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The photofragmentation and photointerconversion pathways of the CH3 OCl and ClCH 2 OH
species are studied using quantum mechanical and RRKM theories. Ten possible channels are
investigated in total and the relative importance of the various pathways in stratospheric
photochemistry is discussed.

1. Introduction
The well established involvement of chlorinated
hydrocarbons in the stratospheric ozone chemistry [1±
4] has led to the investigation of many chlorinated species that may act as chlorine reservoirs [5, 6] or interfere
in other ways in the catalytic ozone depletion cycles.
Methyl hypochlorite is such a compound, well studied
both experimentally [7±9] and theoretically [10±14], as
has its isomeric species chloromethanol [15]. Recently,
Li and Francisco [16] and Schnell et al. [17] studied the
low lying electronic states of CH3 OCl and ClCH2 OH,
respectively, and investigated the potential energy surfaces for the most important photofragmentatio n routes
for these two systems. For CH3 OCl the lowest lying
excited potential energy curves along the Cl±O coordinate were found to be highly repulsive, while all the
corresponding excited potential energy curves along
the C±O coordinate were found to contain energetic
minima. Thus, it was concluded that the photodissociation pathways of CH3 OCl should proceed along the
strongly repulsive O±Cl rather than the C±O coordinate.
For ClCH2 OH the lowest lying excited potential energy
curves were found to be highly repulsive along the C±Cl
coordinate while photodissociation along the C±O direction has to overcome a barrier of about 0.3 eV. Other
recent ab initio studies have been devoted to an examination of CH3 OCl decomposition channels [18]
and the relevant investigation of the mechanism of the
CH3 ‡ClO reaction [19]. Finally, Drougas et al. [20],
using variational RRKM theory, calculated bimolecular
rate coe cients at 298 K for the two most important
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channels of the reaction between methyl radicals and
chlorine monoxide, leading to the products CH3 O‡Cl
and HCHO‡HCl through the intermediate formation
of CH3 OCl. The extensive theoretical investigations
underline the particular interest associated with the various photofragmentatio n pathways of the ClCH2 OH
and CH3 OCl isomeric forms.
We present a kinetic study of the decomposition and
interconversion pathways of the ground state CH3 OCl
and ClCH2 OH species. The following reaction channels
are considered.
A. Production pathways for methyl hypochlorite
CH3 OCl ! CH3 ‡ OCl

…1†

CH3 OCl ! CH3 O ‡ Cl

…2†

CH3 OCl ! CH2 ‡ HOCl

…3†

CH3 OCl ! cis-HCOCl ‡ H2

…4†

CH3 OCl ! HCHO ‡ HCl

…5†

CH3 OCl ! ClCH2 OH

…6†

B. Production pathways for chloromethanol
ClCH2 OH ! Cl ‡ CH2 OH

…7†

ClCH2 OH ! ClCH2 ‡ OH

…8†

ClCH2 OH ! HCHO ‡ HCl

…9†

ClCH2 OH ! CH3 OCl

…10†

Energy-speci®c microcanonical rate constants k…E†
were calculated for processes (1)±(10) with the main
issue being the evaluation of the relative importance
of each production channel to the overall kinetics of
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each system and the mechanism of each reaction,
including bond scission, four-centre elimination and
interisomerization.

2. Quantum mechanical calculations and results
Geometry optimizations of all the species involved in
steps (1)±(10) were performed with large scale singles
and doubles coupled cluster calculations with perturbative inclusion of connected triple excitations (CCSD(T)),
using the polarized triple-zeta cc-p-VTZ basis sets from
Dunning [21]. This is a higher level of theory employed
than in previous calculations [18±20]. The Molpro 2000
program package was used [22]. Well de®ned, tight transition states were determined in production channels (4),
(5), (6), (9) and (10) and they have been labelled
according to the corresponding channel as TS4, TS5,
TS6,10 and TS9. The optimized structures for the two
isomeric minima and the transition states are depicted in
®gure 1 and generally they agree well with what could be
deduced from the literature. For example, in ClCH2 OH
we obtained 1.395 AÊ and 1.787 AÊ for the CO and CCl
bond lengths, respectively, which are in line with the
corresponding 1.385 AÊ and 1.797 AÊ values calculated at
the MP2/6-311‡‡G(d, p) level [19]. The CO and OCl
bonds in CH3 OCl were calculated as 1.425 AÊ and

Figure 1. Optimized structures for stationary points of
CH3 OCl and ClCH 2 OH production pathways.

1.689 AÊ , respectively, comparing well with 1.425 AÊ and
1.709 AÊ at the CCSD(T)/6-311G(2df, 2p) level [12].
The structures for the various transition states are
also in reasonable agreement with what is known from
the literature [18±20]. For example, the CO bond distance and HCO angle in TS5 that leads to HCHO+HCl
from CH3 OCl were found to be 1.302 AÊ and 91.88, comparing very well with the corresponding values of
1.304 AÊ and 97.78 by He et al. [18]. The ClO bond distance in TS6,10 for the interisomerization process was
found to be 2.337 AÊ, comparing well with 2.314 AÊ by
Zhou et al. [19]. The transition states have been characterized by vibrational analysis as ®rst-order saddle
points possessing one imaginary frequency, while the
optimized structures for the minima present exclusively
positive frequencies. Finally, the optimized structures
for the reaction products are also in very good agreement with analogous results in the literature [16±20],
and for this reason they are not included in ®gure 1.
Vibrational frequencies and moments of inertia calculated at the B3LYP and MP2 levels of theory, using the
Gaussian98 series of programs [23], are collected in
table 1. The calculated IR frequencies of the stationary
points are in reasonable agreement with experimental
and other theoretical data [18±20, 30, 31]. For example,
in ClCH2 OH we assigned the C±O stretch with
1083 cm¡1 , the OH stretch with 3545 cm¡1 and the OH
torsion with 331 cm¡1 , in good agreement with the
experimental values of Wallington et al. [30] and
Kunttu et al. [31].
Decomposition channels (1), (2), (3), (7) and (8)
occur without a distinct energy barrier, i.e. they are
simple bond ®ssion processes. For each of these pathways a number of energy points at the MP2(full)/631‡‡G(3df, 3dp) level of theory were examined in the
exit valley of the potential surface. These points were
investigated by varying the reaction coordinate from
the energy minimum outwards and allowing full optimization of the remaining structural parameters of the
system. From this series of points for each production
pathway, one was selected in each case, which shows the
minimum number of energy states for use in the kinetic
calculations [24]. The properties of these reaction points
(denoted hereafter as RPj, i.e. labelled after the corresponding channel as RP1, RP2, RP3, RP7 and RP8) are
also included in table 1. All the RPj points selected were
found located at a near-zero energy di erence with
respect to the corresponding products.
Figure 2 presents a reaction energy pro®le based on
coupled cluster (CCSD(T)) calculations. Chloromethanol, ClCH 2 OH, is about 40 kcal mol¡1 lower in
energy than isomeric methylhypochlorite , CH3 OCl. The
two isomers are separated by a transition state (TS6,10
in ®gure 2) resulting in a barrier of 66 kcal mol¡1 relative
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Table 1. Ab initio harmonic vibrational frequencies (in
cm¡1 ) and moments of inertia (in au) for energy
minima, transition states and reaction points involved
in processes (1)±(10).
Species
CH3 OCl

ClCH 2 OH

TS6,10

TS4

TS5

TS9

RP1

RP2

RP3

RP7

RP8

Frequencies
3133,
1488,
1020,
3545,
1353,
926,
3213,
1334,
458,
3218,
1293,
385,
3046,
1261,
502,
3779,
1418,
1008,
3354,
1463,
547,
3095,
1443,
1018,
3342,
1405,
1112,
3505,
1353,
626,
3445,
1238,
668,

3113,
1475,
661,
3034,
1297,
615,
3093,
1193,
342,
2545,
1120,
306,
2956,
1243,
398,
3132,
1275,
670,
3354,
985,
209,
3048,
1407,
228,
3009,
1373,
1011,
3034,
1297,
415,
3167,
1091,
510,

3038, 1537,
1204, 1181,
365, 261
2934, 1456,
1150, 1083,
442, 231
1850, 1543,
1073, 824,
124, 1800i
1739, 1460,
899, 844,
241, 1339i
1736, 1531,
1179, 957,
302, 1891i
3051, 1554,
1256, 1093,
380, 487i
3161, 1464,
788, 584,
64, 273i
2961, 1552,
1189, 1172,
221, 230i
2897, 2829,
1365, 1223,
810, 716i
2934, 1456,
1150, 1083,
342, 223i
3276, 1499,
1074, 841,
384, 541i

Ia

Ib

Ic

43.0

297.5

328.9

45.9

330.8

360.5

57.9

353.1

398.0

44.5

402.7

426.2

52.3

389.7

433.2

47.0

320.6

356.1
Figure 2.

73.2

443.8

503.9

50.7

518.9

525.4

18.9

461.0

482.5

33.9

216.9

247.3

24.7

413.5

436.4

to CH3 OCl in channels (6) and (10). This value is in
good agreement with the barrier height of 62.7 kcal
mol¡1 calculated by He et al. [18] at the G2MP2 level.
One important reaction scheme is the unimolecular
decomposition forming HCHO‡HCl via a 1,2 HCl
elimination out of each isomer, channels (5) and (9).
The products HCHO and HCl are about 10.2 kcal
mol¡1 higher in energy than ClCH 2 OH, and consequently about 31.7 kcal mol¡1 lower in energy relative
to CH3 OCl. The transition state for the decomposition
of ClCH2 OH into HCHO+HCl, channel (9), leads to
an energy barrier of about 53 kcal mol¡1 relative to
ClCH2 OH with an imaginary frequency of 487 cm¡1
and elongated CCl and OH distances. Zhou et al. [19]
obtained a corresponding barrier of 40.8 kcal mol¡1 and
an imaginary frequency of 646 cm¡1 at the G2MP2/6-

Energy pro®le of CH3 OCl and ClCH 2 OH
production pathways.

311(d,p) level. The 1,2 HCl elimination from CH3 OCl,
channel (5), is also hindered by a barrier of 55 kcal
mol¡1 , which compares well with the value of
53.1 kcal mol¡1 obtained by He et al. [18]. Another interesting reaction path is the 1,1-¬ elimination of H2 ,
channel (4), leading to cis-HCOCl. The reaction
mechanism can be described by the elongation of two
CH bonds with a simultaneous abridgment of the distance between the appendan t hydrogen centres. In the
transition state TS4 the two breaking CH bonds are
1.271 AÊ and 1.490 AÊ, considerably longer than in
CH3 OCl, and the forming HH bond is 0.904 AÊ. The
calculated barrier height is 79 kcal mol¡1 with an imaginary frequency of 1339 cm¡1 , compared with 71.2 kcal
mol¡1 and 2869 cm¡1 , respectively, computed by He
et al. [18].
The other three decomposition channels, (1), (2) and
(3), occur without a distinct energy barrier. Reactions
(1) and (2) are simply cleavage reactions of CO and OCl
bonds, respectively, and they are endothermic by
79.3 kcal mol¡1 and 47.4 kcal mol¡1 . The third reaction
(3) can be described as an H migration mechanism with
an endothermicity of 93 kcal mol¡1 . Our values are in
reasonable agreement with the corresponding values
50.5, 78.1 and 89.6 kcal mol¡1 of He et al. [18]. Finally,
to complete the present study of ClCH 2 OH decomposition the two new reaction steps (7) and (8) were examined. These channels are also described as simple ®ssions
of C-Cl and C-O bonds, presenting the high endo-
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thermicities of 80.5 kcal mol¡1 and 95.4 kcal mol¡1 ,
respectively.
3. RRKM calculations
The energy speci®c microcanonical rate constants
k…E† for the reaction channels (1)±(10) were evaluated
using the RRKM (Rice±Ramsperger±Kassel±Marcus)
theory [25]. For a given reaction step at an initial reactant energy E; ki …E† is given by
ki …E; J† ˆ W i …E; J†=h%M …E; J†;

…11†

where %M …E; J† is the density of states available to the
minimum at a reactant energy E and W i …Ei ; J† is the
number of states for the active degrees of freedom of
the transition state TSi being involved in the considered
reaction step i ˆ 1; . . . ; 10. The calculations have been
carried out employing the corresponding algorithm [26].
The required input consists of the harmonic frequencies
and the moments of inertia and it is summarized in
table 1. RRKM theory was directly applied to processes
(4), (5), (6), (9) and (10), which were found to proceed
through the tight transition state con®gurations, TS4,
TS5, TS6,10 and TS9. Processes (1), (2), (3), (7) and
(8) were found to proceed via barrierless decomposition
pathways, as described in the previous section. To apply
the RRKM methodology for the examination of these
channels the principles of variational RRKM theory
were employed. According to variational theory, the
bottleneck of a reaction occurs at the point along the
minimum energy path where the number of states available, and hence the microcanonical rate constant, is at a
minimum [24±29]. Consequently, calculations were performed at calculated reaction points along the minimum
energy path for each production pathway until a
minimum in the rate was found, thereby de®ning the
reaction bottleneck. As in several previous variational
RRKM calculations for radical±molecule and radical±
radical barrierless association and decomposition reactions [20, 28, 29] we have found that the minimum in the
rate occurs at a reaction point RPj along the minimum
energy path that is located at a near zero energy di erence with respect to products. The variational evaluation of the rate coe cient for each channel produced a
minimum value at the selected reaction points, i.e. at
RP1, RP2, RP3, RP7 and RP8 located at the exit
valley of each of the pathways under consideration
and at a zero energy di erence with respect to the separating fragments . Their molecular properties have been
used in the RRKM calculations.
4. Results and discussion
Figures 3 and 4 present the microcanonical rate
constants for the CH3 OCl and ClCH2 OH production
channels, respectively. We ®rst discuss the reaction path-

Figure 3.

Microscopic rate constants for channels (1)±(6).

Figure 4.

Microscopic rate constants for channels (7)±(10).

ways of the CH3 OCl system. For an accurate treatment,
the reverse process of isomerization reaction (10) and
decomposition reactions (7)±(9) of chloromethanol
should be taken into account. However, as we can see,
these channels appear to be unimportant with regard to
the CH3 OCl system because they present reaction rates
much lower compared with the CH3 OCl decomposition
channels, as a result of the greater stability of chloromethanol. The most important production pathways
resulting from the photoactivatio n of CH3 OCl system
are the OCl bond scission to form the CH3 O+Cl
products, reaction (2), the 4-centre elimination to
HCHO‡HCl, reaction (5), and the isomerization to
chloromethanol , ClCH 2 OH, reaction (6), k2 > k5 > k6 ,
in accordance with the order of the activation barriers
that have to be overcome in each channel. The values of
the calculated rates are quite signi®cant well below
100 kcal mol ¡1 where photoexcitation of CH3 OCl
begins to occur [16], and hence these processes must
be important production channels of methyl hypochlorite in stratospheric photochemistry. Step (1)
leading to CO bond scission, CH3 +OCl, and step (4)
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leading to H2 formation, H2 ‡ cis-HCOCl, follow afterwards, since they exhibit higher activation energy barriers but they rise fast. Above 150 kcal mol¡1 all
production channels except path (3) become important
and begin to compete with each other, with channel (1)
gaining greatly in signi®cance among the others. This is
expected because the low frequencies of reaction point
RP1 are much lower than the low frequencies of the
competing channels. The less signi®cant pathway in
the CH3 OCl system is the H atom migration to Cl
leading to the products HOCl‡CH2 , which remains
much lower throughout the entire interesting energy
region.
In the case of ClCH2 OH photofragmentatio n the
situation is more distinct. The important observation
is the much lower k…E† values by about an order of
magnitude for all production pathways of ClCH2 OH
compared with the CH3 OCl isomer, re¯ecting the
much higher stability of the ClCH2 OH molecule. At a
high energy, E ˆ 400 kcal mol¡1 , the k…E† values for the
most important pathways of CH3 OCl system reach the
order of 1018 s¡1 , while the most important channels for
ClCH2 OH just reach the order of 5 £ 1016 s¡1 . Another
interesting feature is the di erent rates of isomerization.
The CH3 OCl isomerization to ClCH2 OH at E ˆ 125 kcal
mol¡1 takes place with a rate constant of the order of
3 £ 10 15 s¡1 while the reverse process ClCH2 OH!
CH3 OCl presents a rate constant of about 5 £ 1010 s¡1 .
Hence, photoactivatio n of CH3 OCl will produce chloromethanol as one of the major channels, which is not the
case for the opposite direction. Indeed, photoisomeriza tion of ClCH2 OH to CH3 OCl appears to be the least
probable reaction pathway for the fate of chloromethanol
under photoactivatio n at low energies, lower than
150 kcal mol¡1 where photoexcitatio n of this molecule
begins to take place [17]. This is a direct consequence of
the order of the activation energy barriers that have to be
overcome in each case. The isomerization rate rises fast,
however, and crosses the other rates, becoming an important channel above 200 kcal mol¡1 , again as a result of
the lower values of the low frequencies. Thus, the ClC
and CO bond scissions in ClCH2 OH appear more probable than isomerization at low energies, although the
most signi®cant channel in the low energy region is the
4-centre elimination to HCHO‡ HCl. Nevertheless, as
already said, this order changes quickly with increasing
energy, and the isomerization rate rises quickly, surpassing the 4-centre elimination process and competing
with the ClC bond scission pathway.
A comparison of processes (5) and (9) is interesting
since they both lead to the same 4-centre 1,2 elimination
products HCHO+HCl starting from the corresponding
cis conformation of each isomer. At E ˆ 75 kcal mol¡1
process (5) occurs with a rate of the order of 4 £ 1012 s¡1
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while process (9) appears faster with a reaction rate of
about 2 £ 1013 s¡1 . However, k5 increases more quickly
and both rates rise to large values of about 10 15 s¡1
when the energy doubles at 150 kcal mol¡1 .
To summarize the results of the present study we may
conclude that both isomers ClCH2 OH and CH3 OCl,
although kinetically stable under thermal energy conditions [5], present important photolytic dissociation and
interisomerization pathways under photoactivatio n at
energies lower than that at which excitation to higher
electronic states occurs. These pathways are expected to
play an interesting part in the overall stratospheric
photochemistry of chlorine containing compounds.
The present study is part of a NATO science project
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