
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 1

2:
01

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A computer-base
aCoimbra Chemistry Centre-Institute of Mole

Chemistry, University of Coimbra, Coimbra

uc.pt
bChemistry Department, Aarhus University,

† Electronic supplementary informa
https://doi.org/10.1039/d2ea00164k

Cite this: Environ. Sci.: Atmos., 2023, 3,
855

Received 29th November 2022
Accepted 13th March 2023

DOI: 10.1039/d2ea00164k

rsc.li/esatmospheres

© 2023 The Author(s). Published by
d solution to the oxidation
kinetics of fluorinated and oxygenated volatile
organic compounds†

Lúıs P. Viegas *a and Frank Jensen b

The OH radical is themost powerful atmospheric oxidant, being responsible for the chemical breakdown of

many pollutants released into the troposphere, including saturated volatile organic compounds (VOCs).

Numerous of these VOCs are strong greenhouse gases, including hydrofluorocarbons, whose industrial

emissions to the environment have grown significantly over time and are gradually being phased out.

The calculation of OH-initiated oxidation reaction rate constants represents an approach to determine

the atmospheric impact of fluorine-containing oxygenated VOCs, which have been regarded as a good

substitute for hydrofluorocarbons. Such calculations are challenging, especially when the VOCs are

conformationally flexible. We have recently developed a cost-effective computational protocol for such

systems based on density functional calculations and on the coupling of multiconformer transition state

theory with constrained transition state randomization. The protocol has, however, only been calibrated

against a small number of experiments, practically all of which involved OVOCs from the ether family. In

this study, we extend the scope by applying the protocol to five families of OVOCs (C3-fluorine

containing alcohols, aldehydes, esters, ethers and ketones) and compare the calculated reaction rates

with the recommended experimental values. Our calculated rate coefficients, on average, agree with the

recommended experimental values to within a factor of two, with the maximum deviation being a factor

of 2.8. These results validate the use of the protocol for computational tropospheric degradation studies

of conformationally flexible OVOCs with an unprecedented accuracy.
Environmental signicance

The impact of hydrouorocarbons (HFCs) on global warming can be hundreds to thousands of times greater than that of CO2. With the rapid rise of HFC
emissions and their projected catastrophic effects on the atmosphere and climate, the Kigali Amendment of 2016 seeks to drastically reduce the global
production and consumption of HFCs, thus contributing to the Paris agreement target of limiting the global temperature rise below 2 degrees Celsius. For this
reason, new ideas and green technologies are necessary to achieve the Kigali goals and mitigate climate change effectively. Based on the results of the present
study, we demonstrate that our cost-effective computational protocol is capable of predicting with unprecedented accuracy the rate coefficients of the OH–

initiated reactions of several families of saturated organic compounds that could replace HFCs. Consequently, our computational approach has the potential
not only to deliver the required fundamental knowledge but also to actively take part in this critical scientic endeavour.
1 Introduction

In the wake of the realization that chlorouorocarbon (CFC)
compounds were part of the ozone depletion problem and were
causing global warming,1–4 theoretical and experimental efforts
to nd environmentally friendly CFC replacements have
expanded dramatically. Almost 200 nations adopted the Kigali
Amendment to the Montreal Protocol5 in October 2016, making
cular Sciences (CQC-IMS), Department of

3004-535, Portugal. E-mail: lpviegas@ci.

DK-8000 Aarhus, Denmark

tion (ESI) available. See DOI:

the Royal Society of Chemistry
this subject even more relevant. Ratifying this protocol makes
countries stop using and producing hydrouorocarbons
(HFCs), which makes it important to nd environmentally
friendly alternatives, since these second-generation replace-
ments have a high global warming potential.6 One of the most
important parameters dening the global warming potential of
a compound is its atmospheric lifetime.7 The atmospheric
lifetime is oen decreased by introducing oxygen-containing
functional groups, and uorine-containing oxygenated volatile
organic compounds (OVOCs) are candidates for third-
generation replacements in industrial and commercial appli-
cations.8 Relative to their non-oxygenated uorinated counter-
parts, the oxygen functional groups promote chemical
activation by hydrogen-atom abstraction at distant sites from
Environ. Sci.: Atmos., 2023, 3, 855–871 | 855
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the substituent group, and thus increase the atmospheric
reactivity by OH radicals.9–11 There are a variety of applications8

for uorinated alcohols, aldehydes, esters, ethers and ketones
in industry and they can potentially replace HFCs, as mandated
by the Kigali Amendment to the Montreal Protocol.

The two main degradation pathways associated with OVOCs
are photolysis and reaction with OH radicals, with the former
being relevant only for certain families of OVOCs, such as
aldehydes and ketones:9,11,12 these two families of compounds
contain a carbonyl group which absorbs radiation in the ultra-
violet region around 280 nm due to its n/ p* transition.13 The
global lifetime7,14 (also referred to as “lifetime”, “total lifetime”
or “turnover time”15) of OVOCs based on these two degradation
pathways can be estimated as follows:

1

sglobalOVOC

¼ 1

sphotoOVOC

þ 1

sOH
OVOC

; (1)

where sphotoOVOC represents the OVOC atmospheric lifetime resulting
from the photolytic process (which depends on the altitude9,11)
and sOHOVOC is the atmospheric lifetime associated with a pseudo-
rst-order loss process with a corresponding kOH[OH] rate
constant. Interestingly, uorination of aldehydes and ketones
leads to a bathochromic shi in the UV absorption bands of the
carbonyl groups,13,16,17 enabling a better overlap with the actinic
ux available at lower altitudes and decreasing the value of the
sphotoOVOC atmospheric lifetime to a range between a few days and
a few weeks.13,16–18 Consequently, and in the context of the
compounds studied in this research, discarding sphotoOVOC from the
calculation of the sglobalOVOC global lifetimes should, in general, be
a good approximation, since the sphotoOVOC[ sOHOVOC relation between
lifetimes will be frequent. The exception are uorinated alde-
hydes and ketones, for which the much lower discrepancy
between the sphotoOVOC and sOHOVOC lifetimes can lead to large errors in
sglobalOVOC if the rst term in the right-hand-side of eqn (1) is dis-
carded. In the present case, we will focus on the bimolecular
reactions between OVOCs and the OH radical (commonly known
as the atmosphere's “detergent”), from which the atmospheric
lifetimes can be obtained by

sOH
OVOC ¼ 1

kOH½OH�: (2)

In these bimolecular degradation reactions, the OH radical
typically abstracts a hydrogen atom from the OVOC9,11,19–21

OVOCþ�OH �!kOH
OVOC� þH2O (3)

producing the corresponding OVOC radical and a water mole-
cule. A protocol for accurately calculating such kOH rate
constants is useful for predicting and understanding reactivity
trends, especially for species that cannot easily be observed
experimentally. The use of accurate theoretical rate constants
can thus provide new insights and complement information
from structure–activity relationships (SAR) derived from exper-
imental information.21 It is thus possible for theoretical
methods to play a crucial role in accelerating the discovery of
new, greener22,23 compounds with a low global warming
856 | Environ. Sci.: Atmos., 2023, 3, 855–871
potential. Providing solutions to reduce human impact on the
climate is of utmost importance within the framework of the
Kigali Amendment to the Montreal Protocol.

There are, however, some challenges associated with obtain-
ing accurate rate constants by computational methods. For
reactions where the dynamical bottleneck is difficult to locate,
robust approaches24–29 based on variational transition state theory
(VTST) are necessary. However, these become unmanageable for
molecules exhibiting rich conformational complexity, such as in
molecules of moderate/large size. Fortunately, for reactions
involving the OH radical and uorine-containing saturated
oxygenated VOCs such as the ones explored in this work, the use
of VTST is not necessary, since the transition states are well
approximated by following the conventional TST approach of
placing the dividing surfaces that separate reactants from prod-
ucts at the saddle-points of the potential energy surfaces (PESs),
instead of having to variationally optimize them. Within such
a framework, we have recently developed,30,31 tested32–36 and
improved37 a computational protocol for a cost-effective calcula-
tion of bimolecular rate constants for the reaction between cOH
and VOCs of moderate/large size. This protocol is based on
multiconformer transition state theory (MC-TST)38–44 and
a method for performing transition state sampling called con-
strained transition state randomization (CTSR).37 The MC-TST/
CTSR protocol has provided promising results for uorinated
ethers, but it clearly needs to be tested for a wider range of
uorinated OVOC compounds before it can be routinely applied.
In the present case we extend the calibration study to compounds
belonging to the hydrouoroalcohol, hydrouoroaldehyde,
hydrouoroester, hydrouoroether and hydrouoroketone fami-
lies. The study aims to assess the effectiveness of the MC-TST/
CTSR protocol in obtaining accurate rate constants for the reac-
tion between the OH radical and the ve uorinated OVOC
families listed above. We have considered two examples of C3-
uorinated OVOCs for each of the ve families of compounds, for
a total of 10 systems. Our main focus will be a comparison of the
MC-TST/CTSR predicted rate constants with the recommended
experimental values at 298.15 K, but where experimental infor-
mation is available, we also compare branching ratios and
Arrhenius parameters.

2 Theory and methods
2.1 Theoretical background

A typical example of a radical–molecule reaction of atmospheric
interest45 is the reaction between OVOCs and cOH,9,19,20 where
both reactant and product channels exhibit loose complexes
that are connected by hydrogen-abstraction transition states
(TSs). The reaction prole features three steps: (1) formation of
a prereaction complex (PRC) from the isolated OVOC + OH
radical, (2) formation of a product complex by hydrogen
abstraction from the OVOC, and (3) formation of the separated
products (OVOC radical and water) from the product complex
(PC):

step 1 : OVOCþ�OH )*
k1

k�1
½OVOC/OH�� (4)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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step 2 : ½OVOC/OH�� !k2 ½OVOC/HOH�� (5)

step 3 : ½OVOC/HOH�� !k3 OVOC� þH2O (6)

If a constant prereaction complex concentration is assumed
(steady-state assumption,46 with k−1 + k2 [ k1, indicating46,47

that the removal process of the PRC is much faster than its
formation and leading to d[PRC]/dt = 0), the effective rate
constant for reaction (3) is given by48–51

kOH ¼ k1k2

k�1 þ k2
(7)

It is generally found that k−1 reverse rate constants for step 1
in tropospheric reactions are much larger than k2 rate constants
for the irreversible unimolecular step 2 (the conditions for
which k−1 [ k2 are discussed in detail elsewhere30,31,47–51), and
kOH = k1k2/k−1 is therefore the overall rate constant for the total
reaction. The underlying reason is that the system is fully
equilibrated and thermalized at the high-pressure limit
(equilibrium-state model is applicable,47 where k1, k−1 [ k2),
and thus the Boltzmann equilibrium distribution can be used to
describe the reactants, the PRC, and the TS in step 2. In order to
check whether the steady- and equilibrium-state conditions are
met, particularly if the hydrogen-abstraction TSs are energeti-
cally below the reactants, the Gibbs free energies associated
with the reaction path should be calculated and their relative
values veried before carrying out the calculations. For tropo-
spheric reactions at 298.15 K, a typical Gibbs free energy prole
along the reaction coordinate usually supports the following
inequalities:47 DGR < DGPRC < DGTS and DGR [DGPC, where GR

is the Gibbs free energy of the reactants, against which the
remaining free energies are calculated (DGR= 0 kcal mol−1). For
example, for the 10 reactions studied in this investigation the
following average values are obtained: DGPRC ¼ 4:3 kcal mol�1,
DGTS ¼ 10:4 kcal mol�1 and DGPC ¼ �19:9 kcal mol�1. From
these values we infer that both the steady-state and equilibrium-
state assumptions are satised47 for the reactions under study.
We can consequently calculate k1/k−1 as the Keq thermal equi-
librium constant for the fast pre-equilibrium between the iso-
lated reactants and the PRC, which can be obtained using all of
the usual statistical thermodynamic methods.48–51 We can
calculate k2 by resorting to thermal TST and simplify the TST-
based rate coefficient into kOH = Keqk2. We will utilize this
approach, which has been (and still is) widely used to describe
reactions between OVOCs and cOH in the past. Within the
framework of MC-TST, this approach offers the advantage of
avoiding the need to consider the sampling of PRCs, as the sum
of the Boltzmann averaged partition functions of the PRC
conformers cancel out in the Keqk2 product, with the same
occurring to the energy values present in both exponential
factors. Such a simplication is very important in terms of the
applicability of the computational protocol, since the sampling
procedures for prereaction complexes involving exible VOCs
and cOH can be very complex.43
© 2023 The Author(s). Published by the Royal Society of Chemistry
Our latest version of the MC-TST/CTSR protocol31,35,37 incor-
porates the approach used by Petit and Harvey,40 where both the
numerator and denominator of eqn (7) are multiplied by Keq

kOH ¼ k1k2Keq

k�1Keq þ k2Keq

¼ k1k
MC-TST
OH

k1 þ kMC-TST
OH

hkOHðcalcÞ (8)

Here k1 is the rate coefficient for the formation of the pre-
reaction complex and kMC-TST

OH is identied as the calculated MC-
TST rate constants. The k1 rate constant is unique for each
specic reaction, but since it is almost independent of the
species reacting with the OH radical, we used40 a value of k1 for
collision with acetone of (k1 = (2.67 ± 0.15) × 10−11 cm3

molecule−1 s−1) as determined by experimental rate
constants52–55 for quenching of vibrationally excited cOH.

The branching ratio concerning hydrogen abstraction at
a generic –RH abstraction site will be calculated according to

GRH ¼ kRH
OHðcalcÞ

kOHðcalcÞ (9)

where kRHOH(calc) will be calculated using only TS conformers
involving the attack of the OH radical to the specic RH group.

2.2 Computational methods

The rate coefficient in our MC-TST/CTSR protocol is calculated
from the following expression,30,31,37 which stems from the
derivation presented in the ESI† of ref. 42:

kMC-TST
OH ¼ kðTÞ kBT

n0hQOH

PM
i

aiuTSiQTSi

srot;TSiPN
j

ajuOVOCj
QOVOCj

srot;OVOCj

e�V
‡=kBT (10)

Here, N is the number of OVOC reactant conformers, while M
represents the number of associated TS conformers obtained
with the CTSR approach. The Q's are total partition functions
for cOH, the ith OVOC reactant and jth TS, calculated as Q =

qtqeqvqr under the rigid rotor, harmonic oscillator approxima-
tion. Each OVOC or TS conformer Q is associated with a Boltz-
mann weight factor uOVOCj

or uTSi, which depends on EOVOCj
and

ETSi zero-point corrected relative energies of conformations
OVOCj and TSi, respectively:

uOVOCj
¼ e

�
�
EOVOCj

�EOVOC0

��
kBT ¼ e

�DEOVOCj

�
kBT (11)

uTSi ¼ e�ðETSi
�ETS0Þ=kBT ¼ e�DETSi=kBT (12)

The srot,OVOCj, srot,TSi, aj and ai are the rotational symmetry
numbers and reaction path degeneracy parameters of confor-
mations OVOCj and TSi, respectively. The quantity V‡ is calcu-
lated30,39,41,42 as V‡ = ETS0 − (EOVOC0

+ EOH) where the subscript
0 indicates the lowest energy conformer. Also, n0 = p/kBT is the
Loschmidt number at a temperature of 298.15 K and a pressure
of one atmosphere and kB and h are the Boltzmann and Planck's
constants, respectively. Finally, k(T) represents the tunneling
correction which is frequently calculated at a very low compu-
tational cost30,41,42 from the asymmetric Eckart expression,56

where the forward (V1) and reverse (V2) barrier heights are
Environ. Sci.: Atmos., 2023, 3, 855–871 | 857
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obtained by performing intrinsic reaction coordinate calcula-
tions from TS0 and optimizing the respective PRC and PC at the
endpoints. This approach, which we have been using in this
MC-TST protocol,31 is oen able to reproduce expensive and
robust multidimensional transmission coefficients, such as the
small curvature tunneling correction.57 This is mainly due to
favorable error cancellation effects in the Eckart approximation,
whereby the underestimation of the tunneling probability
(neglect of corner-cutting58–60) is compensated by an over-
estimation of the tunneling probability (rigidity of the asym-
metrical Eckart function produces a potential energy barrier
which is too narrow59–63). In the case of lower temperatures,
however, the overestimation of the Eckart tunneling probability
may be too drastic, resulting in an overestimation of k(T) and of
the rate coefficient itself. As a more robust but still affordable
alternative to the Eckart model, we have performed extra
calculations of k(T) through the use of semiclassical TST
(SCTST).64–67 In particular, we have used an improved one-
dimensional model68 (iSCTST) that besides including the
anharmonicity of the reaction mode it also correctly includes
the energetic information about the PRC and PC, thus allowing
a qualitatively correct representation of deep tunneling which
was absent in the original formulation of SCTST. For a molecule
with N atoms and with F = 3N − 6 vibrational degrees of
freedom, the xkl anharmonic constant for the reaction mode in
this one-dimensional model can be obtained by recognizing
that the transition state frequency for the reaction coordinate
(usually taken as mode F) is imaginary (uF = iu�F) and that the
reaction mode is assumed not to be coupled with the remaining
vibrational (spectator) modes in the TS, with the latter being
treated harmonically. Considering these assumptions, one can
obtain the xFF value for the anharmonic constant of the reaction
mode as66

xFF ¼ � ħ2

16uF
2

�
fFFFF þ 5

3

fFFF
2

uF
2

�
: (13)

Similarly, a barrier height correction parameter (G0) should
be included in the calculation of V1 and V269

G0 ¼ � ħ2

64uF
2

�
fFFFF þ 7

9

fFFF
2

uF
2

�
; (14)

where fFFF and fFFFF are the third and fourth order derivatives of
the potential with respect to the reaction mode coordinate. In
order to apply Wagner's model,68 one also needs to calculate the
D parameter

D ¼ �ðħuFÞ2
4xFF

(15)

and to save the value of the reduced mass associated with the
motion along the reaction path at the saddle point. Besides u�F,
V1 and V2 (which are also required by the asymmetric Eckart
model), Wagner's approach then requires the calculation of fFFF
and fFFFF in order to obtain xFF, G0 and D. In SCTST, the
anharmonic data is calculated through second-order vibra-
tional perturbation theory (VPT2), which can be routinely70
858 | Environ. Sci.: Atmos., 2023, 3, 855–871
employed in Gaussian71 for extraction of fFFF and fFFFF. Although
we have performed full VPT2 calculations for each TS0 in
Gaussian, the data required for a one-dimensional case can be
obtained with less computational effort with just a few single
point energy calculations.72,73

To determine the remaining parameters of eqn (10), elec-
tronic structure calculations were performed with the GAMESS
package.74 The calculations were carried out using our refor-
mulated protocol,31 which includes optimizing minima and TSs
at the M08-HX/pcseg-2 level,75,76 with the value of V‡ being
rened with single-point energy calculations at the M08-HX/
apcseg-2 level.

A crucial issue in solving eqn (10) is related to the reactant
and TS conformer sampling procedure. The reactant
conformers are calculated via the open source CONFAB,77 the best
performing freely available knowledge-based conformer gener-
ation tool.78 However, and because CONFAB is based on force
elds, there may be occasions when some low- and high-energy
conformers79 may be overlooked. Such a problem could be cir-
cumvented by targeting a near-complete description of the
rotameric space with more robust and computational
demanding screening methods,42,43,80,81 but an increase in
molecular size quickly renders this solution computationally
ineffective, which is the opposite of what this computational
protocol tries to achieve.

It should also be added that the CTSR procedure does not
guarantee that the lowest energy TS is found. Nevertheless, the
probability of doing so can be augmented by increasing the
number of generated geometries and/or by replacing the
intermediate PM3 step by optimizations at higher levels of
theory. An estimation of the success rate of the CTSR sampling
procedure would require a benchmark study on a chosen set of
molecules, which would imply a very thourough and extensive
mapping of the PESs associated to such OH abstraction reac-
tions. This is an extremely difficult and laborious task which, to
our knowledge, has not yet been done. However, we can state
that (1) we are not aware of theoretical atmospheric studies
concerning OH-initiated oxidation reactions that report such
a high number of TSs in molecules having a similar size to the
ones studied in this work and (2) the CTSR procedure is
a considerable improvement37 to the simplistic method that we
were using in previous versions of the MC-TST protocol.30,31

Naturally, one way to evaluate the impact of these approxi-
mations is to verify the quality of the rate constants calculated
by the MC-TST/CTSR protocol, which can be considered an
improved version of our initial protocol.30,31 The CTSR approach
is still relatively new37 and only two MC-TST/CTSR calculated
rate constants have been compared with experimental results,
both agreeing with the experimental rate coefficient36,37 within
a factor of two. In addition, it is interesting to note, since error
cancellation is an important and sometimes unpredictable
factor in TST calculations,40,42,82–84 that the MC-TST/CTSR rate
constant of the reaction between cOH and 2-butanethiol37

considering a full description of the reactant conformers is
actually farther from the recommended experimental value
than the MC-TST/CTSR rate constant based on the CONFAB

approach. Considering the fact that it is difficult to predict the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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variability in error cancellation effects in a typical TST calcula-
tion, we make an effort to address this issue by introducing
error bars as part of our approach.31

More details about the theoretical background behind eqn
(10) are described in previous publications,30,31,37–44 and these
also discuss the necessary steps to calculate the parameters
described above.30,31,35,37 The present work focuses on the quality
of the MC-TST/CTSR theoretical results for the 10 case studies
for reaction (3), and the interested reader can consult the
previous references for technical details.
3 Results and discussion

Experimental information for all 10 rate constants and respec-
tive Arrhenius ts of the form k(T) = A exp(−B/T) were gathered
from a recent database85 which compiles rate coefficients for the
gas-phase reactions of organic compounds with OH, Cl, NO3

radicals and O3.
To assess the deviation between the experimental and

calculated rate constants, we will use86 a factor r dened by

r ¼

8>>><
>>>:

kOHðcalcÞ
kexp

kOHðcalcÞ. kexp;

kexp

kOHðcalcÞ kexp . kOHðcalcÞ
(16)

This is always larger than one and allows a quantication of
the average hri deviation.

For each compound we have extended our MC-TST calcula-
tions to a temperature interval relevant for atmospheric
conditions in the troposphere,12,85,87 namely 230 # T/K # 320,
and tted the corresponding data to an Arrhenius–Kooij equa-
tion85,88,89 of the form k(T) = A exp(−B/T)(T/298)n. This provides
the necessary exibility to model the curvature of the data
points caused by the quantum tunneling factor in eqn (10) and
the kinetic model that includes the formation of the prereactant
complex85,90 in eqn (8). The rate constants have been assigned
error bars by propagating the error associated with the barrier
heights,34 which are frequently the largest source of uncertainty
in a rate constant calculation.31 In a recent work,34 the error bars
were estimated by assessing the behavior of a M08-HX-based
model chemistry against three specic OH hydrogen transfer
reactions of the HTBH38/08 database91 that bared a resem-
blance to the reactions under analysis.31,34 Such a procedure
lead to a mean unsigned error (MUE) of 0.6 kcal mol−1, which
was taken92 as the uncertainty (s‡V) associated to V‡ and propa-
gated accordingly. However, in the present work, we have
benchmarked our M08-HX/apcseg-2//M08-HX/pcseg-2 barrier
heights against corresponding high-level coupled-cluster
calculations, namely CCSD(T)/cc-pVTZ//M08-HX/pcseg-2. Such
a comparison between model chemistries yielded a MUE of
approximately 0.3 kcal mol−1, which was used92 as s‡V for the
present 10 barrier heights: V‡ ± 0.3 kcal mol−1. This value is in
line with the well known fact that the M08-HX functional
performs well in describing hydrogen abstraction barrier
heights, yielding MUE values of 1.00 and 0.73 kcal mol−1 for the
© 2023 The Author(s). Published by the Royal Society of Chemistry
DBH76 and HTBH38 data sets involving this particular type of
barrier heights.75 The coupled-cluster calculations were per-
formed with Gaussian71 and the details of this analysis can be
found in Section 3.6.

Furthermore, the temperature interval used for plotting the
experimental Arrhenius curves corresponds to the intersection
between our selected Tcalc = [230, 320] temperature interval and
the temperature interval identied in ref. 85 for each particular
OVOC, Texp = [Tmin, Tmax]: T

plot
exp = Tcalc X Texp = [T1,T2].

For each OVOC with experimental Arrhenius parameters we
can dene an sOVOC similarity index based on T1 and T2
temperatures:

sOVOC = jD(T1) − D(T2)j−1 (17)

where

D(Tx) = log kexp(Tx) − log kAK(Tx), (18)

kexp is dened by the experimental Arrhenius parameters and kAK
is the corresponding Arrhenius–Kooij quantity obtained with our
procedure. Eqn (17) provides a measure of the similarity of the
temperature variation between kexp and kAK in the
Tplotexp temperature interval, and sOVOC thus evaluates the quality of
our theoretical model in reproducing the observed experimental
behaviour in a given temperature interval. Note that for two
parallel straight lines we have maximum similarity with
D(T1) − D(T2) = 0, causing sOVOC to be undened. However, in
this work we will be comparing straight lines (kexp) with curved
ones (kAK), which means that the higher the value of sOVOC is, the
greater the similarity between the trends given by both equations.
We recognize that there are a multitude of mathematical possi-
bilities that could yield very high (or even undened) values for
sOVOC while representing very little similarity between trends, but
these possibilities are unlikely for the present systems, and we
will use sOVOC to compare the quality of our Arrhenius–Kooij
curves. For each compound we will show three different Arrhe-
nius–Kooij curves which will differ in the way V‡ and k(T) are
calculated. Two of them will use the protocol's recipe for V‡ with
k(T) calculated through the Eckart and iSCTST methods
(M08-HX-Eckart and M08-HX-iSCTST, respectively), while a third
one will be generated by calculating V‡ with our coupled-cluster
approach and with the k(T) tunneling correction obtained with
the iSCTST method (CCSD(T)-iSCTST).

Our calculated branching ratios will be compared with the
results given from ref. 13, which were derived using the SARs
from Kwok and Atkinson.93 The SAR approach is “necessarily
subject to signicant uncertainty” and is used13 “to provide
a qualitative measure of the reactivity at various sites”. While
the SARs from Kwok and Atkinson perform well for simple
hydrocarbons over large temperature ranges, they are much less
accurate for OVOCs, where the “agreement between experi-
mental rate data and values calculated using the SAR method
for reactions of OH with compounds containing oxygenated
functional groups is in general rather poor”.9 One of the reasons
for such a poor agreement is suggested to lie in the difficulty of
Environ. Sci.: Atmos., 2023, 3, 855–871 | 859
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incorporating long-range activating effects of oxygenated func-
tional groups in the SAR models.9

Note that the results for both the rate constants at 298.15 K
and respective branching ratios will be presented with the
protocol's usual procedure of calculating V‡ at the M08-HX/
apcseg-2//M08-HX/pcseg-2 level of theory along with k(T) being
obtained with the asymmetric Eckart model.31
Fig. 1 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CF2CH2OH +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [250, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).
3.1 Hydrouoroalcohols

Of the ve families of studied OVOCs, hydrouoroalcohols were
the only one that required adjustments to the CTSR procedure.
The CTSR code rst randomly generates cOH-molecule struc-
tures which are then subjected to constraints targeting an
optimization of TSs at the PM3 level of theory. The three
constraints used throughout this work were: (1) the distance
between the cOH oxygen atom and the hydrogen atom under
attack must lie in the [1.2, 1.4] Å interval; (2) the distance
between the cOH oxygen atom and all reactants' non-hydrogen
atoms must be greater than 1.70 Å and (3) the distance
between the cOH hydrogen atom and all reactants' hydrogen
atoms must be greater than 0.70 Å. Structures are then gener-
ated by the CTSR code and subsequently used as input geometry
in PM3 saddle-point optimizations. Next, the converged PM3
calculations are used as starting structures for the saddle-point
optimizations at the M08-HX/pcseg-2 level. This procedure,
however, did not lead to the discovery of any TSs regarding the
cOH attack on the –OH group at the PM3 level, even if the
numerical value of the constraints were changed. Consequently,
we then employed a more robust and computationally more
demanding procedure that used MP2/cc-pVDZ saddle-point
optimizations instead of the very fast PM3 step. The only
altered constraint was the rst, where the distance between the
cOH oxygen atom and the hydrogen atom under attack was
limited to the interval [1.05, 1.35] Å. This modication in the
procedure led to the nding of several TSs involving an attack
on the –OH group.

We should emphasize that the choice of using the MP2/cc-
pVDZ level was preceded by an initial test with the more
obvious M08-HX/pcseg-1 level of theory. However, the latter
approach yielded less TSs, with the optimization procedure
oen showing convergence difficulties. It should be empha-
sized that the use of the MP2/cc-pVDZ procedure represents an
ad hoc x for this particular system and there may be more cases
where the original CTSR procedure37 needs to be modied.

3.1.1 CF3CF2CH2OH. The reaction between CF3CF2CH2OH
and cOH can proceed through two different abstraction sites,
with the OH radical abstracting an hydrogen atom from either
the –CH2 or the –OH group:

CF3CF2CH2OHþ�OH/CF3CF2C
�HOHþH2O

/CF3CF2CH2O
� þH2O

(19)

The calculated branching ratios for the two abstraction sites
are GCH2

= 99% and GOH = 1%, which are signicantly different
from the SAR predictions of GCH2

= 58% and GOH = 42%. The
low fraction of reactions leading to abstraction from the –OH
860 | Environ. Sci.: Atmos., 2023, 3, 855–871
group is due to the fact that the lowest energy TS corresponding
to an abstraction from the –OH group is 1.87 kcal mol−1 above
TS0, which correspons an hydrogen abstraction from the –CH2

group. The corresponding V‡ barrier height is 1.82 kcal mol−1.
The t to the Arrhenius–Kooij equation provides k(298.15 K)

= (8.8 ± 3.3) × 10−14 cm3 molecule−1 s−1, while the experi-
mental results85,94 yield an Arrhenius expression of k(T)= 1.28×
10−12 exp(−748/T) cm3 molecule−1 s−1 valid in the [250, 430] K
temperature interval. The experimental recommended rate
constant at 298.15 K is k(298.15 K) = (1.04 ± 0.21) × 10−13 cm3

molecule−1 s−1, which leads to r z 1.2. The kOH(calc) points in
the 230 # T/K # 320 temperature interval are shown in Fig. 1,
together with the Arrhenius–Kooij t to those points and the
experimental Arrhenius t given above.

3.1.2 CHF2CF2CH2OH. For the reaction between CHF2-
CF2CH2OH and cOH there are three different abstraction sites,
since the OH radical can attack the –CHF2, –CH2 and –OH
groups:

CHF2CF2CH2OHþ�OH/C�F2CF2CH2OHþH2O

/CHF2CF2C
�HOHþH2O

/CHF2CF2CH2O
� þH2O (20)

The calculated branching ratios for the three abstraction
sites are: GCHF2

= 5%, GCH2
= 94% and GOH = 1%, which can be

compared with the SAR predictions: GCHF2
= 3%, GCH2

= 25%
and GOH = 72%. Note that the SAR predictions of GCHF2

= 7%,
GCH2

= 30% and GOH = 69% given in ref. 13 are incorrect, since
© 2023 The Author(s). Published by the Royal Society of Chemistry
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they do not sum up to 100%. The large MC-TST/CTSR result of
GCH2

= 94% is explained by the fact that the vast majority of the
lowest energy TSs correspond to the cOH attack at the –CH2

group. Of the 54 TSs obtained via the CTSR procedure, the 22
lowest energy ones correspond to an attack of the OH radical to
the –CH2 and –CHF2 groups. The lowest energy TSs corre-
sponding to the cOH attack at the –CHF2 and –OH groups are
0.52 and 2.13 kcal mol−1 above TS0, respectively. The V

‡ barrier
height is 0.80 kcal mol−1 and concerns an hydrogen abstraction
from the –CH2 group.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(4.4 ± 1.7) × 10−13 cm3 molecule−1 s−1, while the experimental
results85,95 gives an Arrhenius expression with k(T) = 1.31 ×

10−12 exp(−605/T) cm3 molecule−1 s−1 valid in the [263, 358] K
temperature interval. The experimental recommended rate
constant at 298.15 K is k(298.15 K) = (1.85 ± 0.70) × 10−13 cm3

molecule−1 s−1, which leads to r z 2.4. The kOH(calc) points
calculated in the 230 # T/K # 320 temperature interval are
shown in Fig. 2, together with the Arrhenius–Kooij t to those
points and the experimental Arrhenius t given above.

Fig. 1 and 2 show that the CHF2CF2CH2OH+cOH reaction is
signicantly slower than the CF3CF2CH2OH + cOH reaction.
Antiñolo et al.95 suggested that the difference between the rate
constants may be due to an important role of hydrogen
abstraction at the –CHF2 site or a long-range inductive effect of
the extra F atom in CF3CF2CH2OH responsible for deactivating
the hydrogen abstraction in the –CH2 group. Our results clearly
point to the latter hypothesis for two reasons. First, our calcu-
lated value of GCHF2

= 5% indicates that the hydrogen abstrac-
tion at the –CHF2 group has only a minor contribution to the
nal rate constant. Second, our calculations show that the V‡
Fig. 2 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CHF2CF2CH2OH +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [263, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).

© 2023 The Author(s). Published by the Royal Society of Chemistry
barrier height, which is a major factor determining the
reactivity,30,32–34 is approximately 1 kcal mol−1 lower for the
CHF2CF2CH2OH + cOH reaction. This strongly suggests that the
chemical environment of the –CH2 group for both sets of
reactants and TSs may in fact be different, for example involving
intramolecular hydrogen bonds for reactants and TSs, where
a bond critical point96 is likely to be found:97,98 C–H/F (reac-
tants) and C–H/O, O–H/O and O–H/F (TSs). One can argue
that the extra F atom in CF3CF2CH2OH increases the possibility
of forming intramolecular hydrogen bonds which could lead to
a larger difference in covalency (l descriptor of ref. 34, linearly
correlated with the size of the barrier heights) between these
possible intramolecular hydrogen bonds in TS0 and OVOC0 of
the CF3CF2CH2OH + cOH reaction with respect to the CHF2-
CF2CH2OH + cOH reaction, reecting an increasing difficulty in
breaking these bonds.
3.2 Hydrouoroaldehydes

3.2.1 CF3CF2CHO. The CF3CF2CHO + OH reaction can only
proceed with the cOH hydrogen abstraction of the –CHO alde-
hydic hydrogen

CF3CF2CHO + cOH / CF3CF2CcO + H2O (21)

which presents a V‡ barrier height of 0.55 kcal mol−1.
The t to the Arrhenius–Kooij equation yields k(298.15 K) =

(6.8 ± 0.7) × 10−13 cm3 molecule−1 s−1, with the experimental
results13,85 yielding an Arrhenius expression of k(T) = 2.05 ×

10−12 exp(−378/T) cm3 molecule−1 s−1 valid in the [252, 373] K
temperature interval. The experimental recommended rate
constant at 298.15 K is k(298.15 K) = (5.8 ± 0.9) × 10−13 cm3

molecule−1 s−1, which leads to r z 1.2. The kOH(calc) points
calculated in the 230 # T/K # 320 temperature interval are
shown in Fig. 3, together with the Arrhenius–Kooij t to those
points and the experimental Arrhenius t given above.

3.2.2 CF3CH2CHO. In the case of the CF3CH2CHO + OH
reaction the OH radical can attack the –CH2 and the –CHO
groups:

CF3CH2CHOþ�OH/CF3C
�HCHOþH2O

/CF3CH2C
�OþH2O

(22)

The calculated branching ratios for the two abstraction sites
are: GCH2

= 0% and GCHO = 100%, which agree with the SAR
predictions. Our MC-TST/CTSR results for these branching
ratios arise from the fact that the six lowest TSs refer to
hydrogen abstractions at the –CHO group within the energy
interval of 0 # DETSi # 0.54 kcal mol−1, while the remaining six
TSs correspond to hydrogen abstractions at the –CH2 group in
the energy interval of 4.56 # DETSi # 5.46 kcal mol−1. The V‡

barrier height is −0.38 kcal mol−1, but the fact that it is slightly
submerged below the reactants should not constitute
a problem, since this is a well dened TS with ZPE-corrected
energies of 1.5 and 30 kcal mol−1 above the PRC and PC,
respectively.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(3.5 ± 0.4) × 10−12 cm3 molecule−1 s−1, while the experimental
Environ. Sci.: Atmos., 2023, 3, 855–871 | 861
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Fig. 3 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CF2CHO + cOH
reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [252, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).

Fig. 4 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CH2CHO + cOH
reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [263, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).
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results85,94 yield an Arrhenius expression of k(T) = 8.34 × 10−12

exp(−334/T) cm3 molecule−1 s−1 valid in the [263, 371] K
temperature interval. The experimental recommended rate
constant at 298.15 K is k(298.15 K) = (2.7 ± 1.4) × 10−12 cm3

molecule−1 s−1, which leads to r z 1.3. The kOH(calc) points
calculated in the 230 # T/K # 320 temperature interval are
shown in Fig. 4, together with the Arrhenius–Kooij t to those
points and the experimental Arrhenius t given above.

It is worthwhile mentioning that the higher value of the rate
constant for the CF3CH2CHO + cOH reaction with respect to the
CF3CF2CHO + cOH reaction originates mainly in the different
values of V‡, with the former reaction having a V‡ value
0.93 kcal mol−1 lower than the latter CF3CF2CHO+cOH reaction.
Similarly to the two hydrouoroalcohols above, such behaviour
suggests the existence of a different chemical environment at
the corresponding –CHO groups, where the common explana-
tion considers a long range destabilizing inductive effect of the
–CF2 group in these TSs, thereby decreasing the reactivity
towards the OH radical in the CF3CF2CHO hydro-
uoroaldehyde. More generally, and as suggested above, the two
extra F atoms in this system increase the number of possible
intramolecular hydrogen bonds, which could be increasing the
l descriptor34 and therefore, according to this model, would
explain a higher value of V‡ for the CF3CF2CHO + cOH reaction.
3.3 Hydrouoroesters

3.3.1 CHF2C(O)OCH3. The CHF2C(O)OCH3 + OH reaction
can proceed via hydrogen abstraction at two different locations,
the –CHF2 and the –CH3 groups:
862 | Environ. Sci.: Atmos., 2023, 3, 855–871
CHF2CðOÞOCH3þ�OH/C�F2CðOÞOCH3 þH2O

/CHF2CðOÞOC�H2 þH2O (23)

The calculated branching ratios for the two abstraction sites
are: GCHF2

= 64% and GCH3
= 36%, which are considerably

different from the SAR predictions of GCHF2
= 15% and GCH3

=

85%. This is an interesting result, considering that 13 out of the
20 TSs found with the CTSR method concern OH radical attacks
at the CH3 group and that they account for the four lowest
energy TSs. The next seven TSs correspond to reactions at the
CHF2 group, with the associated higher-valued partition func-
tions compensating for their lower Boltzmann factors, thus
generating a higher value for GCHF2

. The lowest energy TS cor-
responding to the cOH attack at the –CHF2 group is
0.40 kcal mol−1 above TS0. The V‡ barrier height is
1.68 kcal mol−1.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(4.7 ± 1.4) × 10−14 cm3 molecule−1 s−1, but the only available
experimental result13,85 is the rate coefficient at 298.15 K:
k(298.15 K) = (1.33 ± 0.33) × 10−13 cm3 molecule−1 s−1, which
leads to rz 2.8. The kOH(calc) points calculated in the 230# T/
K # 320 temperature interval are shown in Fig. 5, together with
the Arrhenius–Kooij t to those points and the experimental
rate constant at 298.15 K.

3.3.2 CF3CFHOC(O)H. The CF3CFHOC(O)H hydro-
uoroester can be attacked by the OH radical in two different
locations, the –CFH and the –OC(O)H groups:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CHF2C(O)OCH3 +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Solid
orange circle shows the recommended value85 for the rate constant at
298.15 K (color online).

Fig. 6 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CFHOC(O)H +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [253, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 1

2:
01

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CF3CFHOCðOÞHþ�OH/CF3C
�FOCðOÞHþH2O

/CF3CFHOC�ðOÞ þH2O
(24)

The calculated branching ratios for the two abstraction sites
are GCFH = 5% and GOC(O)H = 95% are similar to the SAR
predictions of GCFH = 29% and GOC(O)H = 71%. The V‡ barrier
height is 2.79 kcal mol−1 and corresponds to a hydrogen
abstraction from the OC(O)H group. Interestingly, within the
four lowest energy TSs, the second lowest corresponds to an OH
radical attacking the –CFH group with its energy being only
0.04 kcal mol−1 above TS0. However, its partition function is one
order of magnitude below the ones associated to the other three
TSs, which is the main factor behind the difference in the
branching ratios.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(2.2 ± 0.6) × 10−14 cm3 molecule−1 s−1, while the experimental
results13,85 yield an Arrhenius expression of k(T) = 8.84 × 10−13

exp(−1181/T) cm3 molecule−1 s−1 valid in the [253, 328] K
temperature interval. The experimental recommended rate
constant at 298.15 K is given by k(298.15 K) = (1.68 ± 0.42) ×
10−14 cm3 molecule−1 s−1, which leads to rz 1.3. The kOH(calc)
points calculated in the 230 # T/K # 320 temperature interval
are shown in Fig. 6, together with the Arrhenius–Kooij t to
those points and the experimental Arrhenius t given above.
3.4 Hydrouoroethers

3.4.1 CF3CH2OCHF2. The CF3CH2OCHF2 + OH reaction
can proceed with an attack of the OH radical on the –CH2 and –

CHF2 groups
© 2023 The Author(s). Published by the Royal Society of Chemistry
CF3CH2OCHF2þ�OH/CF3C
�HOCHF2 þH2O

/CF3CH2OC�F2 þH2O
(25)

The calculated branching ratios for the two abstraction sites
are: GCH2

= 65% and GCHF2
= 35%, which are almost identical to

the SAR predictions of GCH2
= 60% and GCHF2

= 40%. The higher
predominance of GCH2

in this case arises from the seven lowest
energy TSs corresponding to OH radical attack on the –CH2

group, with the V‡ barrier height having a value of 3.37 kcal-
mol−1. The lowest energy TS corresponding to the cOH attack at
the –CHF2 group is 0.55 kcal mol−1 above TS0.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(2.5 ± 1.2) × 10−14 cm3 molecule−1 s−1, while the experimental
results85,99 yield an Arrhenius expression of k(T) = 2.90 × 10−12

exp(−1660/T) cm3 molecule−1 s−1 valid in the [253, 460] K
temperature interval. The experimental recommended rate
constant at 298.15 K is given by k(298.15 K)= (1.1± 0.2)× 10−14

cm3 molecule−1 s−1, which leads to r z 2.3. The kOH(calc)
points calculated in the 230 # T/K # 320 temperature interval
are shown in Fig. 7, together with the Arrhenius–Kooij t to
those points and the experimental Arrhenius t given above.

3.4.2 CF3CHFOCHF2. The CF3CHFOCHF2 + OH reaction
can occur with attack of the OH radical on two different groups,
namely –CHF and –CHF2

CF3CHFOCHF2þ�OH/CF3C
�FOCHF2 þH2O

/CF3CHFOC�F2 þH2O
(26)

The calculated branching ratios for the two abstraction sites
are: GCHF = 67% and GCHF2

= 33%, which almost coincide with
Environ. Sci.: Atmos., 2023, 3, 855–871 | 863

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00164k


Fig. 7 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CH2OCHF2 +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [253, 320] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).

Fig. 8 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3CHFOCHF2 +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Standard
Arrhenius fit (solid orange line) based on experimental data85 in the
Tplotexp = [241, 298] K temperature interval together with the recom-
mended experimental rate coefficient at 298.15 K (color online).
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the SAR predictions of GCHF = 60% and GCHF2
= 40%. A total of

13 TSs are found, of which four correspond to OH radical attack
on the –CHF2 group, with two of these being the highest energy
TSs. Because the 13 Boltzmann-weighted partition functions
have the same order of magnitude, the nine vs. four TSs tip the
balance in favour of GCHF The V‡ barrier height is
4.03 kcal mol−1 and concerns an hydrogen abstraction from the
–CHF group.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(4.4 ± 1.6) × 10−15 cm3 molecule−1 s−1, while the experimental
results85,99 yield an Arrhenius expression of k(T) = 8.15 × 10−13

exp(−1570/T) cm3 molecule−1 s−1 valid in the [241, 298] K
temperature interval. The experimental recommended rate
constant at 298.15 K is given by k(298.15 K)= (4.2± 0.6)× 10−15

cm3 molecule−1 s−1, which leads to r z 1.0. The kOH(calc)
points calculated in the 230 # T/K # 320 temperature interval
are shown in Fig. 8, together with the Arrhenius–Kooij t to
those points and the experimental Arrhenius t given above.
Fig. 9 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CF3C(O)CH3 + cOH
reaction in the Tcalc = [230, 320] K temperature interval. Solid orange
circle shows the recommended value10 for the rate constant at 298.15
K (color online).
3.5 Hydrouoroketones

3.5.1 CF3C(O)CH3. The CF3C(O)CH3 + OH reaction can only
occur via an attack of the OH radical on the –CH3 group

CF3C(O)CH3 + cOH / CF3C(O)CcH2 + H2O (27)

having a V‡ barrier height of 4.07 kcalmol−1.
The t to the Arrhenius–Kooij equation yields k(298.15 K) =

(5.1 ± 2.2) × 10−15 cm3 molecule−1 s−1. The only available
experimental10,85 rate coefficient is k(298.15 K) = (1.1 ± 0.6) ×
864 | Environ. Sci.: Atmos., 2023, 3, 855–871
10−14 cm3 molecule−1 s−1, which leads to r z 2.2. Note that at
the date that this manuscript was being written, the rate coef-
cient given in the online database85 was incorrect, since it was
citing the value present in ref. 13, which is actually a typo. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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correct value for the recommended rate constant is given in ref.
10. The kOH(calc) points calculated in the 230 # T/K # 320
temperature interval are shown in Fig. 9, together with the
Arrhenius–Kooij t to those points and the experimental rate
coefficient at 298.15 K.

3.5.2 CH2FC(O)CH3. In the CH2FC(O)CH3 + OH reaction,
the OH radical can attack the –CH2F and the –CH3 groups:

CH2FCðOÞCH3þ�OH/C�HFCðOÞCH3 þH2O

/CH2FCðOÞC�H2 þH2O
(28)

The calculated branching ratios for the two abstraction sites
are: GCH2F = 80% and GCH3

= 20%, which are quite different
from the SAR predictions of GCH2F = 39% and GCH3

= 61%. Note
that the SAR predictions of GCH2F = 39% and GCH3

= 51% given
in ref. 13 are incorrect, since they do not sum up to 100%. Our
MC-TST/CTSR results show that of the six total found TSs, the
two lowest energy ones refer to hydrogen abstractions at the –

CH2F group with DETSi # 1.2 kcal mol−1. The V‡ barrier height is
1.63 kcal mol−1. The remaining four TSs have energies above
1.35 kcal mol−1 and correspond to hydrogen abstractions at the
–CH3 group.

The t to the Arrhenius–Kooij equation yields k(298.15 K) =
(1.4 ± 0.2) × 10−13 cm3 molecule−1 s−1. Again, no other exper-
imental results13,85 are available besides the rate coefficient at
298.15 K: k(298.15 K) = (2.15 ± 0.54) × 10−13 cm3 molecule−1

s−1, which leads to r z 1.5. The kOH(calc) points calculated in
the 230 # T/K # 320 temperature interval are shown in Fig. 10,
together with the Arrhenius–Kooij t to those points and the
experimental rate constant at 298.15 K.
Fig. 10 kOH(calc) data points (solid blue, purple and black circles) and
respective Arrhenius–Kooij fits (solid blue, purple and black lines) with
s error bars (shaded blue and purple areas) for the CH2FC(O)CH3 +
cOH reaction in the Tcalc = [230, 320] K temperature interval. Solid
orange circle shows the recommended value85 for the rate constant at
298.15 K (color online).

© 2023 The Author(s). Published by the Royal Society of Chemistry
It should be noted that at 298.15 K, this rate constant is
almost 30 times larger than the rate constant for the CF3C(O)
CH3 + OHc reaction, and this is mainly due to the V‡ barriers
differing by 2.44 kcal mol−1. We refer again to the possible
interpretation that because CF3C(O)CH3 has two more F atoms
than CH2FC(O)CH3, the former molecule will have more
possibilities of forming intramolecular hydrogen bonds in the
TSs, with a resulting increase in their degree of covalency and
therefore resulting in a larger l descriptor.34
3.6 A summary of the results

Fig. 11 summarizes the results at 298.15 K, where the MC-TST/
CTSR and experimental rate constants are shown, along with
the r value for each reaction.The rate constants span several
orders of magnitude and there is an almost equal distribution
(60–40%) of MC-TST/CTSR rate coefficients that overestimate or
underestimate the experimental values. The average r factor by
which our M08-HX-Eckart calculations deviate from the exper-
imental results is calculated to be hri = 1.7, with six cases
having r < 2 and four cases having 2 < r < 3. The remaining two
batches of calculations, M08-HX-iSCTST and CCSD(T)-iSCTST,
yield hri values of 2.0 and 3.4, respectively.

For each reaction we have also performed a comparison
between the values of sOVOC for the three sets of curves. Not
surprisingly, the Arrhenius–Kooij curves obtained with the
iSCTST tunneling factor represent the maximum value of sOVOC

for six (three cases for each -iSCTST type of curve) of the seven
analyzed reactions, as the iSCTST tunneling factor should better
describe the lower temperature region of the [230, 320] K
interval in comparison with the Eckart tunneling factor. The
only reaction for which an M08-HX-Eckart Arrhenius–Kooij
curve represents the highest sOVOC value is the CF3CFHOC(O)
H+cOH reaction (Fig. 6), although the respective M08-HX-
iSCTST curve displays an incredible agreement with the exper-
imental Arrhenius curve, which illustrates what the sOVOC

metric really describes. We have therefore considered the M08-
HX-iSCTST Arrhenius–Kooij curves as the better choice to
describe the trends associated to the temperature dependence
of these rate constants. Such a choice is supported by the values
of sOVOC for the M08-HX-iSCTST curves, which are always larger
than the sOVOC values for the M08-HX-Eckart curves, except the
already mentioned exception. This improvement of the M08-
HX-iSCTST curves with respect to the M08-HX-Eckart ones is
also visually evident in some cases: for example in Fig. 1, 2, 8
and 10. Of the seven possible comparisons between our M08-
HX-iSCTST MC-TST/CTSR Arrhenius–Kooij ts and the experi-
mental recommended Arrhenius curves, two of them show
values of sOVOC clearly above the remaining ve, indicating
a higher similarity between kexp and kAK: the value for the CF3-
CF2CH2OH + cOH reaction with s = 48 (Fig. 1) and also for the
CF3CF2CHO + cOH reaction with s= 57 (Fig. 3). Even though the
other ve cases have lower values of sOVOC in the interval 8 #

sOVOC # 15, they nevertheless exhibit a good similarity between
kexp and kAK, especially if it is taken into consideration that the
missing error bars from kexp may help to mitigate the gap
between the two curves. The exception is the CF3CH2CHO + cOH
Environ. Sci.: Atmos., 2023, 3, 855–871 | 865
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Fig. 11 Comparison between 10 (recommended) experimental and theoretical (this work, eqn (8) and (10)) rate constants at 298.15 K spanning
five different families of OVOCs.
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reaction, where both M08-HX curves yield an incorrect trend
when compared with the experimental curve. Here, only the
CCSD(T)-iSCTST curve shows an acceptable behaviour, with an
Arrhenius–Kooij curve given by kAK(T) = 3.17 × 10−13 exp(486/
T)(T/298)2.10 cm3 molecule−1 s−1. Table 1 shows the tted
parameters for all Arrhenius–Kooij ts along with the corre-
sponding values of the relative residual standard deviation
(RRSD).100

Our procedure also improves the branching ratios at 298.15
K relative to those obtained via SARs. This is particularly evident
in the case of the hydrouoroalcohols, where the SAR values for
GOH are clearly overestimated, since hydrogen-atom abstraction
at the –OH group is well-known to be associated with higher
barrier heights than hydrogen-atom abstraction at alkyl
groups.101–104
Table 1 Calculated parameters (A, B and n) for the M08-HX-iSCTST A
sponding values of the relative residual standard deviation (RRSD)a

OVOC A B n RRSD V‡M08-HX

CF3CF2CH2OH 4.69 × 10−15 −794 5.27 0.15 1.82
CHF2CF2CH2OH 2.66 × 10−14 −766 3.38 0.10 0.80
CF3CF2CHO 1.39 × 10−13 −423 2.66 0.08 0.55
CF3CH2CHO 3.44 × 10−13 −642 2.01 0.08 −0.38
CHF2C(O)OCH3 2.48 × 10−16 −1457 7.11 0.16 1.68
CF3CFHOC(O)H 6.57 × 10−14 405 3.40 0.30 2.79
CF3CH2OCHF2 1.52 × 10−14 −20 5.24 0.20 3.37
CF3CHFOCHF2 1.62 × 10−16 −785 7.43 0.39 4.03
CF3C(O)CH3 1.67 × 10−15 −179 6.12 0.25 4.07
CH2FC(O)CH3 1.80 × 10−16 −1852 8.02 0.20 1.63

a DFT and coupled-cluster barrier heights (V‡DFT and V‡CCSD(T)) and theoreti
rate constants. A, kOH(calc), k

MC-TST
OH , kexp and kLC-TSTOH (calc) are in units of cm

are written in kcal mol−1.

866 | Environ. Sci.: Atmos., 2023, 3, 855–871
Moreover, Table 1 also shows the values for the V‡ barrier
heights calculated at the M08-HX and CCSD(T) levels, which
were used estimate s‡V as the value of the MUE92

sV‡ zMUE ¼
P

OVOC

���V ‡
M08-HX;OVOC � V

‡

CCSDðTÞ;OVOC

���
10

: (29)

This equation yields a value of s‡Vz 0.3 kcal mol−1. However,
we should stress that each value for V‡CCSD(T) is an approxima-
tion to the true CCSD(T) barrier height, since the CCSD(T)/cc-
pVTZ single-point energy calculations were performed at M08-
HX/pcseg-2 optimized geometries, not on geometries opti-
mized at the coupled-cluster level of theory. The use of such
a methodology is therefore likely to introduce an error of
rrhenius–Kooij fits of the 10 studied reactions, along with the corre-

V‡CCSD(T) kOH(calc) kMC-TST
OH kexp kLC-TSTOH (calc)

1.93 8.8 × 10−14 8.8 × 10−14 1.0 × 10−13 2.6 × 10−14

0.77 4.4 × 10−13 4.5 × 10−13 1.8 × 10−13 1.1 × 10−13

0.76 6.8 × 10−13 7.0 × 10−13 5.8 × 10−13 1.7 × 10−13

0.01 3.5 × 10−12 4.1 × 10−12 2.7 × 10−12 8.4 × 10−13

2.43 4.7 × 10−14 4.7 × 10−14 1.3 × 10−13 1.8 × 10−14

3.42 2.2 × 10−14 2.2 × 10−14 1.7 × 10−14 8.0 × 10−15

2.99 2.5 × 10−14 2.5 × 10−14 1.1 × 10−14 2.5 × 10−15

4.30 4.4 × 10−15 4.4 × 10−15 4.2 × 10−15 6.7 × 10−16

3.73 5.1 × 10−15 5.1 × 10−15 1.1 × 10−14 8.1 × 10−16

1.55 1.4 × 10−13 1.4 × 10−13 2.2 × 10−13 7.9 × 10−14

cal (kOH(calc), k
MC-TST
OH and kLC-TSTOH (calc), see text) and experimental (kexp)

3 molecule−1 s−1, B is in kelvin, RRSD is in % and the V‡ barrier heights

© 2023 The Author(s). Published by the Royal Society of Chemistry
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unknown magnitude,105 considering that the CCSD(T) calcula-
tions are performed in a topological unknown region of the
coupled-cluster PES. In other words, the coupled-cluster calcu-
lations involved in obtaining V‡ trade the certainty of being in
the correct region of the PES with a M08-HX energy value for
a higher accurate CCSD(T) energy value in an unknown topo-
logical region of the coupled-cluster PES, whichmay not even be
a stationary point. With these limitations in mind, we then
proceeded to propagate the s‡V uncertainty in the tted Arrhe-
nius–Kooij equations. The s‡V = 0.3 kcal mol−1 value translates
into sB = 151 K and the uncertainty associated with the
Arrhenius–Kooij equations is calculated as106

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vkAKðTÞ

vB

�2

sB
2

s
¼ � kAKðTÞ

T
sB (30)

Finally, Table 1 includes the values for kOH(calc), k
MC-TST
OH , kexp

and kLC-TSTOH (calc). Several observations can be made by looking
at these four sets of values. The rst one is that for cases where
kMC-TST
OH � k1, kOH(calc) z kMC-TST

OH . This is expected just by
analyzing eqn (8). The second observation is that when the
condition kMC-TST

OH � k1 does not hold, kOH(calc) is always closer
to the kexp experimental rate constant value than the kMC-

TST
OH result. This improvement in the rate constant was already

observed by Petit and Harvey40 and it should be acknowledged
even though we are making an approximation by using the
same k1 value for all studied reactions. The third one refers to
the kOH(calc) values based on lowest-conformer TST (LC-
TST),37,42 which take into account only the lowest energy reac-
tant and TS conformer for each reaction. These calculations
therefore ignore the conformational complexity present in all
reactions and show the importance of performing the necessary
conformational sampling: a quick inspection of the values
present in the last column in Table 1 clearly indicates that the
values of kLC-TSTOH (calc) are considerably less accurate than the
kOH(calc) values, which is conrmed by calculating the average r
factor for these values: hri = 4.9.
4 Conclusions

In this work we have tested our cost-effective MC-TST/CTSR
protocol for the calculation of bimolecular rate constants by
investigating reactions between cOH and 10 uorinated OVOCs
belonging to ve different families: hydrouoroalcohols,
hydrouoroaldehydes, hydrouoroesters, hydrouoroethers
and hydrouoroketones. Our calculated M08-HX-Eckart based
rate coefficients agree with the recommended experimental
values, on average, to within better a factor of two (hri = 1.7).
Given the cost-effective nature of this computational protocol
and the diversity of studied systems, this is a promising set of
results that builds on the successful implementation of
a previous version of our protocol,31 where the rate constants of
reactions between cOH and several hydrouoropolyethers were
reported to be in good agreement (r < 5).

Furthermore, the tted Arrhenius–Kooij curves based on the
iSCTST tunneling correction show a good agreement with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
recommended experimental Arrhenius ts while being
a considerable improvement to the M08-HX-Eckart based
curves. This implies that MC-TST/CTSR temperature-dependent
data can be used to model reactions in the atmosphere in
situations where experimental information is not available. The
MC-TST/CTSR branching ratios can also offer insight into the
underlying mechanisms for why reactions are favored at
a particular site.

The present work quanties the accuracy of the MC-TST/
CTSR protocol for predicting reaction rates. Theoretically pre-
dicted rate constants may be useful for estimating lifetimes for
OVOCs that have not yet been experimentally studied and pave
the way for designing saturated OVOCs with short atmospheric
lifetimes. The theoretical calculation of rate coefficients for the
OH-oxidation of larger uorinated OVOCs (Cn, n > 3) is currently
underway.
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