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The product channels and mechanisms of the CoHClo+0O5 reaction are investigated by
step-scan time-resolved Fourier transform infrared emission spectroscopy and the G3MP2//
B3LYP/6-311G(d,p) level of electronic structure calculations. Vibrationally excited products
of HC1, CO, and COs are observed in the IR emission spectra and the product vibrational
state distribution are determined which shows that HCl and CO are vibrationally excited
with the nascent average vibrational energy estimated to be 59.8 and 51.8 kJ/mol respec-
tively. In combination with the G3MP2//B3LYP/6-311G(d,p) calculations, the reaction
mechanisms have been characterized and the energetically favorable reaction pathways have

been suggested.
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I. INTRODUCTION

As an important organic chemical, trichloroethylene
(TCE) is widely used in the industries, such as decon-
tamination on the surface of metals [1], dry-cleaning,
medicine manufacturing, and numerous other applica-
tions. It is also a very commonly used solvent for waxes,
fats, resins, and oils. On the other hand, the inevitable
release of the TCE to air, soil and water has made it
one of the most populous pollutants, causing damage to
crops and materials as well as having potential harmful
effects on human health. Thus, TCE has drawn ex-
tensive research interests from the fields of photochem-
istry, atmospheric chemistry, and combustion chemistry
[2—7]. C2HCl;, radicals could be released during the
photoexcitation or pyrolysis of TCE. The reactions of
such kind of radicals play critical roles in the chemical
processes involving TCE.

Despite the importance of CoHCly radical studies on
the reactions are rare. The photolysis of TCE and its
photocatalytic oxidation reaction at 253.7 nm have been
studied by Zuo et al. using the direct sampling mass
spectrometry [8]. They observed CO2, HCI, Cly, and
COCl; as the products of photocatalytic oxidation re-
action of TEC. But the reaction mechanisms, the ele-
mentary reactions accounting for the formation of these
products, are unknown. Still, it is a good indication
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that the observed CO,, HCIl, Cly, and COCIly from
the photocatalytic oxidation reaction of trichloroethy-
lene might originate from the free radical reactions of
C2HC12 with 02.

However, it has been lack of the knowledge on the
product channels and mechanism of the elementary re-
action of CoHCly with Os in the literature. In this work,
we intend to study the CoHCly4O4 reaction compre-
hensively by combining the experimental measurements
with the electronic structure calculations. The elemen-
tary reaction products are detected by means of step-
scan time-resolved Fourier transform infrared emission
(TR-FTIR) spectroscopy which is an effective tech-
nique probing multiple IR-active reaction products in
real time due to its multiple advantage and nanosecond
time resolution. Electronic structure calculations at
the G3MP2//B3LYP/6-311G(d,p) level are performed
to characterize the reaction mechanisms forming these
products. By exploring the energies and geometries of
the major intermediates and transition states along the
potential energy surface, the minimum energy reaction
paths are obtained. In combination with the experi-
mental TR-FTIR spectroscopic detection of the reac-
tion products, the elementary reaction channels and
their formation mechanisms are characterized for the
CoHCI5+05 reaction.

Il. EXPERIMENTAL AND THEORETICAL METHODS

The step-scan TR-FTIR is an effective technique to
acquire broad-band, time-resolved spectra of multiple
products simultaneously. The title reaction products
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are monitored by step-scan TR-FTIR. The details of
the setup have been described thoroughly in prior pub-
lications [9], and a brief introduction is presented here.
The instrument consists of a Nicolet Nexus 870 step-
scan FTIR spectrometer, Lambda Physik (LPX3051)
excimer laser, and a pulse generator (Stanford Research
DG535) to initiate the laser pulse and achieve synchro-
nization of the laser with data collection. The internal
100 kHz 16-bit digitizer and external 100 MHz 14-bit
GAGE 14100 digitizer could offer fast time resolution
and a wide dynamic range as needed. The whole ex-
periment is controlled by a personal computer. The
detector used in this experiment is the liquid nitrogen
cooled InSb detector.

Theoretically, all ab initio calculations are carried out
using the Gaussian 03 program package [10]. The ge-
ometries of the reactants, products, various intermedi-
ates, and transition states are fully optimized using the
hybrid density functional theory (DFT), Becke’s three-
parameter nonlocal exchange functional of Lee, Yang,
Parr (B3LYP) [11] with 6-311G(d,p) basis set. Har-
monic vibrational frequencies and then the zero-point
energies (ZPE) are calculated at the same level with
the optimized geometries. The reactants, products, and
intermediates are characterized by all the real frequen-
cies, whereas the transition states possess one and only
one imaginary frequency. The intrinsic reaction coordi-
nate (IRC) [12] calculations are carried out to confirm
the transition state connecting the corresponding local
minima at the B3LYP/6-311G(d,p) level. In order to
obtain more reliable energies, the single-point energy
calculations are performed at the second-order Moller-
Plesset Gaussian-3 level of theory (G3MP2) using the
B3LYP/6-311G(d,p) optimized geometries.

I1l. RESULTS AND DISCUSSION

A. Photolytic source of C2HCI; radicals

CoHCl; radicals were prepared by KrF laser photol-
ysis of CoHCl3 at 248 nm. The laser intensity was con-
trolled under 10” W c¢m? in order to avoid the existence
of multi-photon processes. Even at a low power density,
the one-photon photodissociation of CoHCls molecules
might undergo two channels:

— HCI + CQCIQ

Fortunately, the photofragment HC] and CoCl; are un-
reactive stable molecules and not likely to react with
Os. The reactions of the Cl atom with Oy are either
endothermic or slightly exothermic and hence can be
neglected. Therefore, all the co-existed photofragments
Cl atoms, HCI molecules, and chlorinated acetylenes
CyCly are not likely to compete with the highly reac-
tive CoHCl; radicals in their reaction with O5 molecules
within the time scale of experimental measurements,
i.e., tens of us. The photodissociation of CoHCI;
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molecules provide a good source of CoHCl, radicals for
the study of its consecutive reaction with O5 molecules.

Possibly, the photodissociation of the precursor
CoHClj3 could give rise to three isomers of CoHCly radi-
cals, trans-CHCl=CClI, ¢is-CHCI=CC]I, and CH=CCls.
The c¢is-CHCI=CCI is the most stable isomer (7.1
and 21.3 kJ/mol lower in energy than that of trans-
CHCl1=CCl and CH=CCl,, respectively, according to
the B3LYP/6-311G(d,p) calculations). Which is the
most important species? UV absorption spectra mea-
sured by Berry show that chloroethylene CoHCl3 has
two absorption bands in a region between 260 and
140 nm [13]. A broad absorption band at about 200 nm
is assigned to the n*«—7 transition. Both 193 and
248 nm excitation falls into this absorption band, cor-
responding to the 7*«7 transition, and is expected to
yield identical photofragments. Upon the 193 nm pho-
tolysis of the precursor CoHCl3, the cis-CHCl=CCI was
observed as the major isomer of the fragment CoHCl,
radicals [14]. Besides, the most favorable decomposition
reaction pathway of CoHCls was demonstrated to be
Cl+c¢is-CHCI=CCI in another experiment [15]. Most
recently Bylaska et al. calculated the cleavage of the
R—CI bonds of the polychlorinated ethylenes, including
C2C14, CgHClg, tmns—l,?—CgHgClg, CiS—l,Q,-CgH20127
1,1-CoH5Cly, and C3H3Cl at the RHF-CCSD(T)/aug-
cc-pVTZ//B3LYP/6-3114++G(2d,2p) level [16]. The
calculation suggested that the reduction of CoHCl;
tends to show selectivity toward the formation of
cis-1,2-CoHCl, over the formation of trans-1,2-CoHCl,
and 1,1-CoHCI, radicals. All of these experimental
and theoretical references indicated that the photodis-
sociation of the precursor CoHCl3 should yield domi-
nantly the radical species of the cis-CHCl=CCI rather
than the other two isomers, trans-CHCl=CCI, and
CH=CCl;,. Even though the much less radical species
trans-CHCI=CCI and CH=CCl; may be involved in the
reaction with O, they are expected to lead to identi-
cal products to that of the cis-CHCI=CCI since these
radical species are basically the isomers of one radi-
cal CoHCly. Therefore, we only perform theoretical
calculations of the reaction of the major isomer, cis-
CHCI=CCI with Os.

B. lIdentification of the reaction products

The TR-FTIR emission spectroscopy can probe vi-
brationally excited species formed from either the pho-
tolysis of precursor or the products of the consecutive
radical reactions. In the reference experiment when
pure precursor CoHCl3 was photolyzed, only very weak
HCI emission signal was observed, providing a slight
background for the further detection of the reaction of
cis-CHCI=CCI with O3. When the mixture of 13 Pa
of CoHCl3 and 110 Pa of Os was irradiated by 248 nm
laser, strong IR emission signals from the reaction prod-
ucts of CoHCly+04o were detected. After subtracted
from the pure photodissociation background, the TR-
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FIG. 1 Product TR-FTIR emission spectra from the reac-
tion of CoHCl240O2 taken at typical reaction times from
8 us to 155 us after initiation of the reaction by 248 nm
laser photolysis. The spectral were collected using the InSb
detector with the spectral resolution of 0.5 cm™*.

FTIR emission spectra for the CoHCly+0O5 reaction
products were obtained and the spectra at typical reac-
tion times from 8 us to 155 us are displayed in Fig.1.

Three IR emission bands can be clearly identified
from 2000 cm~! to 3000 cm~!. The strong rotation-
ally resolved emission bands spreading 2000 cm~! to
2200 cm~! are due to the rovibrational lines of the
Av=—1 transitions of vibrationally excited CO. Next to
CO, a very weak emission band spanning from 2200 and
2350 cm~! can hardly be rotationally resolved which
should be ascribed to the polyatomic COs (v1, wva,
v3)—(v1, v2, v3_1) according to its spectral position.
The third emission band from 2500 cm ™! to 3100 cm ™!
can be assigned to the rovibrational transitions of HCI
(v—v—1) based on its rotational structure and vibra-
tional frequency. From the transient IR emission spec-
tra, three reaction products HCI, CO, and CO5 can be
identified.

C. Vibrational state distribution of the products CO and
HCI

A spectral fitting has been performed for the ro-
tationally resolved CO and HCI emission bands us-
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FIG. 2 Experimental and spectral fitting result for the IR
emission bands of the products CO at the reaction times of
28 us.
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FIG. 3 (a) Experimental and spectral fitting result for the
IR emission bands of the product HCI at 28 ps. (b) The

spectral details range from 2800 cm ™' to 2900 cm™*.

ing the spectral constants of these two molecules and
a nonlinear least-squares fitting program which has
been described in detail elsewhere [17]. Representa-
tive fitting results shown in Fig.2 and Fig.3, demon-
strate further that these two bands are ascribed to CO
and HCI molecules. The best fitted rotational tem-
perature is 300 K, indicating that the rotational ex-
citation has been thermalized. About 150 collisions
take place within 28 ps at a total pressure of 120 Pa,
which is sufficient to quench the rotational excita-
tion to room temperature but not to alter the vibra-
tional excitation much. For the 28 pus CO emission
band, the best fitted vibrational populations of CO
are 1.00+0.015, 0.49+0.008, 0.28+0.006, 0.1440.005,
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FIG. 4 Representative plots of the vibrational distribution of the product (a) CO and (b) HCI at 28 ps. The straight lines
are the best fit of the data to a Boltzmann distribution with a temperature of 4900+100 K for CO.

0.0840.004, 0.04+0.003 for the vibrational levels of
v=1—6 indicating that the band is comprised of six
Av=—1 progressions of rovibrational transitions. For
the 28 ps HCI emission band, the best fitted vibra-
tional populations of HCI are 0.70+0.019, 1.004+0.011,
0.1440.009, 0.05+0.009 for the vibrational levels of
v=1—4. The IR emission band of HCI is therefore at-
tributed to four Av=-—1 progressions of rovibrational
transitions. To test the reliability of the spectral fitting
program, the vibrational populations of HCI are also
calculated manually. Each vibration-rotational line in
the P-branch is integrated and divided by its respec-
tive Einstein coefficient to yield relative population of
P,(J) and the sum of P,(J) for every J level gives the
total population for the vibrational level of v. The pop-
ulations obtained in this way agrees well with those ac-
quired from the spectral fitting, indicating that the non-
linear least-squares fitting program can provide reliable
vibrational state distributions.

As shown in Fig.4, the vibrational populations of CO
derived from the spectral fitting are found to obey the
Boltzmann distribution with a Boltzmann vibrational
temperature of 7%,;,=49004+100 K, while another prod-
uct HCI exhibits an inverted vibrational population at
v=2. The average vibrational energy can be calculated
from the normalized vibrational population N, using
the equation of

Umax

<Evib> = Z NvEu (1)

v=1

The corresponding average vibrational energy of CO
and HCI at 28 ps is calculated respectively to be 50.2
and 59.4 kJ/mol. Likewise, the average vibrational en-
ergies of CO and HCI at various reaction times are ob-
tained and listed in Table I. For both products, the
average vibrational energy does not alter much with
time, indicating that there is no significant vibrational
relaxation in the reaction system within the time scale
of experimental measurements, i.e., tens of us. The
nascent vibrational energy of CO and HCI can then be
estimated to be close to 51.8 and 59.8 kJ/mol respec-
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tively. For the polyatomic product COs, the intensity
of the emission spectra is fairly weak and could not be
fitted.

TABLE I Average vibrational energy of CO and HCI at
different reaction times ¢.

t/us E,(CO)/(kJ/mol) E,(HCI)/(kJ/mol)
11 51.8 59.8
18 50.2 60.6
28 50.2 59.4
38 49.7 58.5
52 51.4 55.6

D. Reaction mechanisms

The vibrationally excited products CO, HCIl, and
CO3 from the reaction of CoHCly with O5 have been ob-
served in the time-resolved IR emission spectra. These
products may arise from the following energetically ac-
cessible channels:

CyHCly + O3 — CHCl; 4+ COq

AH = —535.0 kJ/mol
— HCl+ CO + CICO

AH = —459.4 kJ /mol
— HCICO + CICO

AH = -359.1 kJ/mol
— CCl+ HCl + COq

AH = —277.6 kJ/mol

What are the feasible channels and what are the de-
tailed reaction mechanisms accounting for the forma-
tion of these products? Electronic structure calcula-
tions at the level of G3MP2//B3LYP/6-311G(d,p) are
performed to answer this question. Geometries of the
reactants, products, various intermediates, and transi-
tion states are optimized at the B3LYP/6-311G(d,p)
level and their single-point energies are refined at

(©2009 Chinese Physical Society
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FIG. 5 The potential energy profiles of the reaction obtained at the G3MP2//B3LYP/6-311G(d,p) level.

the G3MP2/6-311G(d,p) level using the B3LYP/6-
311G(d,p) optimized geometries. Profiles of the poten-
tial energy surface of the reaction pathways are shown
in Fig.5. The optimized geometries of the various reac-

tants, intermediate, transition states, and products are
summarized in Fig.6.

The reaction starts with the addition of Os to

the Cy;HCl, radical forming a peroxy intermediate
CoHCl;—O0—-0 without any barrier. Two isomers of
CoHCL, 04, trans (IM1-t) and cis (IM1-c) conforma-
tions, are optimized depending on the different orienta-
tion of the initial attack of Os. The energy of IM1-t and
IM1-c is 153.8 and 151.3 kJ/mol lower than that of the
reactants, respectively. IM1-t and IM1-c can isomerize
to each other through a transition state (TS1). In view
of the bond lengths, the C—C bond of the peroxy inter-
mediate IM1 keeps the double bond feature. The O—0O
bond is stretched to the single bond in IM1 and the
bond length is 1.320 A in IM1-t and 1.322 A in IM1-c.
Therefore, the radical site shifts from C;HCly to the
terminal O atom of CoHClyO49 after initial addition.

There are two reaction pathways starting from IM1.

DOI:10.1088/1674-0068/22/06/673-680

Reaction of CoHCly+0O9

A
O~
H\
C=C¢ +°0, Hine—
/ N
cl C o c( C\a
-— Oy, TS13
0.0! H‘c=c\0 —
\ /-23. el
' of - Cl S8 H,
:- - I/' H\C a0 T Cl
i FT48N /A
: / N/ Ts3 CI  Cl
PoTSE N -
[S3.8/150 1513 a2/ 109,5
— b 1450 -
IMIt  IMle g $30} oo
— H ' . / =0
H‘c=c:O 0 N /c=<,\’ : Clim, ¢ £
/ :
o o | oo 0 Cl Cl'. Tﬂ%
77N i /-238.7
= d «a Vo, S A TS16+CICO
g I'. ok /'I
£ Lo T ) 2963
5 - TSS ' l
" 383 TS9+CO | |}
\ ] \ /’ l" ’ \ \
Q=Y > 361241
L R L Y I R 0 oV
o o "3711;6 ' i NS
| A Sy STSE ™ e IC- \ !
'. AN o AN
! e 5 403.4° cl Lo
M3 2 M4 Lo
— \ !
4435 Cl//,,433'9 -447.7 Vot
Cl»]"p\ Ca ol m— ‘I‘ :l
- a A HCICO+CICO Y, |
/. \
c\ /k\\ ‘:
¥ 070 M 4764
—
HCHCO+CICO
B, HOC1,+CO,
EE——
-569.3

The energetically favorable one is the formation of the
three-member-ring intermediate IM2, while the other
pathway forming the four-member-ring intermediate
IM6 is much less competitive because it requires sur-
mounting much high barrier. Although it appears that
the three-member-ring structure should have stronger
strain and be less stable than four-member-ring struc-

ture, the calculation shows that IM2 (—145.0 kJ/mol)
is more stable than IM6 (—108.7 kJ/mol).

1. The lowest-energy reaction channel

The reaction pathway forming the three-member-ring
IM2 is more energetically favorable compared to the
four-member-ring route by surmounting a low barrier
of 79.0 kJ/mol. From IM1-t to IM2, the O3—04 bond
length is stretched from 1.320 A to 1.508 A (see Fig.6).
Thus, the O3—04 bond in the three-member-ring IM2
is significantly weakened. Subsequently, the breaking
of O3—04 bond of IM2 happens via TS3 with a bar-
rier of 35.5 kJ/mol. It is interesting to note that O4
atom of IM2 tends to attack C1 via a three-member-
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FIG. 6 The optimized geometries of the various reactants intermediates, transition states, and products at the B3LYP/6-
311G(d,p) level. Bond lengths are in A, angles and dihedral angles are in (°).
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ring intermediate IMq, and then the O4 atom of IMq
inserts into the C1—C2 bond. The C1-04—C2-04
backbone is then formed in IM3. IMq is a transient,
quasi-stable species and only exists at the lower levels of
theory (e.g. HF/6-311G*). It disappears at B3LYP/6-
311G(d,p) level. It can be seen from Fig.5, the energy
of IM3 is 443.5 kJ /mol lower than that of the reactant.
Thus, a large amount of available energy is deposited
into IM3, and many product channels are open start-
ing from IM3. The dominant product channel through
IM3 is the formation of HCICO+CICO via a transition
state TS4 and a barrier of 71.9 kJ/mol, corresponding
to the lowest-energy reaction path for the reaction of
CoHCI; with O5. The observed final product CO could
be released from the further dissociation of C1CO. An-
other product from this channel, HCICO turns out to be
quite stable and is not expected to undergo secondary
dissociation to HC1+CO because of the high barrier of
150.9 kJ/mol as shown in Fig.6.

2. Reaction channel forming the product CO-

There are also other pathways through IM3. The
Cl16 atom of IM3 could migrate from one carbon atom
C2 to the other one C1 by overcoming a barrier of
115.0 kJ/mol via TS5 and then IM4 is formed. The en-
ergy difference between IM3 and IM4 is only 9.6 kJ /mol.
IM4 undergoes subsequent isomerization and decompo-
sition forming a variety of final products. The feasible
reaction channel through IM4 is the torsion of C203
group leading to the formation of IM5 via TS6. The
barrier of TS6 is 30.5 kJ/mol. Subsequent decompo-
sition of IM5 forms HCClo+CO5. This should be the
most feasible reaction pathway accounting for the for-
mation of the product CO5 which has also been detected
in the TR-FTIR emission spectra.

3. Reaction channel forming the product HCI

IM4 could also dissociate directly to Cl,HCO+CO
overcoming the barrier of 65.6 kJ/mol via TS8, which
is 35.1 kJ/mol higher than that of TS6. The product
CO was released. Then Cl,HCO decomposes to HCI
and CICO via TS9. This should be the most likely
pathway yielding the product HCl which has been
observed experimentally. It is noteworthy here that
the transition state TS9 leading to the product HCI
has a H—Cl bond length (2.252 A) significantly larger
than that of the free HCl bond length (1.287 A)
which should result in the highly vibrationally excited
product HCI. In fact, our experiment has shown that
HCI exhibits an inverted vibrational state distribution.
This agreement suggests from another aspect that IM4
—TS8—Cl,HCO+CO—-TS9+CO—HCI4+-CO+CICO
should be the most probable reaction pathway leading
to the product HCIL. The whole reaction pathway is
rate-limited by the barrier of 115.0 kJ/mol from IM3
to IM4. Although HCI may also arise from the further
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dissociation of HCICO via TS16, the process is always
rate-limited by a high barrier of 150.9 kJ/mol no matter
how easily HCICO can be formed through the lowest-
energy reaction path of IM3—TS4—HCICO+CICO,
and thus is much less competitive.

There are also other product channels forming
HCICO+CICO, HCI+CO+CICO, HCCly+CO2, and
HCI4+CO45+CCl, but are much less favorable because
of much higher energy barrier. They are not discussed
in detail.

Overall, the above calculations indicate that the reac-
tion pathways leading to HC1ICO+CICO, HCCly+COs,
and HCI+CO+CICO should be the major product
channels. The dominant reaction pathway is CoHClo+
05—TS2—IM2—TS3—IM3—TS4—HCICO-+CI1CO.
There are also another two favorable pathways. One
is the pathway leading to the product CO5: CoHCly+
05,—TS2—IM2—TS3—-IM3—TS5—IM4—TS6—IM5—
TS7—HCCla+COs2. The other is the pathway yielding
HCl and CO: C3HCly+05—TS2—IM2—TS3—IM3—
TS5—IM4—TS8—Cl,HCO+CO—-TS9+CO—HCI+CO
+CICO. The product CO may arise from the HCI+CO
+CICO channel or the further dissociation of the
HCICO+CICO channel.

IV. CONCLUSION

In summary, the products and mechanisms of the
CoHCl3+02 reaction are investigated by step-scan
time-resolved Fourier transform infrared emission spec-
troscopy and the G3MP2//B3LYP/6-311G(d,p) level
of electronic structure calculations. Vibrationally ex-
cited products of HCl, CO, and CO, are observed
in the IR emission spectra and the product vibra-
tional state distribution are determined which shows
that HCIl and CO are vibrationally excited with the
nascent average vibrational energy estimated to be
59.8 and 51.8 kJ/mol respectively. In combina-
tion with the G3MP2//B3LYP/6-311G(d,p) calcula-
tions, the reaction mechanisms have been character-
ized. The reaction pathways leading to HCICO+CICO,
HCCly;4+CO5, and HCIH+CO+CICO are suggested to
be energetically favorable. The lowest-energy reac-
tion path corresponds to: CoHClo+05;—TS2—IM2
(peroxide C2Cly—00)—TS3—IM3 (three-member-ring
COO intermediate)—TS4—HCICO+CICO. These ex-
perimental and theoretical characterization of the
CoHCl3+0; reaction can add knowledge to the elemen-
tary channels and mechanisms of this type of chlori-
nated hydrocarbon radicals that are heavily involved in
various atmospheric and combustion processes.
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