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mosphere. Here, Semi-Classical Transition State Theory (SCTST) in full and reduced dimensions
is used to determine thermal rate constants for their unimolecular decay, as well as their decay

catalysed by a single water molecule. These reactions shed light on the applicability of SCTST
for catalysed hydrogen transfer reactions.

1 Introduction

1.1 Criegee Chemistry

Criegee intermediates (CIs), whose general structure is shown in
Fig.[1} are formed by the ozonolysis of alkenes in the atmosphere
and are intermediates in a number of critical atmospheric reac-
tion pathways2. The branching between these various reaction
paths is key in determining the overall effects of CIs on the atmo-
sphere; for example it is thought the majority of atmospheric OH
radical production is a result of CI decomposition. As a result,
the reactivity of these species has been the subject of extensive
experimental and theoretical studies in recent years#1,
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Fig. 1 Representation of a criegee intemediate
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After the CIs are formed, they can react bimolecularly
with other atmospheric molecules, the “Criegee scavengers",
(H,0BI2H14 No, 12015 302@1@@) or with another CI718, One
scavenger of particular interest is atmospheric water. Water has
been shown to be capable of catalysing several gas-phase reac-
tions12"23 and various reactions of CIs have also been found to be
catalysed by atmospheric water®2425 The reaction of Cls with
water as a scavenger (an example of which is shown in Fig.
has been shown to have a quadratic rate dependance on the con-
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(a) Reaction with a single water molecule
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Fig. 2 ‘Scavenger’ reaction of a Cl with water.

centration of water, suggesting two water molecules are involved
in the reaction®@13126l This has been backed up by theoretical
studies252730 which have shown the extra molecule completly
removes the reaction barrier. This is likely the major atmospheric
sink of H,COO™3.

CIs are also susceptible to unimolecular decay, either via three
membered ring transition states3! or, if there is a syn-alkyl
hydrogen, via a 1,4 hydrogen transfer reaction, as shown in
Fig. |3 (@), and as studied experimentally and theoretically by
Fang et al.2. This reaction has the potential to be catalysed by
water, as shown in Fig. 3| (b). These catalysed reactions have
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(b) One Water (Catalytic) - Same reaction as in (a), but with a single
water molecule in the transition state, shown in red.

Fig. 3 Unimolecular decay pathways of the criegee intemediate.

previously been studied theoretically by Anglada et al.?Z and
Long et al®® using Variational Transition State Theory with
tunnelling corrections.

In this work we study the unimolecular decomposition of the
ClIs with R=Me (‘methylated’) and R=H (‘unmethylated’) as well
as the reaction of the unmethylated species catalysed by a single
water molecule (‘unmethylated, catalysed’).

1.2 Semi-classical Transition State Theory

Theoretical studies of atmospheric processes can aid in under-
standing experimental results, building kinetic models of the
atmosphere and predicting reaction pathways. Many atmospheric
reactions of interest involve molecules that are too large to be
studied with fully quantum methods2#3> as these methods
require construction of a large, multi-dimensional potential
energy surface (PES), and solving the full-dimensional nuclear
Schrodinger equation on this surface®, Efficient methods to
study certain aspects of a reaction, for example rate constants,
have thus been developed. The simplest of these is Transition
State Theory (TST), which neglects recrossing and quantum
effects such as tunnelling. Variational Transition State Theory
(VTST), as developed by Truhlar and coworkers3Z, improves
upon TST by variationally optimising the transition state dividing
surface to find the position of minimum reactive flux, thus
minimising recrossings. VTST requires a semi-local potential
energy surface around the transition state saddle point. Quantum
tunnelling is readily treated in VTST=® using either a 1D-Eckart
potential, or in multi-dimensions to account for corner cutting
effects38 .

Other efficient rate theories have also been developed. In-
stanton theory=?, for example, provides an efficient way to
calculate the rate, if the PES in the vicinity of the transition
state is known4?., The rate is calculated by determining the
dominant tunnelling path, which is a first-order saddle point of
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the Euclidean action. The path is obtained variationally, allowing
for ‘corner cutting’ effects when the dominant tunnelling pathway
deviates from the transition state. Fluctuations from the path are
treated harmonically. Since the tunnelling pathway is, in general,
temperature dependent, the path must be re-optimised at each
temperature for which a rate is required.

Semi-classical Transition State Theory (SCTST) uses the
semi-classical Bohr-Sommerfield quantisation to relate the
vibrational configuration of the transition state to its barrier
penetration integral within the WKB approximation. Like TST,
SCTST requires only two molecular geometries to be identified
and analysed: the ‘reactant’ state, and the ‘transition’ state (TS).
Since the tunnelling barrier is not a function of temperature, no
additional ab inito calculations are required to determine the
rate constant for multiple temperatures. This form of SCTST,
developed by Miller et al. #1743 requires calculation of all third
order derivatives, and semi-diagonal fourth order derivatives, of
the PES at the transition and reactant states.

This Full-Dimensional SCTST can become prohibitively expen-
sive in computer time for large molecules with many degrees of
freedom, as the number of required third and fourth derivatives
increases rapidly. Moreover, in order to calculate the rate
constants from state-dependent reaction probabilities, all the
possible vibrational states of the transition state must be summed
over. The number of such states scales exponentially with the
system size, and this sum becomes very expensive to compute for
even medium sized molecules. The Wang-Landau algorithm##
and its implementation for parallel architectures#2 have been
employed to tackle the latter of these two scaling problems,
however the anharmonic derivative calculations remains a

significant computational expense4®.

An alternative approach to Full Dimensional SCTST (FD-
SCTST) is to use SCTST within a reduced dimensionality (RD)
framework4650,  1n the simplest model, 1D-SCTST, only the
reaction mode is treated as anharmonic, while the remaining
‘spectator’ vibrational modes are treated using a simple har-
monic oscillator model48, The computation cost is dramatically
reduced, whilst maintaining accurate results in comparison
Only two derivatives of
the PES are required - third and fourth order derivatives
along the reaction mode. In addition, the full set of vibrational
states can be enumerated with very little computational cost4446,

to the full dimensional calculation.

The unimolecular decay of CIs, shown in Fig. 3] provide inter-
esting challenges to the rate constant calculations. The reactant
molecule contains an internal rotational degree of freedom (the
reactive methyl group) that becomes constrained in the TS.
Careful treatment of this mode is therefore likely to be critical.
In addition, in the large cyclic TS of the H,O catalysed reaction,
several low frequency, and hence large amplitude, vibrational
modes exist. A normal harmonic treatment to their vibrational
partition functions may be inaccurate. Since these modes only
appear in the transition state (i.e. they are not present in the
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reactant state), the effect of these modes on the reaction is
expected to be significant. Finally, the catalysed reaction involves
the transfer of two hydrogen atoms, rather than one, a form of
reaction on which SCTST has not previously been tested. In this
work, 1D and FD results are compared to experiment in order to
evaluate the accuracy of SCTST and the importance of treating
anharmonicity in these reactions.
treating anharmonicity at various levels of electronic structure
theory. The findings suggest a procedure for applying SCTST to
catalysed unimolecular reactions with reasonable computational
expense.

In addition, we also assess

This paper is organised as follows: In section 2, the math-
ematical background of SCTST in full and one dimension is
discussed. Section 3 described the computational details used in
the calculations, and section 4 details the results and key findings
of this work. Section 5 discusses the key conclusions and outlines

plans for further work.

2 Theory

2.1 Semi-classical Transition State Theory (SCTST)

A full description of the SCTST method in full and reduced
dimensions was presented by Greene et al.®l. Here, we will
provide a brief overview and describe our own implementation
of the method.

SCTST, as developed originally by Miller et al. 4L, uses the Bohr-
Sommerfield theory to relate the F'* action variable of a quantum
system to the path integral of the momentum pp:

e +0.5) =  pr dar )
By writing the momentum in terms of the total energy and the
effective potential for some vibrational configuration {n},

]1/2 @

pr = |Ey— V{n}’(qF)

the path integral can be shown to be proportional to the barrier
penetration integral 6y, (E,), where the F th degree of freedom
corresponds to the reaction mode in a transition state:

h(np +0.5) = %e{n}, (E,) @)

Second order vibrational perturbation theory (VPT2) is then
used to write the total energy in terms of the F action variables:

E{n}fzha), ni+0.5) +Zx,, (7 +0.5) (n;+05)+Go (4

i<j

Substituting (nr + 0.5) with the penetration integral, via the
relation in equation 3| and rearranging for 6y, (E,) gives:
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The VPT2 constants are calculated using the third and fourth
order derrivatives of the potential along the normal modes, f;jx
and f;;; respectivly.®2
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Note that special care must be taken to eliminate terms with
Fermi resonances™3. The state-dependant reaction probability is
given by:

1

(10)
1 +exp [ze{n}, (Ev)]

Py (Ey) =

and the cumulative reaction probability is given by the sum
over all state-dependant reaction probabilities at the energy E,:

=Y Puy(E). an
{n}’

Microcannonical rate constants are then given by:

N(E)

2nhp (E) (12)

k(E) =

where p(E) is the density of states in the reactant, whilst

thermal rate consants are given by the Boltzman-weighted
average of the CRP24,

Wagner et al.®> pointed out this procedure gives qualitatively

incorrect results for tunnelling at low energies. The VPT2
procedure reproduces the behaviour of the barrier near the
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transition state, but does not incorporate the forward or reverse
barrier height, thus giving the incorrect asymptotic tunnelling
behaviour. This can be avoided by modelling the potential as a
piecewise, continuous, asymmetric Eckart potential that consists
of three parts. This potential function maintains the analyticity
of 6y, (Ey) whilst giving the correct asymptotic behaviour. This
method also requires calculation of the reverse barrier height,
thus the products region must be identified and analysed as well.

In 1D-SCTST, f;jx and fi;;; are set to zero unless i = j =k =F.
Thus the reaction mode is not coupled with the rest of the
vibrational (spectator) modes in the TS, which are all treated
harmonically. This reduces the computational cost of the full
dimensional calculation, as numerical derivatives are only
required for the reaction mode at the transition state. These
derivatives can be estimated cheaply using numerical differen-
tiation. Richardson Extrapolation can be used to improve the
results®Y, whereby ab initio single point energies are calculated
at small displacements along the reaction coordinate either side
of the transition state.

3 Computational Methods

3.1 Ab initio Calculations

Molecular geometries and harmonic frequencies were optimised
at the MP2/aug-cc-pVTZ2® level of theory in Gaussian 0927
using the tight convergence criteria.

For the FD calculations, the freq=anharmonic keyword was
used, at the same level of theory, to determine the x matrix, as
described in detail by Barone®2. The use of Density Functional
Theory (DFT) to determine the anharmonic x matrix was also
tested, using the B3LYP functional®® with the aug-cc-pVTZ basis
set, and a geometry optimised at this level of theory. DFT second,
third and fourth derivatives were used in the calculation of the x
matrix.

For the 1D calculation, xzr was determined from 9 MP2 single
point energies along the reaction coordinate, in the vicinity
of the transition state, and using second order Richardson
extrapolation as described by Greene et al.>l,
ies42>1l have suggested this order of extrapolation is sufficient
to give converged derivatives for a typical barrier. A step size of
AQ = 0.05 (a.m.u.)? ag was used.

Previous stud-

For the water catalysed reaction, which has two, nearly degen-
erate transition states, only one transition state, was analysed
with full dimensional VPT2 at MP2 level, due to the large cost
of this calculation. For the 1D rate, the contribution from each
TS was nearly identical, so it was assumed the FD contribution
from each TS was approximately equal, and the total rate can be
calculated as twice the rate through one transition state.
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Fig. 4 Two transition state structures of the unmethylated, water catal-
ysed reaction.

3.2 Treatment of hindered rotational degrees of freedom

Internal rotational degrees of freedom present a challenge for
rate theories. In the low temperature limit they behave as har-
monic oscillators, and in the high temperautre limit they behave
as free rotors. The partition function can be approximated either
as simple harmonic oscillator, or through an approximate ex-
pression?, which moves smoothly from the harmonic oscillator
limit, to the free rotor limit. Both these methods are tested here.

The reactant and transition states include three dihedral
angles, which can, in principle, be treated as internal rotors. The
first is a rotation about the central C-O bond, with significant
double bond character - this has a very high barrier to rotation
(120 kJ / mol1), and so can be safely considered as a harmonic
vibration rather than a rotor. The second is the rotation of the
reactive methyl group. Since this rotation is constrained in the
transition state, its treatment is expected to be critical and a
method was employed which has previously been shown?? to
treat rotating methyl groups accurately in reactive systems. The
third is the non-reactive methyl group in the methylated CI
species. Both possible hindered rotor treatments will be tested
on the two latter internal rotational degrees of freedom.

4 Results and Discussion

4.1 Stationary Point Analysis

Optimised structures for all the relevant Criegee species described
in Fig. [3| can be found in the Supplementary Information. Two
nearly degenerate transition state structures were found for the
water catalysed reactions, corresponding to the external water
hydrogens pointing ‘up’ or ‘down’ in the seven-membered ring, as
shown in Fig. 4} thus the total reaction rate can be found as the
sum of the rates through each of these transition states. All the
transition states identified are chiral, and so correspond to two
degenerate reaction pathways passing through each. Harmonic
frequencies at key stationary points are listed in Table [1|and val-
ues of xpr and Gy are compared in full and one dimension in

Table 2

4.2 Hindered Rotor

The unmethylated reaction has a single hindered rotor degree of
freedom in the reactant state. 1D-SCTST rates were calculated
using harmonic and anharmonic treatments of this mode. Unlike

This journal is © The Royal Society of Chemistry [year]



Table 1 Harmonic frequencies calculated at the MP2/aug-cc-pVTZ level
for key stationary point (cm™!)

Reactant, R = H

3253 3207 3102 3048 1515 1474
1457 1398 1296 1131 1031 996
940 745 699 481 304 224
Reactant, R =Me
3202 3192 3142 3116 3069 3055
1560 1498 1489 1476 1454 1417
1398 1325 1094 1069 991 947
931 830 624 490 352 318
290 209 170
Transition State, R =H
1523 i
3252 3237 3117 1875 1558 1505
1360 1282 1224 1037 1010 970
858 771 746 533 518
Transition State, R =Me
1501 i
3240 3188 3161 3119 3078 1891
1566 1530 1491 1480 1417 1377
1352 1093 1057 1006 990 955
872 758 674 549 515 358
290 136
Transition State + H,O, R =H
1587 i
3831 3271 3195 3142 1745 1650
1632 1573 1448 1368 1325 1264
1203 1037 1022 932 886 766
677 654 598 508 434 415
312 192
Table 2 Transition State data. All values in cm™!.
TS Dreaction XFF(lD) GO (1D) XFF (FD) GO (FD)
Uncatalysed
R=H 1523 -95.67 -19.49 -82.30 -24.86
R=Me 1501 -100.8 -20.80 -90.64 -15.53
Water Catalysed
R=H 1587 -193.1 -34.01 -115.0 -13.12

in previous studies®? the difference between the harmonic
model, and a hindered rotor treatment is very small, differing at
most by 10% at the highest temperatures studied in this work,
and by less than 0.1% at 298 K. This is owing to the relatively
high frequency of the rotation mode (224 cm~!) a result of the
interaction between the methyl group and the oxygen atoms,
hindering rotation at all but the highest temperatures, and the
large reduced moment of inertia of the rotation due to the heavy
oxygen atoms.

For the methylated reaction, treating the external methyl
group also has a negligible effect. Here the effect is small because
the differences in partition functions largely cancel out between
the reactant and transition state. The rates differ by less than 2%
at 298 K.

4.3 Effect of Anharmonicity

The effect of vibrational anharmonicity can be assessed by
comparing 1D and FD SCTST rates, as the 1D method neglects
anharmonicity in all but the reactive mode. The thermal rate
constants are compared in Fig. [5| for the unmethylated reaction,

This journal is © The Royal Society of Chemistry [year]

IOQO K 509 K 309 K 209 K
10f N\ —— FD SCTST |
N\ -—-—- 1D SCTST
8t i
T
n el l
2,
g 4 -
2} _
Ot i
1 2 3 7 5
1000 K/T

Fig. 5 Unimolecular criegee intemediate decay rates in full and one di-
mension, for the unmethylated reaction

as well as in Fig. [7| for the methylated reaction. It can be
seen that for both reactions, 1D-SCTST slightly underestimates
tunnelling at temperatures below 300 K, but gives very accurate
rate constants in the range 300-2000 K. At 298 K, the 1D and
FD results differ by just 38% and 15% for the methylated and
unmethylated reactions respectively.

For a large system, the calculation of the anharmonic constant
matrix, X, is the most expensive part of the FD-SCTST calculation,
but in general the calculated rate has a weaker dependence on
these values than the energy barrier (here calculated at CCSD(T)
level of theory) and the harmonic frequencies (here calculated
at MP2 level of theory). We investigated using cheaper methods
of electronic structure theory to calculate the x matrix. Fig. [6]
shows a comparison of MP2 and DFT methods to calculate the x
matrix. The DFT calculation, despite taking less than one tenth
of the computer time, gives excellent agreement with MP2, even
at low temperatures where the 1D rate was less accurate. This
suggests DFT should be reliable in calculating the x matrix for
SCTST calculations.

4.4 Comparison to Experiment

Chhantyal-Pun et al.®L' directly measured the rate of the thermal
unimolecular decay of (CH;),COO at 293 K using cavity ring-
down experiments. The same reaction was studied by Smith et
al.'®2 between 283 K and 303 K using time resolved UV absorp-
tion. Their measured rate constants are compared to SCTST in
full and one dimension in Fig. Also presented are the VTST
with small curvature tunnelling corrections results of Long et
al.®3. It is clear that 1D- and FD- SCTST give good agreement
both with one another and with the available experimental data,
especially for these relatively cheap calculations. Quantum tun-
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Fig. 6 Two methods of calculating x matrix contributions to the VPT2
energy for the unmethylated, uncatalysed reaction reaction

nelling dominates the rate at low temperatures, as seen by the
difference between the TST and SCTST results. Thus the 1D ap-
proximation here performs accurately, despite a dramatic cost re-
duction compared to FD-SCTST. SCTST can also be seen to per-
form well compared to VTST at low temperatures, where deep
tunnelling is significant.

4.5 Effect of Substituent Groups

By comparing the rates of the methylated and unmethylated
reactions, the effects of changing the spectator R group on the
reaction can be established. Both are compared in Fig. The
addition of the Me group slightly increases the rate of reaction.
This effect can be attributed to two factors - first, the lowering
of the reaction barrier with the methyl group, from 68 kJ/mol to
65 kJ/mol, and second, the harmonic frequency of the methyl
group rotor is lower in the transition state than the reactant
state, increasing the entropy of the transition state, reducing
the entropic barrier. When the transition state forms, the ring
formation pulls adjacent groups away from the methyl group,
reducing steric interactions, and lowering the species relative
energy, as well as the rotor frequency.

4.6 Water Catalysis

The addition of a water molecule to the transition state can
be seen to dramatically reduce the energy barrier to reaction
from 68 kJ/mol to 33 kJ/mol, as well as reducing the width of
the barrier, as shown in Fig. [0} The change barrier width can
be attributed to the large change in the anharmonic constant, xzf.

The rates calculated by 1D-SCTST and FD-SCTST calculations
are shown in Fig. In contrast to the uncatalysed reaction,
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Fig. 7 Results for the methylated, uncatalysed decomposition reac-
tion. Comparison of experimental measurements (Chhantyal-Pun®®! and
Smith®2) and other theoretical results (Long)=2 with TST and SCTST in
full and one dimensions (this work). The inset shows more clearly the
comparison of this work to experiment.
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Fig. 8 Effects of methylation on the rate of unimolecular decay on the
uncatalysed reaction, caclualted using 1D-SCTST
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Fig. 9 1D-SCTST effective barrier shapes for the uncatalysed and catal-
ysed unmethylated reactions. Since the two transition states in the catal-
ysed reaction are nearly degenerate, only one barrier is shown.

1D-SCTST fails to accurately predict the rate at low temper-
atures, particularly lower than 350 K. At 298 K, 1D-SCTST
underestimates the rate by about a factor of three. Using DFT
to calculate the x matrix dramatically reduces the computational
cost (by about a factor of ten in this example), yet gives a very
good estimate of the rate over the whole temperature range.

The origin of the discrepancy for the water catalysed reaction
between the 1D and FD methods can be attributed to three
possible causes:

1. Coupling between the non-reactive modes (x;; with i, j # F)
is non-negligible

2. The coupling between the reactive and non-reactive modes
(x;r with i # F) is non-negligible

3. The 1D estimate of xpr is poor

The first of these manifests itself in the difference in the
harmonic and anharmonic vibrational partition functions of the
reactant and transition state. The partition functions were found
to be very similar over the whole temperature range, such that
this cannot be the major source of the difference. These results
are detailed in the Supplementary Information. It is interesting
that the harmonic treatment performs so well for the transition
state, given the presence of several low frequency ring bending
modes.

The significance of the remaining two sources of error can be
determined by performing a 1D-SCTST calculation using the FD
value of xpp, the results of which are shown in Fig. Clearly,
using the full-dimensional value of xpr recovers a large amount
of the difference. The remainder can be largely attributed to

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Comparison of 1D-SCTST, FD-SCTST for the unmethylated
catalysed reaction

coupling between the non-reactive modes and the reactive mode.
The reason for the discrepancy between FD and 1D values of xpg
can be investigated.

The FD value of xgF, is given by:

e F {2 80} —30?
XFF = —> (fFFFF -y =—— (13)
1607 =1 07 4op — o

which, under the one-dimensional approximation, becomes:
72

XFF = —
16w}

2
(fFFFF - SfFFF) a4

2
30p

For the 1D calculation, derivatives of the form frp;, with i # F,
are neglected. Fig. shows the values of these derivatives
for both the catalysed and uncatalysed transition states, as
well as their values as calculated using DFT. From inspecting
Fig. it is clear that for the uncatalysed transition state, only
one non-reactive mode couples strongly to the reaction mode
through the third order derivative. This mode corresponds to
the movement of the reactive hydrogen perpendicular to the
reaction direction, out of the plane of the ring. In contrast,
for the catalysed reaction, many modes couple strongly to the
reactive mode, all of which correspond to the in-ring hydrogen
atoms moving out of the plane.

Finally, the error due to neglecting x;r is investigated. In
Fig. we show the values of x;r calculated at MP2 and B3LYP
level of theories for both the catalysed and uncatalysed transition
states. Once again, for the uncatalysed species, only one x;z has
a significantly large value. It corresponds to the same spectator
mode as we found in Fig. On the other hand, several
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Fig. 11 Comparison of FD-SCTST, 1D-SCTST and 1D-SCTST using the
FD value of xgr for the unmethylated, catalysed reaction.
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Fig. 12 Comparison of derrivatives contributing to the calculation of xzr.
Modes are in order of descending frequency, and the pure reaction mode
derrivative (frrr) is highlighted in grey.

8| Journal Name, [year], [vol.],1

0.00100

0.00075 - X 0O MP2
x B3LYP
0.00050 - © 1D X
0.00025 -
< X
u ,-.,U[ﬂnmﬂ o x
X 0.00000 - Ilhj&!mgﬁuﬁ %% xéxmﬁﬂﬁx_g,
X
~0.00025 -
’,_06\06 b * °
—0.00050 - W > S o
! p K J
~0.00075 BT
°
~0.00100
Mode (i) Mode (i)

Fig. 13 Comparison of values of x;r for the cataysed and uncatalysed
reaction. The reaction mode anhamronic cosntant (xgr) is highlighted in
grey, and the 1D value of xgr is shown as a circle.

spectator modes are found to be strongly coupled to the reaction
mode in the catalysed transition state.

4.6.1 Vibrational Locality

One possible way of understanding these differences between
the catalysed and uncatalysed reactions is by comparing the
‘locality’ of the reactive modes. The catalysed reaction has two
atoms contributing significantly to the reaction mode, whereas
the uncatalysed reaction has just one. This allows more of
the non-reactive degrees of freedom to interact strongly with
the reaction mode, increasing the likelihood of coupling to
many modes. This suggests a simple criteria for predicting the
success of 1D-SCTST; if the reaction mode is simple, and highly
localised, higher order couplings are likely to be smaller, and
so 1D approaches are valid. For complex, delocalised reaction
modes, this may not be the case.

The locality of a mode, Q, can be defined as 631,

(=Y @) (15)

1

where C; corresponds to the contribution of nucleus i to the nor-
mal mode Q:

C= Y (0 (16)
oa=x,y,z
C; also corresponds to the fraction of the kinetic energy of atom i
in the normal mode. Thus ¢ is large for modes in which only one
atom contributes significantly, and low for modes in which many
atoms are moving together. Its maximal values is one, when only
a single atom has a contribution.

Fig.[14|shows the values of C; for both reaction modes, as well
as the overall value of {. It is clear that the catalysed reaction
has a significantly less localised reactive mode, as a result of two
hydrogens being transferred, rather than one.
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Fig. 14 Locality of the two reactive modes. The atoms with large C;
correspond to the hydrogen atoms being transfered.

The relation between the localisation of a vibrational mode,
and its coupling to other modes has been explored in the con-
text of optimising coordinate systems for anharmonic vibrational
spectra®32 [t has been shown that using a coordinate system
that maximises the locality of the modes speeds up the conver-
gence of the n-mode expansion of the energy i.e. localised modes
have weaker inter-mode couplings at third and fourth order. This
relation between locality and inter-mode coupling may indicate
that it is possible to predict how strongly the reactive mode cou-
ples to other modes (and thus if the 1D approximation is valid)
by calculating the locality of this mode.

4.7 Improving 1D-SCTST

The significant improvement of 1D-SCTST when the FD value of
xpp is used, demonstrated in Fig. motivates further devel-
opments of the method. It is possible to obtain all the required
derivatives to calculate the FD value of xzp with just two addi-
tional Hessian matrices displaced along the reaction mode:

H;;(6QF) — H;j(—60F)
200F

JFij = an

and
H;i(6QF) + Hii(—00Qr) — 2H;(0)
502

where H;;(8Q) is element (i, j) of the Hessian matrix calculated
at a geometry displaced from the transition state by a distance
80. As shown in Fig. this can offer a substantial improve-
ment, for only modest additional cost. The values of xzp calcu-
lated in this way, for both the catalysed and uncatalysed transi-
tion states, are within 0.5% of the values calculated in the normal
full-dimensional calculation. For the uncatalysed reaction, this
method also brings the 1D results closer to the FD results.

(18)

SFrii =
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Fig. 15 FD-SCTST rates comparing uncatalysed and catalysed un-
methylated reaction at atmospheric water concentration.)

4.8 Catalysis in the Atmosphere
The effective first order rate constant for the decomposition of the
Criegee Intermediate in the atmosphere can be written as:
It 1t 2nd

kpxeudo — Kuncatalysed + kcalalysed [Water] atmosphere (19)
where the first term corresponds to the uncatalysed contribution,
and the second term corresponds to the catalysed contribution.
Their respective contributions are shown in Fig. where an
atmospheric water concentration® of 7.0 x 10'7 cm—3 was used.
This figure suggests that at atmospheric temperatures, the water
catalysed reaction has a significant contribution to the total rate,
and so cannot be ignored in models of these pathways.

5 Conclusions

The uncatalysed unimolecular decay of two simple Criegee Inter-
mediates have been investigated using Semi-Classical Transition
State Theory in full and one dimension. 1D-SCTST, whilst being
significantly cheaper, reproduces well the full dimensional rate
constant. Both methods also give good agreement with available
experimental data, suggesting SCTST is a reliable predictor at a
range of temperatures and for related reactions.

We have also shown that 1D-SCTST rate constants do not
compare well with the FD rates for for the water catalysed
reaction. This is a result of strong coupling of the reaction mode
to other ‘spectator’ modes, which can be understood in terms
of the delocalisation of the reactive mode. We have shown that
the accuracy in the 1D-SCTST can be improved by using an
approximate full-dimensional method where only derivatives
with at least one index corresponding to the reaction mode are
included.
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It was shown that water catalysis has a significant impact
on the overall rate of Criegee Intermediate decomposition
under atmospheric conditions. As well as its inherent interest,
understanding how a small number of water molecules can act
catalytically in gas phase reactions is also key to understanding
solution phase reaction dynamics, where explicit solvent-solute
interactions can significantly alter how the reaction proceeds.
Understanding these interactions will be key to developing rate
theories for the condensed phase.
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