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The mechanisms and kinetics of the gas phase reactions that the hydrogen atom in formyl
fluoride （FCHO） abstracted by OH in the presence of water， formic acid （FA）， or sulfuric
acid （SA） are theoretically investigated at the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-
311++G（3df， 3pd） level of theory. The calculated results show that the barriers of the
transition states involving catalysts are lowered to -2.89， -6.25， and -7.76 kcal/mol from
3.64 kcal/mol with respect to the separate reactants， respectively， which reflects that those
catalysts play an important role in reducing the barrier of the hydrogen abstraction reaction
of FCHO with OH. Additionally， using conventional transition state theory with Eckart tun-
neling correction， the kinetic data demonstrate that the entrance channel X···FCHO+OH
（X=H2O， FA， or SA） is significantly more favorable than the pathway X···OH+FCHO. More-
over， the rate constants of the reactions of FCHO with OH radical with H2O， FA， or SA
introduced are computed to be smaller than that of the naked OH+FCHO reaction because
the concentration of the formed X···FCHO or X···OH complex is quite low in the atmosphere.
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I. INTRODUCTION

Formyl halides are important reactive molecules，
which are formed via the atmospheric degradation in-
termediates of several halocarbon， for example， chlo-
rofluorocarbons （CFCs） and hydrochlorofluorocarbons
（HCFCs） ［1-3］. Although the CFCs， HCFCs， and
halogen are released into atmosphere from anthro-
pogenic sources ［4， 5］ at low concentrations， the pro-
posal antarctic-like ozone hole shows that the imple-
mentation of the Montreal protocol has few positive
effects on restricting CFCs and FCFCs to break the
ozone and reduce the stratospheric halogen loading
［5， 6］. Therefore， it is of great necessity and impor-
tance to study the atmospheric effects and lifetimes
of halogenated organic compounds. Formyl fluoride
（FCHO） is one of the formyl halides in the upper tropo-
sphere， which is a major oxidation product of HFC-134a
（CF3CFH2） and HFC-41 （CH3F） ［1-7］. For example，
the OH radical reaction with HFC-134a in the presence
of NOx leads to generate FCHO with a yield of 70％ ［7］.
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Thus， exploring the atmospheric oxidation processes of
FCHO is required to fully estimate the effects of atmo-
spheric environment of halogenated organic compounds.

Hydroxyl radical （OH） is one of the dominant re-
active species in both polluted troposphere and na-
ture， which plays an important role in the atmospheric
chemistry ［8］. There have been some experimental and
theoretical investigations on the reaction of OH with
FCHO ［9-12］， which indicates that the formation of
FCO+H2O via hydrogen atom abstraction is the most
feasible channel， whereas the formation of FCOOH+H
via OH addition to the central carbon atom in the car-
bonyl oxide is negligible. Moreover， the rate constant
of the reaction of FCHO and OH radical is calculated
to be 4×10-15 cm3/（molecule·s） ［12］， which shows the
atmospheric lifetime of FCHO with respect to reaction
with OH is a lower limit of 10 years. On the other hand，
experimental and theoretical studies have revealed that
the single water molecule could make a contribution
to decreasing the reaction barriers in the homogeneous
phase or heterogeneous processes ［13-25］. In addition，
atmospheric acids such as formic acid （FA） ［26-28］
and sulfuric acid （SA） ［29-31］ have been theoretically
proven to reduce the barriers in the hydrolysis reaction
［26， 30-35］ and isomerization processes ［36-39］. The-
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refore， it is of great necessity to investigate the
FCHO+OH reaction in the presence of H2O， FA， or
SA.

In the present work， in order to explore the reaction
mechanisms and kinetics for the hydrogen abstraction
of the title reactions and determine whether these re-
actions are of great importance in the atmosphere， we
consider that H2O， FA， and SA catalyzes gas-phase re-
action of FCHO with OH using ab initio methods and
conventional transition state theory （TST）. The present
findings not only evaluate the relatively catalytic abili-
ties of the water， FA and SA based on the detailed po-
tential energy surface， but also provide new insights into
atmospheric oxidation processes of FCHO. The present
results could have potential applications in understand-
ing and elucidating the homogenous reaction processes
of FCHO in the atmosphere.

II. COMPUTATIONAL METHODS

The calculations herein were performed using the
Gaussian 09 program package ［40］. Firstly， the geomet-
rical structures of all the reactants， transition states，
complexes， and products were optimized at the M06-
2X/6-311++G（3df， 3pd） level of theory. The M06-
2X method is a highnonlocality functional with dou-
ble the amount of nonlocalexchange （2X） ［41］， which
has been shown to be sufficiently reliable for predict-
ing geometries and frequencies of the stationary points
［30， 42-44］. At the same level， the corresponding fre-
quency calculations of the optimized geometries were
also done to prove the characters of minima without
imaginary frequency and the transition state with only
one imaginary frequency. We also performed the in-
trinsic reaction coordinate （IRC） ［45］ calculations at
M06-2X/6-311++G（3df， 3pd） level of theory in order
to determine if a given transition state connects with
the desired reactant and product.

Secondly， to refine relative energies， the single point
energies were also calculated at the CCSD（T）/6-
311++G（3df， 3pd） level based on the M06-2X/6-
311++G（3df， 3pd） optimized geometries using Molpro
software ［46］. In these calculations， we also took into ac-
count the T1 diagnostic ［47， 48］ in the CCSD wave func-
tion to determine the reliability of single-determinant-
based methods. According to Rienstra-Kiracofe ［48］，
the CCSD（T） calculation is considered to be reliable
when the diagnostic values of the T1 of the closed-shell
and open-shell species do not exceed the threshold of
0.02 and 0.044， respectively. Additionally， the basis
set superposition error （BSSE） for the complexes was
evaluated using the counterpoise method by Boys and
Bernardi ［49］ at the M06-2X/6-311++G（3df， 3pd） level
of theory and the effect of spin-orbit coupling for the
OH radical （-0.20 kcal/mol） ［50］ are considered in this
method.

Finally， the rate constants of these elementary reac-

tions were estimated using conventional TST ［51-55］
with Eckart ［56］ tunneling correction applied widely in
atmospheric reactions in the literature ［14， 30， 57-64］，
which were performed in the TheRate program ［65］. As
shown in Table I， the T1 diagnostic values of all species
do not extend the upper limit in this work， which indi-
cates that the CCSD（T） calculations are reliable.

III. RESULTS AND DISCUSSION

A. The reaction of FCHO with OH assisted by H2O

In order to demonstrate the reliability of theoretical
methods utilized herein and better estimate the cat-
alytic roles of H2O， FA， and SA， we also re-investigate
the hydrogen abstraction and addition reaction of
FCHO with OH. We find two reaction channels of are
hydrogen abstraction and radical addition， which are
similar to the OH+HCHO reaction ［15， 66-68］. As
shown in Fig.1 and Table I， the barriers of the hydro-
gen abstraction channel is 5.09 kcal/mol relative to pre-
reactive complex CR1， which is in good agreement with
the value of 6.0 kcal/mol ［9］. Therefore， the results show
that the theoretical methods used herein are reliable for
the OH+FCHO reaction. Additionally， due to the high
energy barrier of OH addition to the carbon atom in
FCHO， the addition reaction channel is negligible in
the atmosphere.

The reactants are FCHO and the OH···H2O complex
or OH and the FCHO···H2O complex in the reaction
of OH with FCHO with a single water molecule be-
ing added， as shown in Fig.2. The capital letter “W”
has been added to denote a single water molecule in-
volved in the OH+FCHO reaction. The reaction be-
tween FCHO and OH catalyzed by H2O occurs through
the pre-reactive complex CRW before the transition
state TSW and the post-reactive complex CPW， leading
to the formation of FCO+2H2O. The process is similar
to the cases of HCHO+OH ［15］， HOCl+OH ［14］， and
H2O2+OH ［69］ in the presence of water. From Table
I， the binding energy of the H2O···OH is found to be
-3.52 kcal/mol， which is in good agreement with the
previous reported values of -3.77 ［70］， -3.97 ［71］， and
-3.60 kcal/mol ［72］. It is worth noting that CRW has
a seven-membered-ring structure， where FCHO acts as
both hydrogened-bond accepter and donor simultane-
ously. Additionally， the transition state TSW has an
approximately planar configuration， where the break-
ing C1···H1 bond is elongated to 1.22 Å from the equi-
librium bond length of 1.09 Å， and the bond length
of H1···O2 is 1.01 Å shorter than that of CRW. In
Table I， the binding and activation energies of the CRW
and TSW are -7.39 and -2.89 kcal/mol with BSSE
correction relative to the reactants， respectively. The
barrier of TSW is estimated to be 4.5 kcal/mol rela-
tive to the pre-reactive complex CRW， which is about
0.5 kcal/mol lower than that of the naked OH+FCHO
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TABLE I The enthalpies （∆H）， Gibbs free energies （∆G）， and relative energies （∆E） of all species for the OH
hydrogen-abstraction from FCHO with H2O， HCOOH， or H2SO4 with zero-point energy correction included （FA=HCOOH，
SA=H2SO4）

a.

Species ∆H298/kcal ∆G298/kcal ∆E/kcal T1a

FCHO+OH 0.00 0.00 0.00 0.016， 0.009

CR1 -2.01 5.33 -1.45 0.015

TS1 2.80 10.49 3.64 0.031

CP1 -18.30 -12.73 -18.12 0.020

FCO+H2O -16.95 -17.85 -17.03 0.024， 0.010

CR2 -2.71 4.62 -2.15 0.015

TS2 7.21 17.06 8.71 0.043

M2 -9.44 0.60 -7.89 0.022

FCHO+OH+H2O 0.00 0.00 0.00 0.016， 0.009， 0.010

H2O···OH -4.31 1.61 -3.52 0.010

FCHO···H2O -3.34 4.13 -3.16 0.015

CRW -8.47 7.35 -7.39 0.022

TSW -4.44 12.89 -2.89 0.028

CPW -23.54 -7.88 -22.77 0.018

FCO+2H2O -16.94 -18.66 -17.03 0.024， 0.010， 0.010

FCHO+OH+FA 0.00 0.00 0.00 0.016， 0.009， 0.016

FCHO···FA -6.99 2.45 -7.13 0.016

FA···OH -4.03 3.33 -3.41 0.015

CRF -10.73 6.29 -10.17 0.016

TSF -7.12 10.72 -6.25 0.023

CPF -26.00 -9.09 -25.74 0.019

FCO+H2O+FA -16.95 -18.25 -17.03 0.024， 0.010， 0.016

FCHO+OH+SA 0.00 0.00 0.00 0.016， 0.009， 0.015

FCH···SA -9.35 0.11 -9.55 0.015

SA···OH -8.49 -0.23 -7.75 0.014

CRS -11.49 6.81 -11.02 0.015

TSS -8.55 9.74 -7.76 0.025

CPS -27.14 -9.95 -26.97 0.017

FCO+H2O+SA -16.95 -18.25 -17.03 0.024， 0.010， 0.015

Note： The values are obtained at the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） level of theory plus
BSSE at the M06-2X/6-311++G（3df， 3pd） level of theory and the ∆E is considered to be the 2P3/2 spin-orbit state of OH
radical.
a T1 is the diagnostic value.

reaction. Thus， H2O can play a positive role in
the reduction of barrier of OH+FCHO. Moreover， the
free energy calculated at the CCSD（T）/6-311++G（3df，
3pd）//M06-2X/6-311++G（3df， 3pd） level of theory is
-18.66 kcal/mol， which indicates that the reaction pro-
cess is thermodynamically favorable.

B. The reaction of FCHO with OH assisted by FA and SA

FA catalyzes the reaction of FCHO with OH via
the possible entrance channels with FA···OH+FCHO or
FA···FCHO+OH acting as reactants. Because formic
acid has two different oxygen atoms， we find four
reaction channels RF， RFa， RFb， and RFc for the

reaction of the hydrogen atom of FCHO abstracted
by OH and the corresponding transition states TSF，
TSFa， TSFb， and TSFc， leading to the formation
of the products FCO+H2O+HCOOH as shown in
Fig.3 and Fig.S（a）-（c） （in supplementary materials）.
The pre-reactive complexes CRF， CRFa， CRFb， and
CRFc are -10.17， -7.84， -7.14， and -5.06 kcal/mol
in Table I and Table S1 （in supplementary materi-
als）， respectively， which shows that the most stable
one is the nine-membered-ring complex CRF. There-
fore， we mainly discuss the reaction channel as pre-
sented in Fig.3. The reaction starts with two chan-
nels FA···OH+FCHO or FA···FCHO+OH， which leads
to the formation of pre-reactive complex CRF， pro-
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FIG. 1 Schematic potential energy surface for the hydrogen abstraction and addition reaction of FCHO with OH radical at
the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） level. The bond lengths are in Å.
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FIG. 2 Schematic potential energy surface for the hydrogen abstraction of FCHO with OH radical in the presence of H2O
at the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） level. The bond lengths are in Å.

ceeding to the transition state TSF before the forma-
tion of post-reactive complex CPF， and subsequently
forming FCO+H2O+HCOOH. As shown in Table I， the
binding energy of the HCOOH···OH is -3.41 kcal/mol
at the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-
311++G（3df， 3pd） level of theory with the BSSE cor-
rection and considering the 2P3/2 spin-orbit state of OH
radical， which is in good agreement with the previous
values -3.68 kcal/mol ［73］ and -2.77 kcal/mol ［15］. In
CRF， both the carbonyl and the hydroxyl groups in FA
are involved in the ring configuration， where there are
three hydrogen bondings. In TSF， the bond lengths of
C1···H1 and H1···O2 are 1.23 and 1.26 Å， respectively，
which are similar to those of the TSW. It is noted that
the geometrical parameters of the two hydrogen bond-
ings in TSF have little difference from those in CRF.

The energy barrier is computed to be 3.92 kcal/mol with
respect to CRF in Table I， which is about 1 kcal/mol
lower than that of OH+FCHO. Moreover， the barrier
is lower about 0.5 kcal/mol than that of OH+FCHO
reaction in the presence of water. Thus， the results re-
flect that FA exerts a strong catalytic role in lowering
the barrier of OH+FCHO. Additionally， the barriers
of TSFa， TSFb， and TSFc in Table S1 （in supplemen-
tary materials） are computed to be 4.41， 5.27， and 4.25
kcal/mol relative to the respective pre-reactive complex，
which is higher than that of TSF.

Regarding the reaction between FCHO and OH cat-
alyzed by SA （Fig.4）， the possible entrance path-
ways OH···H2SO4 complex and FCHO···H2SO4 com-
plex can be formed. This reaction pathway under-
goes the pre-reactive complex CRS before the transi-
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FIG. 3 Schematic potential energy surface for the hydrogen abstraction of FCHO with OH radical catalyzed by HCOOH
at the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） level. The bond lengths are in Å.
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FIG. 4 Schematic potential energy surface for the hydrogen abstraction of FCHO with OH radical catalyzed by H2SO4 at
the CCSD（T）/6-311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） level. The bond lengths are in Å.

tion states TSS and the post-reactive complex CPS to
form the corresponding products FCO+H2O+H2SO4.
From Table I， the binding energy of the CRS is
-11.02 kcal/mol with BSSE correction relative to the
reactants at the CCSD（T）/6-311++G（3df， 3pd）//M06-
2X/6-311++G（3df， 3pd） level of theory， which is
5.03 kcal/mol higher than that of the reaction of HCHO
and OH assisted SA at the CCSD（T）/6-311++G（3df，
3pd）//MP2（full） levels of theory ［15］. Likewise，
TSS possesses twisted nine-membered-ring configura-
tion with the activation energy -7.76 kcal/mol relative
to the free reactants.

From the discussion mentioned above， it can be seen
to see that the barriers for the hydrogen abstraction
process of FCHO assisted by water， FA， or SA are 4.50，
3.92， and 3.26 kcal/mol respect to the pre-reactive com-
plexes， respectively， which are semblable to the value of
5.09 kcal/mol in the reaction of FCHO with OH with-

out catalyst. However， our calculations reveal that the
activation energies are reduced to -2.89， -6.25， and
-7.76 kcal/mol relative to free reactants in the presence
of water， FA， and SA， respectively， the energy barriers
of the reactions with the catalysts can be decreased， in
comparison with the naked OH+FCHO reaction. Thus，
a further kinetic study should be done to evaluate the
possible catalytic effects of H2O， FA， and SA in the
atmosphere.

C. Kinetics and potential applications in atmospheric
chemistry

Based on the analysis of energies above， the func-
tion of water， FA， or SA is to lower the barrier for
the hydrogen abstraction of the FCHO with OH re-
action， which plays an important role in the formation
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of FCO+H2O. In order to examine the possible atmo-
spheric impacts of these reactions discussed herein， we
have also computed the rate constants of the reactions
using conventional TST on the basis of the CCSD（T）/6-
311++G（3df， 3pd）//M06-2X/6-311++G（3df， 3pd） po-
tential energy surfaces discussed above over the temper-
ature of 200-300 K. The reaction mechanisms of the
reactions start with the formation of the pre-reactive
complexes before the transition states and release the
products.

For the naked reaction of FCHO with OH， the reac-
tion mechanism can be characterized by the following
reaction：

FCHO+OH
k1
k-1
←→ Pre-reactive complex

k2-→ Products

（1）

where k1 and k-1 express the forward and reverse rate
constants for the first step， which forms the pre-reactive
complex， k2 corresponds to the products come into be-
ing for the second step. On the basis of the steady-state
conditions， the overall rate constant is expressed as：

k =
k1k2

k-1 + k2
（2）

If k2 is considerably smaller than k-1， the rate constant
can be further simplified as：

k =
k1k2
k-1

k2 = keq （3）

where keq represents the equilibrium constant of the
first step. The keq and k2 can be calculated via the
following：

keq = σ
QRC

QR
exp

[
-（ERC - ER）

RT

]
（4）

k2 = κσ
kBT

h

QTS

QRC
exp

[
-（ETS - ERC）

RT

]
（5）

where QR， QRC， and QTS stand for the partition func-
tions of the reactants， the pre-reactive complex， and
the transition state， respectively. σ is the symmetry，
κ is the transmission coefficient， kB is the Boltzmann
constants， h is the Planck constants and R is the ideal
gas constants. The ER， ERC， and ETS denote the to-
tal energies of the reactants， pre-reactive complex， and
transition state with ZPE correction.

As shown in Table II， it can be seen that the
rate constant of the naked reaction FCHO+OH
is in the range of 4.37×10-15 cm3/（molecule·s） to
1.95×10-14 cm3/（molecule·s） in the temperature of
200-300 K， which is in good agreement with the
previous report by Timothy et al. ［12］ （about
4×10-15 cm3/（molecule·s））. From the calculated data，
we can obtain a conclusion that the rate constants in-
crease with temperature.

TABLE II The computational equilibrium constants （keq
in molecules/cm3） and rate constants （cm3/（molecule·s）） of
reaction of the FCHO+OH without catalyst in temperature
range of 200-300 K.

T/K Keq K2 k

200 1.92×10−23 2.28×108 4.37×10−15

220 1.30×10−23 4.47×108 5.80×10−15

240 9.46×10−24 8.31×108 7.86×10−15

260 7.33×10−24 1.46×109 1.07×10−14

280 5.94×10−24 2.44×109 1.45×10−14

298 5.08×10−24 3.72×109 1.89×10−14

300 5.00×10−24 3.89×109 1.95×10−14

For the reactions of FCHO with OH catalyzed by
water， FA or SA， which can proceed via two en-
trance channels： one is X···OH+FCHO and the other
is X···FCHO+OH. The main steps of the two path-
ways can be considered as （where X=H2O， HCOOH，
or H2SO4）：

X + OHX
k6X
k-6X

←--→ X · · ·OH （6）

X · · ·OH+ FCHO
k7X
k-7X

←--→ CRX （7）

CRX
k8X-→ products （8）

X + FCHO
k9X
k-9X

←--→ X · · · FCHO （9）

X · · · FCHO+OH
k10X
k-10X
←--→ CRX （10）

CRX
k8X-→ products （11）

The reaction sequences are representatively regarded
as one involving the formation of the CRX pre-reactive
collision complex by means of Sinha ［74］ and Fliegl ［75］，
which then lead to the unimolecular reaction.

In a general way， Eq.（8） is viewed as the most crucial
step to determine the rate constant， and the rate can
be shown as：

d［P ］

dt
= k8X［CRX］ （12）

Assuming CRX is in equilibrium with the reactants
and according to the steady-state conditions， similar
to the gas phase reaction FA-catalyzed hydrolysis of
SO3 ［74］， the rate constant of the X···OH+FCHO path-
way can be represented as：

d［P ］

dt
= k8Xkeq6Xkeq7X ［FCHO］ ［X］ ［OH］ （13）

Consequently， the overall reaction rate constant is car-
ried out by the following expression：

kX···OH+FCHO = k8Xkeq6Xkeq7X ［X］ （14）
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TABLE III The rate constants k′
1X and k′

2X （cm3/（molecule·s）） for the individual reaction pathway of the two channels for
catalytic reaction with the temperature range 200-300 K （where X=H2O， HCOOH， or H2SO4）.

T/K k′
1H2O k′

2H2O k′
1FA k′

2FA k′
1SA k′

2SA

200 9.07×10−14 2.50×10−11 6.43×10−10 1.10×10−11 6.41×10−15 2.2010−12

220 4.95×10−14 1.14×10−11 1.88×10−10 6.60×10−12 7.41×10−15 2.2810−12

240 3.14×10−14 6.14×10−12 7.10×10−11 4.49×10−12 8.52×10−15 2.3710−12

260 2.23×10−14 3.80×10−12 3.22×10−11 3.36×10−12 9.77×10−15 2.4710−12

280 1.73×10−14 2.59×10−12 1.70×10−11 2.68×10−12 1.12×10−14 2.5810−12

298 1.45×10−14 1.97×10−12 1.05×10−11 2.30×10−12 1.25×10−14 2.6910−12

300 1.43×10−14 1.92×10−12 1.00×10−11 2.27×10−12 1.27×10−14 2.7010−12

TABLE IV The ratio of rate constants of the two channels
for the reactions of FCHO with OH radical catalyzed by
water， FA， or SA with the temperature range 200-300 K.

T/K vH2O
a vHCOOH

b vH2SO4
c

200 2.00 1.00 452.85

220 2.00 1.00 319.39

240 2.00 1.00 238.05

260 2.00 1.00 185.24

280 2.00 1.00 148.98

298 2.00 1.00 125.41

300 2.00 1.00 123.21

a vH2O=
kH2O···FCHO+OH

kH2O···OH+FCHO
.

b vHCOOH=
kHCOOH···FCHO+OH

kHCOOH···OH+FCHO
.

c vH2SO4=
kH2SO4···FCHO+OH

kH2SO4···OH+FCHO
.

where keq6X and keq7X represent the equilibrium con-
stants for Eq.（6） and Eq.（7）， respectively， k8X is the
rate constant of Eq.（8）， and ［X］ is the troposphere con-
centration of water， FA， or SA.

Analogously， the rate constant of the pathway
X···FCHO+OH can be written as （keq9X and keq10X de-
note the equilibrium constants for Eq.（9） and Eq.（10）：

kX···FCHO+OH = k8Xkeq9Xkeq10X ［X］ （15）

If we do not think about Eq.（6） and （9）， the rate
constants for the title reaction assisted by catalyst can
be expressed as： k′1X=keq7Xk8X or k′2X=keq10Xk8X.

In order to compare which entrance channel is more
feasible， we calculated the ratio of the rate of the two
reaction channels by the following equation：

vX =
kX···FCHO+OH

kX···OH+FCHO
=
keq9Xkeq10X
keq6Xkeq7X

（16）

For the H2O-assisted the hydrogen abstraction of
FCHO by OH， the equilibrium constant， the rate con-
stant， and the ratio of the two entrance channels in the
temperature of 200-300 K are presented in Table S2

TABLE V Calculated rate constants （cm3/（molecule·s）） of
the more favorable channels for the reaction of FCHO+OH
with water， FA， or SA.

T/K Aa Bb Cc

200 8.79×10−15 3.57×10−19 1.03×10−19

220 1.95×10−15 4.51×10−20 1.32×10−20

240 5.89×10−16 8.49×10−21 2.44×10−21

260 2.26×10−16 2.17×10−21 5.97×10−22

280 1.04×10−16 7.03×10−22 1.83×10−22

298 5.81×10−17 2.99×10−22 7.32×10−23

300 5.48×10−17 2.75×10−22 6.66×10−23

a A is kH2O···FCHO+OH.
b B is kHCOOH···FCHO+OH.
c C is kH2SO4···FCHO+OH.

（in supplementary materials）. Additionally， the concen-
tration of water molecule at 100％ relative humidity is
7.70×1017 molecules/cm3 ［76， 77］. From Table III， the
computational data indicates that the rate constant k′1X
and k′2X are larger than that of the OH+FCHO reac-
tion. Especially， the X （X=H2O and SA）···FCHO+OH
reaction is faster than the reaction of FCHO with OH
by 2-4 orders of magnitude when the formation process
of the H2O···FCHO complex is ignored， but the k′1FA is
essentially the same as the k′2FA. However， as is shown
in Table S2 （in supplementary materials）， when the
formation process of the H2O···OH and H2O···FCHO
complex in Eq.（6） and Eq.（9） is considered， the rate
constants kH2O···OH+FCHO and kH2O···FCHO+OH are 3
orders of magnitude smaller than that of the naked
OH+FCHO reaction at 298 K. It is noted that all the
rate constants decrease with the increase in tempera-
ture. From Table IV， our calculations show that the
reaction starting from H2O···FCHO complex with OH
radical is more feasible. Considering the reactions as-
sisted by formic acid and sulfur acid， the correspond-
ing kinetic data are given in Table S3 and Table S4
（in supplementary materials）， respectively. From the
computational results presented herein， we obtain sim-
ilar conclusions that the rate constants for Eq.（6） and
Eq.（9） ingored are larger and the rate constants involv-

DOI：10.1063/1674-0068/29/cjcp1509187 c○2016 Chinese Physical Society

ChaoXing



332 Chin. J. Chem. Phys.， Vol. 29， No. 3 Ding-mei Wang et al.

ing those reaction steps of Eq.（6） and Eq.（9） are smaller
than those of the reaction without catalyst. Specially，
the Table IV also tells us that the rate value of the
two pathways for formic acid assisted are almost the
same， whereas the kH2SO4···FCHO+OH are about 3 or-
ders of magnitude larger than kH2SO4···OH+FCHO in the
temperature of 200-300 K. Therefore， the channel in-
volving the H2SO4···FCHO with OH radical is faster
than the other.

Based on the analysis above， the rate constants
of the more favorable entrance channels for the
FCHO+OH reaction assisted by water， FA， or SA
are listed in Table V. The atmospheric concentrations
of water， FA and SA are 7.70×1017， 2.00×1011， and
4.00×108 molecules/cm3， respectively ［78， 79］. Con-
sidering the high atmospheric concentrations of water，
this simple relative rate analysis demonstrate that the
hydrogen abstraction reaction of FCHO with OH cat-
alyzed by water is more favorable and much faster than
the FA-assisted or SA-assisted. As shown in Table V，
the rate constant calculated at 298 K for the reac-
tion assisted by water is 5.81×10-17 cm3/（molecule·s），
which is smaller by about 3 orders of magnitude than
the reaction without catalyst. From the point of the
view of dynamics， the hydrogen abstraction process of
FCHO with OH radical catalyzed by water is of minor
importance in the gas phase atmospheric chemistry.

IV. CONCLUSION

The mechanisms and kinetics of the gas-phase hy-
drogen abstraction reaction of FCHO with OH radical
catalyzed by water， FA， or SA are theoretically inves-
tigated at the CCSD（T）/6-311++G（3df， 3pd）//M06-
2X/6-311++G（3df， 3pd） level of theory. From the anal-
ysis of the calculational results， the participation of the
a single water， FA， or SA plays an important role in
the formation of FCO and H2O， which dramatically de-
crease the energy barriers of the corresponding transi-
tion state about 6.53， 9.89， and 11.40 kcal/mol rela-
tive to that of the without catalyst， respectively. Addi-
tionally， based on the kinetic calculations， the reaction
channel starting with X···FCHO+OH reactant is more
favorable than the pathway involving X···OH+FCHO
reactant. According to the calculations of the theoret-
ical rate constants for these major reaction pathways
with catalyst， we find that water has stronger catalysis
than others. Moreover， the rate constants for these ma-
jor reaction pathways with catalyst are much smaller
than that of the reaction without any catalyst， which
means that contribution of the catalysts water， FA， or
SA is be of no account for the hydrogen abstraction re-
action of FCHO+OH in the atmosphere. Even so， our
study might be of great use to understand the atmo-
spheric chemistry and estimate the other atmospheric
oxidation processes which were assisted by water， FA，
or SA.

Supplementary materials： Figure S（a）， S（b）， and
S（c） show the potential energy profile for other three
possible reaction channels of the reaction of FCHO
with OH radical catalyzed by SA. Table S1 presents the
enthalpies， Gibbs free energies， and relative energies
of all species for other three possible reaction channels
of the reaction FCHO+OH+HCOOH （RFa， RFb，
and RFc） with zero-point energy correction included
（in kcal/mol）. Table S2， Table S3， and Table S4 show
the equilibrium constants （molecules/cm3）， the rate
constants （cm3/molecule·s） for the individual reaction
pathway and the ratio of rate expressions of the two
channels for water， FA， or SA catalytic reactions with
the temperature range of 200-300 K， respectively.

V. ACKNOWLEDGMENTS

This work was supported by the National Natu-
ral Science Foundation of China （No.41165007 and
No.21163003）， the Science and Technology Founda-
tion of Guizhou Province of China （No.［2011］2107 and
No.［2012］2189）， and the Science and Technology Foun-
dation of Guizhou Province of Guizhou Minzu Univer-
sity of China （No.［2014］7380）.

［1］ A. S. Hasson， C. M. Moore， and I. W. M. Smith， Int.
J. Chem. Kinet. 30， 541 （1998）.

［2］ E. Sanhueza and J. Heicklen， J. Phys. Chem. 79， 7
（1975）.

［3］ J. Sehested and T. J. Wallington， Environ. Sci. Technol.
27， 146 （1993）.

［4］ G. L. Manney， L. Froidevaux， J. W. Waters， R. W.
Zurek， W. G. Read， L. S. Elson， J. B. Kumer， J. L. Mer-
genthaler， A. E. Roche， A. O'Neill， R. S. Harwood， I.
Mackenzie， and R. Swinbank， Nature 370， 429 （1994）.

［5］ P. A. Newman， L. D. Oman， A. R. Douglass， E. L.
Fleming， S. M. Frith， M. M. Hurwitz， S. R. Kawa， C.
H. Jackman， N. A. Krotkov， E. R. Nash， J. E. Nielsen，
S. Pawson， R. S. Stolarski， and G. J. M. Velders， Atmos.
Chem. Phys. 9， 2113 （2009）.

［6］ G. L. Manney， M. L. Santee， M. Rex， N. J. Livesey， M.
C. Pitts， P. Veefkind， E. R. Nash， I. Wohltmann， R.
Lehmann， L. Froidevaux， L. R. Poole， M. R. Schoeberl，
D. P. Haffner， J. Davies， V. Dorokhov， H. Gernandt，
B. Johnson， R. Kivi， E. Kyro， N. Larsen， P. F. Lev-
elt， A. Makshtas， C. T. McElroy， H. Nakajima， M. C.
Parrondo， D. W. Tarasick， P. von der Gathen， K. A.
Walker， and N. S. Zinoviev， Nature 478， 469 （2011）.

［7］ T. J. Wallington， M. D. Hurley， J. C. Ball， and E. W.
Kaiser， Environ. Sci. Technol. 26， 1318 （1992）.
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