary point is closer to the theo-

retical values with the new surface. The combined effect of

potential energy and zero-point energy, i.e., DHo
=, the

conventional transition-state enthalpy of activation at 0 K,

6.0 kcal mol-1, is in good agreement with the values pre-

dicted by theoretical calculations.

As was noted above, one of the aims of the present work

was to improve the topology of the reaction path from

reactants to products of the earlier PES-2005, which pre-

sented a less pronounced drop than that indicated by the-

oretical results. Figure 1 plots the energy changes along the

reaction path obtained with the new PES-2010, together

with other theoretical values for comparison. These

reproduce the theoretical results, markedly improving the

topology of the previous PES-2005 in the exit channel.

Another important feature of the new PES-2010, related

to the reaction path, is the description of the possible

vibrational excitation in the entry and exit channels. The

coupling terms, Bk,F(s), between the reaction coordinate

and the orthogonal bound modes control the non-adiabatic

flow of energy between these modes and the reaction

coordinate. Figure 2 shows their sum, j, (Eq. 13) as a

function of s. We found a weak coupling between the

reaction coordinate and the C–Cl asymmetric stretch mode

(762 cm-1) in the entry channel, and a strong coupling of

the reaction coordinate to the H–Cl stretching mode in the

exit channel. Thus, this mode could appear vibrationally

excited. These qualitative results agree with our previous

PES-2005, and they will be analyzed in more detail below

in the dynamics study.

4.2 Kinetics study

Table 5 lists the variational CVT/lOMT forward rate

constants in the temperature range 300–2,500 K obtained

with the PES-2010 surface, together with experimental [2]

and other theoretical values [1, 4, 5] for comparison.

Figure 3 shows the corresponding Arrhenius plot. The

PES-2010 forward rate constants reproduce the experi-

mental values in the common temperature range, which

was already reproduced by the earlier PES-2005. In the

latter, however, the experimental rate constants were used

in the calibration process, and so the excellent agreement

between theory and experiment in the common temperature

range (300–900 K) simply represented a check of the

consistency of the parametrization. In the PES-2010,

however, only theoretical values were used in the calibra-

tion, and so the agreement with experiment reflects the

accuracy of the new PES. Our results notably improve

other theoretical values. Thus, the theoretical results of

Sheng et al. [4] underestimate the experimental rate con-

stants by factors of 2.8–1.7 in the common temperature

range (300–900 K), and those of Louis et al. [5] overesti-

mate them systematically by a factor of 2.5 (temperature

range 700–2,500 K).
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With respect to the tunneling effect (Table 5), the trans-

mission coefficient, which mostly takes into account the

quantum effects in the motion along the reaction path,

increases the rate constants by small factors, 2.14–1.01 over

the wide temperature range 300–2,500 K, similar to those

found with the PES-2005. This behavior was to be expected,

since the abstraction reaction involves the motion of a heavy

particle (a chlorine atom) that cannot easily tunnel through

the reaction barrier. We also tested large-curvature tunneling

methods and found that the small-curvature tunneling paths

are preferred in the lOMT method. The application of the

newly developed LAG method [21] does not significantly

change the rate constants (Table 5). This was to be expected,

because tunneling is not as important as when lighter parti-

cles are involved.

The activation energy can be obtained by determining the

slope of the Arrhenius plot. The values are 5.66

(300–400 K), 6.26 (300–900 K), and 6.96 (300–2,500 K)

kcal mol-1. In the common temperature range (300–900 K),

our activation energy is close to the experimental value [2] of

5.8 ± 0.2 kcal mol-1, and in agreement with the theoretical

value reported by Sheng [4], 6.3 kcal mol-1.

Finally, the equilibrium constants (Keq) are calculated

using only reactant and product properties, and hence it is a

good test of the accuracy of their description. Table 6 lists

the Keq values in the temperature range 300–2,500 K

together with the JANAF values [6] obtained from ther-

mochemical calculations,

Keq ¼ exp �DH0
R

RT
þ DS0

R

R


 �
ð16Þ

where DHR
o and DSR

o are the enthalpy and the entropy of

reaction, respectively. The PES-2010 reproduces the

Table 4 Saddle point properties

PES-2010 SLLXSa LGSb MPW48c PES-2005

Geometry

R(C–Cl) 1.763 1.756 1.755 1.787 1.748

R(C–Cl0) 1.813 1.899 1.907 1.929 1.834

R(H–Cl0) 1.952 1.810 1.654 1.845 1.998

a(C–Cl0–H) 180 180 180 180 180

Frequency

784 838 842 814 826

784 838 842 814 826

719 747 837 719 754

411 469 475 453 508

323 320 323 306 318

323 319 317 306 318

314 319 317 305 283

255 230 216 213 257

255 230 216 213 257

206 189 184 175 207

206 189 184 175 207

867 i 965 i 1,410 i 914 i 639 i

Energy

DE= 5.4 6.0 5.1 5.1 5.2

DH=(0 K) 6.0 6.5 5.6 5.5 5.8

ZPE 6.5 6.7 6.8 6.4 6.8

Geometries in Å and degrees, frequencies in cm-1, energies in

kcal mol-1

a PMP4/BHHLYP values from Ref. [4]
b CCSD(T)/UMP2 values from Ref. [5]
c This work

Fig. 1 Classical potential energy along the reaction path as a function

of the reaction coordinate, s. Black solid line: analytical PES-2010

reaction path; black dotted line: analytical PES-2005; red solid line:

PMP4/BHHLYP from Ref. [4]; red dotted line: MPW48 (present

work)

Fig. 2 Reaction path curvature, j, as a function of reaction

coordinate, s
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experimental data, an improvement over PES-2005. This is

an interesting result because the equilibrium constants

permit one to obtain the reverse rate constants, which have

yet to be measured experimentally.

4.3 Dynamics study

Reaction cross-sections, rR/Å2. The QCT results on the

PES-2010 surface are listed in Table 7 for the collision

energy of 15.0 kcal mol-1, using the different counting

Table 5 Forward rate constants (cm3 molecule-1 s-1) and transmission coefficients (j) for the H ? CCl4 reaction

T (K) PES-10a Expb SLLXSc LGSd PES-05e j (lOMT) j (LAG)

300 6.79E-15 7.62E-15 2.94E-15 6.23E-15 2.14 2.03

350 2.56E-14 3.08E-14 1.14E-14 2.43E-14 1.73 1.67

400 7.29E-14 8.81E-14 3.21E-14 6.98E-14 1.51 1.47

500 3.41E-13 3.82E-13 1.45E-13 3.27E-13 1.30 1.27

600 1.01E-12 1.02E-12 4.15E-13 9.69E-13 1.20 1.18

700 2.31E-12 2.05E-12 9.10E-13 5.04E-12 2.18E-12 1.14 1.13

800 4.40E-12 3.46E-12 1.68E-12 9.26E-12 4.11E-12 1.10 1.09

900 7.42E-12 5.20E-12 2.77E-12 1.52E-11 6.86E-12 1.08 1.07

1,000 1.15E-11 4.19E-12 2.30E-11 1.05E-11 1.07 1.06

1,500 4.75E-11 1.65E-11 9.24E-11 4.18E-11 1.03 1.02

2,000 1.10E-10 3.70E-11 2.13E-10 9.21E-11 1.02 1.01

2,500 1.97E-10 6.46E-11 3.81E-10 1.56E-10 1.01 1.00

a CVT/lOMT values
b Ref. [2]
c CVT/SCT values, Ref. [4]
d TST/Wigner values, Ref. [5], k(T) = 2.6 9 10-15 T1.632 exp(-2,185/T), in the temperature range 700–2,500 K
e CVT/lOMT values on the PES-2005, Ref. [1]

Fig. 3 Arrhenius plot of ln k (cm3 molecule-1 s-1) against the

reciprocal of the temperature (K) in the range 300–900 K for the

forward thermal reaction. Black solid line: PES-2010; black dotted
line: PES 2005; red dashed line: theoretical values from Ref. [4]; red
dotted-dashed line: theoretical values from Ref. [5]; black circles:

experimental values from Ref. 2

Table 6 Equilibrium constants for the H ? CCl4 ? HCl ? CCl3
reaction

T (K) PES-10a Expb PES-05c

300 3.82 E?26 3.72 E?26 2.97 E?26

350 1.63 E?23 1.62E?23 1.27 E?23

400 4.73 E?20 4.74 E?20 3.67 E?20

500 1.25 E?17 1.27 E?17 9.67 E?16

600 4.84 E?14 4.97 E?14 3.75 E?14

700 8.80 E?12 9.09 E?12 6.83 E?12

800 4.21 E?11 4.38 E?11 3.28 E?11

900 3.87 E?10 3.96 E?10 3.02 E?10

1,000 5.62 E?09 5.89 E?09 4.40 E?09

1,500 1.49 E?07 1.58 E?07 1.17 E?07

2,000 6.79 E?05 7.29 E?05 5.34 E?05

2,500 1.00 E?05 1.08 E?05 7.85 E?04

a CVT/lOMT values
b Ref. [6]
c CVT/lOMT values on the PES-2005, Ref. [1]

Table 7 Reaction cross-sections, rR/Å2, at 15.0 kcal mol-1 for the

H ? CCl4 reaction using the PES-2010

Counting method rR/Å2

Nr
all/NT 2.45 (2.60)

Nr
HB-DZPE/NT 2.44 (2.10)

Nr
all/NT

0 3.37

Nr
HB-DZPE/NT

0 3.36

In parentheses, values with the PES-2005

Maximum error bar: ±0.01
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methods: Nr
all/NT; Nr

HB-DZPE/NT; Nr
all/NT

0
; Nr

HB-DZPE/NT

0
. As

expected, the results are sensitive to the ZPE criterion used,

although comparatively less than in typical hydrogen

abstraction reactions [42] due to the lower values of the

ZPEs of both products, CCl3 and HCl. However, removing

the non-reactive trajectories that do not fulfill the ZPE

criterion (using NT

0
) has a significant influence on the

results, multiplying the reaction cross-section by a factor of

1.4. Unfortunately, neither theoretical nor experimental

data on the dynamics of this reaction are available, but for

the hydrogen abstraction reaction, H ? NH3 [42], we

showed that the last counting method, Nr
HB-ZPE-HCl/NT

0
,

reproduces the QM results best [43]. This analysis illus-

trates the importance of avoiding criteria based on indi-

vidual trajectories, because quantum mechanical

constraints apply to ensembles [38]. Finally, the PES-2005

results are also listed in Table 7, and one observes that,

when the same counting method is used, the cross-sections

from the two surfaces agree well.

Product energy partitioning. Table 8 lists the QCT

average product fraction of energy in translation, f0trans, and

in vibration and rotation of HCl and CCl3, f0vib(HCl),

f0rot(HCl), f0vib(CCl3), and f0rot(CCl3), at 15.0 kcal mol-1,

together with the theoretical values from PES-2005 for

comparison. For PES-2010, about 40% of the energy ends

up in translational energy, while the HCl product and the

CCl3 co-product appear with moderate and similar amounts

of internal energy, &27–30% of the total available energy.

The collinear character of the transition state explains the

low rotational excitation of the products (4 and 2%,

respectively), and the high proportion of translational

energy. The PES-2005 description is very different. Thus,

only 23% of the energy ends up in translational energy,

with the largest portion (about 60%) in vibrational energy

of the CCl3 co-product. These differences are due to the

different topology of the two surfaces, which, as was noted

above, has a clear influence of the product energy parti-

tioning, with the earlier surface overestimating the CCl3
contribution, and underestimating the HCl product

contribution.

To test the influence of the zero-point energy correction

on this property, calculations considering all trajectories

were also performed, i.e., without removing the trajectories

with energies below the ZPE of the products. The results

are also listed in Table 8. As noted above, in this particular

reaction, the influence of the ZPE criterion chosen is small

or negligible, due to the small values of the ZPEs in both

products, CCl3 and HCl.

HCl(v0, j0) product vibrational and rotational distribu-

tions. The HCl(m0) vibrational distributions calculated with

the QCT method using both the PES-2010 and the PES-

2005 surfaces are plotted in Fig. 4, where the vibrational

number is rounded to its nearest integer part. The two

surfaces give very different descriptions of this property,

with the PES-2010 surface giving a larger vibrational

excitation of the HCl co-product, related with its greater

available vibrational energy, 23% of the total energy,

versus 12% for PES-2005. With PES-2010, there is an

inversion of the vibrational population, with a peak for

m0 = 1 (59%). This result confirms the qualitative predic-

tions of the reaction path analysis (Sect. 4.1; Fig. 2) on the

vibrational excitation of the HCl product, and highlights

the capacity of this analysis in the qualitative dynamics

description, especially useful in polyatomic reactions.

The QCT state-resolved HCl(m0) rotational distributions

using PES-2010 are plotted in Fig. 5. This surface repro-

duces the universal behavior for direct bimolecular reac-

tions, i.e., the higher the vibrational state, the colder the

rotational distribution. The rotational distributions are

broad, especially at low vibrational levels, reaching up to

j0 = 16 at v0 = 0. In general, this behavior has been

described as an artifact of the QCT methods [44–50], due

to its classical nature, and when theoretical quantum–

Table 8 Product energy partitioning (percentages) for the H ? CCl4
reaction at 15.0 kcal mol-1

Reference ftrans fvib(HCl) frot(HCl) fvib(CCl3) frot(CCl3)

This work, PES-

2010

No-ZPE 42 23 4 29 2

HB-DZPE 42 23 4 29 2

PES-2005

No-ZPE 23 9 4 63 1

HB-DZPE 22 12 4 61 1

Maximum error bar calculated in this work, ±1

Fig. 4 Vibrational population for the HCl(v0) co-product in the

H ? CCl4 reaction at 15.0 kcal mol-1, using the PES-2010 (red) and

PES-2005 (blue) surfaces
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mechanical calculations are performed, one must expect

narrower and colder rotational distributions. However, in

this particular case, the quantum effects (ZPE corrections

to the trajectories and tunneling corrections) are practically

negligible, and so the QCT method is suitable in this case.

Differential cross-section. This property is doubtless one

of the most sensitive dynamics features with which to test

the quality of the potential energy surface. The QCT

vibrationally state-resolved HCl(m0) scattering angular

distributions on PES-2010 at a collision energy of

15.0 kcal mol-1 are plotted in Fig. 6. All the vibrational

states show backward scattering, and as the vibrational

state increases, HCl(m0 = 0 ? m0 = 4), the scattering

becomes increasingly backwards oriented. This is the

expected behavior for a rebound mechanism with low

impact parameters, and it is favoured by the collinear

configuration of the transition state. The PES-2005 presents

the same behavior, with backward scattering, and is

therefore not represented here.

5 Comparison of the H 1 Cl2 and H 1 CCl4 reactions

As has been noted throughout the text, no experimental

dynamics data are available for the title reaction, so that we

shall use a comparison with the well-studied and similar

L ? HH mass combination H ? Cl2 reaction to try to shed

some light on the present results. Indeed, the H ? Cl2
reaction has received much experimental attention, and

several of its properties have been determined: HCl

vibrational and rotational distributions [51–55], DCS

scattering distributions in the D ? Cl2 reaction [56], and

thermal rate constants [57, 58]. Table 9 summarizes some

important features of the two reactions.

The barrier heights follow Hammond’s postulate, i.e.,

the higher the exothermicity, the lower the barrier. Due

to the similar light-heavy-heavy (LHH) mass combination,

the skew angle, b, between the axes of the entrance and exit

valleys of the potential energy surface is close to p/2 in

both reactions. Under these conditions, the typical trajec-

tory is practically rectilinear, where the H atom approaches

Fig. 5 Vibrational state-resolved rotational populations for the HCl

product in the H ? CCl4 ? HCl (v0, j0) ? CCl3 reaction

Fig. 6 Vibrational state-resolved product angular distributions for the

H ? CCl4 ? HCl (v0, j0) ? CCl3 reaction. The areas under the

curves are normalized

Table 9 Some energy and dynamics properties for the H ? Cl2 and

H ? CCl4 reactions

H ? Cl2 H ? CCl4

Energy

DHR(0 K) -45.2 -32.1

DE= 0.55 5.4

Skew angle 83� 82�
Product energy partitioning

ftrans 0.53 0.42a

fv(HCl) 0.39 ± 0.03 0.23

fr(HCl) 0.08 ± 0.01 0.04

fv(CCl3) 0.29

fr(CCl3) 0.02

HCl(v0) vibrational population

v0 = 0 0.05

v0 = 1 0.14 ± 0.03 0.59

v0 = 2 0.40 ± 0.04 0.28

v0 = 3 0.40 ± 0.04 0.07

v0 = 4 0.05 ± 0.01 0.01

Differential cross-section Backward, 180� Backward, 180�

DHR(0 K), enthalpy of reaction at 0 K; DE=, classical barrier height,

both in kcal mol-1

a Maximum error bar calculated in this work, ±0.01
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closely before Cl–C repulsion sets in and abruptly accel-

erates the separation of the co-product (Cl or CCl3,

respectively), leading to the products having a major

translational energy. Simultaneously, the energy released

as rotation is small (4–8% of the total energy), and the HCl

product will therefore appear rotationally cold. This is due

to the collinear character of the transition state and to the

fact that the center-of-mass of the HCl molecule is prac-

tically in the chlorine atom. As for the HCl(v0) vibrational

distribution, both reactions present population inversion,

i.e., they are potential chemical lasers, peaking at v0 = 2–3

and v0 = 1 for the H ? Cl2 and H ? CCl4 reactions,

respectively. This difference can be explained by the

higher available energy in the case of the H ? Cl2 reaction.

Note that this behavior differs from that observed with the

previous PES-2005 which predicts no vibrational popula-

tion inversion. Finally, both reactions present a similar

reaction mechanism—a direct bimolecular reaction, asso-

ciated with a rebound mechanism with low impact

parameters.

6 Conclusions

In this work, we have reformulated and recalibrated a

previous analytical potential energy surface for the gas-

phase H ? CCl4 ? HCl(m0, j0) ? CCl3 reaction. The new

surface, named PES-2010, is more flexible than the pre-

vious PES-2005, and the calibration is now also intended to

reproduce the topology of the reaction path from reactants

to products, i.e., the calibration performed was not limited

to the saddle point zone. Moreover, the input information

used for the fit was exclusively based on electronic struc-

ture calculations, and no experimental data was used,

avoiding the semiempirical character of the previous PES.

First, a kinetics study using variational transition-state

theory (VTST) with multidimensional tunneling was per-

formed over the temperature range 300–2,500 K. The

thermal forward rate constants agreed with the experi-

mental information in the common temperature range,

taking into account the experimental error bar, improving

previous theoretical results from other groups. Due to it

being the heavy chlorine atom which is tunneled, the

transmission coefficient is small. The equilibrium con-

stants, which depend only on reactant and product prop-

erties, agree with experiment. This information, although

macroscopic, can be useful in dynamics analyses, because

it is a good test of the accuracy of their description. The

analysis of the reaction path curvature (kappa factor)

showed qualitatively that large H–Cl stretching vibrational

excitation is expected in the products. This qualitative

prediction agrees with the quantitative dynamics results of

the present work.

Second, an exhaustive dynamics study employing quasi-

classical trajectory (QCT) calculations was also performed

on this PES-2010. The product energy partition obtained

shows that the energy released into product translation is

high (about 40%), where the HCl(m0, j0) product appears

with low rotational energy and vibrational population

inversion, peaking at v0 = 1. The product angular distri-

bution appears clearly in the backward hemisphere, indi-

cating a rebound mechanism associated with low impact

parameters.

Third, unfortunately no experimental data are available

for the title reaction, but the comparison with the similar

and experimentally well-studied H ? Cl2 reaction showed

similar dynamics and mechanism patterns, indirectly sup-

porting our dynamics results.

In accordance with the goals set out in the Introduction,

the PES-2010 improves the results of the earlier PES-2005

since it better reproduces the electronic structure reaction

path, giving a deeper fall in energy in the product valley.

This behavior has a direct consequence on the dynamics

description of the reaction.

In sum, the agreement obtained using the newly con-

structed surface with the available kinetics measurements,

and with the dynamics results of the similar light-heavy-

heavy H ? Cl2 reaction, lends confidence to the new PES-

2010 surface.

Finally, the fact that ZPE corrections to the trajectories

and tunneling corrections to the reaction rates are relatively

small, both being quantum effects, leads us to think that

this reaction behaves in a classical way. We have to take

into account that because of the masses of the atoms

involved, the energy levels are closely spaced and energy

levels can be approximately taken as a continuum of

energy. Therefore, one would expect the present QCT

methods to be more accurate than when applied to lighter

systems, where quantum effects are much more important

and they can control the reactivity of the system.
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