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Abstract. The atmospheric reactions of halogenated1l Introduction
formaldehydes with halogen atoms were investigated by
high-accuracy molecular orbital calculation. Our studies The Antarctic-like ozone hole was proposed in the Arctic
showed that compared to X-addition pathway, the H-in the 2011 Nature paper (Manney et al., 2011). This pro-
abstraction pathway was demonstrated to be more preferregosal indicated that the implementation of the Montreal Pro-
to form halogenated formyl radicals and hydrogen halidestocol did not well restrain chlorofluorocarbons (CFCs) and
(HX). In specific areas with abundant halogen atoms, such abydrochlorofluorocarbons (HCFCs) to destroy the ozone and
the marine boundary layer (MBL), halogenated formyl radi- increase the stratospheric halogen loading (Manney et al.,
cal was reacted easily with halogen atoms and finally trans2011; Newman et al., 2009) despite very low anthropogenic
formed into HX and CQ in the presence of water; other- emission of CFCs, HCFCs and halogen (Manney et al., 1994;
wise, this radical was degraded to §Malogen gas, and Newman et al., 2009). Halogenated formaldehydes are one
halogenated oxide in the presence ofddd halogen atoms. of the halogenated molecules in the atmosphere, and are re-
By using the canonical variational transition state theory,active molecules to form the atmospheric degradation inter-
the kinetics calculations were performed within a wide at- mediates of several halocarbons such as CFCs and HCFCs
mospheric temperature range of 200-368 K, and theoreticalHasson et al., 1998; Sanhueza et al., 1975; Wallington et
values agreed well with the available experimental data. Un-al., 1992) as well as from the tropospheric reactions of halo-
der atmospheric conditions, rate constants decreased as gen atoms with volatile organic compounds (VOCs) such as
titude increased, and especially the rate constants of haldsoprene (Fantechi et al., 1998). On the other hand, halogen
gen atoms reacted with FCHO quickly reduced. The kineticspecies, such as chlorine and bromine, play an important role
results showed that although the reactions of halogenateih the atmospheric chemical processes. Apart from anthro-
formaldehydes with F atoms occurred more easily than didpogenic organohalogen source, another important sources is
those with Cl and Br atoms, the two latter reactions were stillfrom sea-salt aerosols (Finlayson-Pitts, 2003) and the hetero-
important atmospheric degradation process, especially in thgeneous reactions on these aerosol surfaces (Rossi, 2003).
MBL. The modified Arrhenius equations of rate constants Thus, abundant halogen species could be frequently found in
within the atmospheric temperature range were fitted, whichthe marine boundary layers (MBL) (Sommariva et al., 2012;
helped to understand the established atmospheric model andingenter et al., 2005). Moreover, these halogen species are
estimated the contribution of title reactions to atmosphericreactive toward various VOCs as well as ozone (Foster et al.,
chemistry pollution. 2001; Ofner et al., 2012; Riedel et al., 2012). Especially in
occurrences of the depletion of surface ozone in the Atlantic
and Arctic, the presence of abundant halogen atoms has been
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proven (Jobson et al., 1994; Read et al., 2008; Solberg et al., abstraction
1996). Thus, as a prelude to understand the role of VOCs in HX + QCHO X-Raps-q
: . . ; X +QCHO—] . .
the atmospheric transformation, the atmospheric reactions of addition
X-IM,44.9 X-Raaa-q

halogenated formaldehydes with halogen atoms are expected

to be a significant process in some particular areas such 6‘§cheme 1Possible pathways for the title atmospheric reactions,

MBL. . . where QCHO represents the halogenated formaldehydes as well as
So far, some of the atmospheric reactions of three hanQz F, Cl, and Br. X represents the halogen atoms as well as X =F,

genated formaldehydes (FCHO, CICHO and BrCHO) with ¢| and Br.
three halogen atoms (F, Cl and Br), have been investigated
experimentally: FCHO +F (Behr et al., 1993, 1998; Fran-

cisco et al., 1990; Hasson et al.,, 1998; Meagher et al.,

1997), FCHO +Cl (Bednarek et al., 1996; Edney et al.,2 Methods
1992; Meagher et al., 1997; Wallington et al., 1992), and

CICHO +CI (Catoire et al., 1996; Libuda et al., 1990; Or- . : .
) ’ - . ’ ; culated with Gaussian 03 program (Frisch et al., 2003) and
lando, 1999; Sanhueza et al., 1975; Wallington et al., 1996)Polyrate 9.4.1 program (Corchado et al., 2002), respectively.

However, these experimental studies only focused on the ki-

. : . X . Geometric parameters and frequency calculations were car-
netics data, and never involved in the reaction mechanisms: . .
ed out at the PMP2/6-311 + G(d,p) level. The vibrational

Nevertheless, to understand the transformation mechanis . .
requencies were performed to characterize the nature of

and fate of atmospheric reaction intermediates (IM) is an in- ach point on the potential energy surface (PES) and make
dispensable component to assess the risk of various toxi€ poi P ! gy surta A
zero-point-energy (ZPE) corrections. Using the intrinsic re-

VOCs (Blotevogel et al., 2010). As for the theoretical stud- i dinate (IRC) th h S h
ies, only limited published data was reported on the reac—al\(;”'zopn coor maei ( ‘ 3 ¢ eory, tE rtnlnlmhurtn-en?[_rgy ptat
tions of FCHO + F (Francisco et al., 1990; Wu et al., 2003)( ) was constructed to verify that each transition state

and FCHO +Cl (Wu et al., 2002), and these studies achievechS) uniquely connected the designated reactants with the

different conclusions regarding the contribution of addition psr)c;céucvtvs. Thr?] DILD éﬂtet?r?\/d (It-ilu ?t ?rl] ig%u T\“ﬁ:larhetn?l;h
pathways. For instance, the result obtained by Francisco ejt ) was employed to investigate the reaction mechanisms

al. (1990) concluded that addition of fluorine atom onto and kinetics. The energy profiles of the title atmospheric

FCHO was competitive, which contradicted the results Ofreactlons were refined at the high-accuracy QCISIX(T)/6-

Wu et al. (2003). Furthermore, no studies on the kinetic data?’é1 * GI(Zde,_Zp) ll_exel bgsegl onl thﬁ “g/;/?ometr|esdr11e3t|onted
of the addition pathways have been conducted by these th2POVE. For simplicity, a double sias was used to denote

oretical researchers. To our knowledge, no experimental o he dl:jal'l]e\t/ﬁ ! d);n?mr#csnzpﬁrc;acr:h Sllthh "’;S chl]tSDnET)é/ Prlr\:lipt%
theoretical investigations have been reported on the title re- alsel tci) N etha orede A Odietribeiiu nS ongl:ﬁ rut c i t:nty
actions, except the CICHO + Cl and FCHO + F/ClI reactions, C&/cU1ations, the progucts distributions a € rate constants

Thus, to gain insight into the environmental impact of halo- of all the possible reaction pathways were computed using

genated formaldehydes, a systematic theoretical study is re(-:VT (Truhlar etal., 1980) plus SCT (Liu etal., 1993).

quired to illustrate the detailed atmospheric reaction mecha-

nisms and kinetics of the title reactions, and the potential im-3  Resuylts and discussion

portance of the title reactions as an atmospheric degradation

pathway is also necessary to qualitatively investigate with a3.1  Atmospheric reaction mechanism
theoretical calculation method.

In this study, the atmospheric reaction mechanisms andsenerally, two different attack sites were present on the halo-
kinetics of halogenated formaldehydes reaction with halo-genated formaldehydes (QCHO, Q=F, Cl, and Br) by halo-
gen atoms were investigated using the dual-level direct dy-gen atoms (X=F, Cl, and Br): the H atom was abstracted
namics (DLD) method. The temperature-dependent rate confrom the carbonyl group position (XRaps.Q and the halo-
stants of the title reactions in atmospheric environment weregen atom was added onto the carbon atom of carbonyl group
deduced using canonical variational transition state theoryX—Radd-Q (Scheme 1). Figures S1 and S2 illustrated the
(CVT) with small curvature tunneling (SCT) to simulate the geometries of reactants, products, TSs, complexes, and IMs
troposphere temperature range within the atmospheric temealculated at the MP2/6-311G(d,p) level. To confirm the cal-
perature range of 200-368 K. Furthermore, the calculatedtulated geometry corresponding to a saddle point with only
data were compared with the available experimental result®ne imaginary frequency or a local minimum without imag-
to assess the reliability of the proposed model. inary frequency; the harmonic vibrational frequencies of the

main stationary points were also listed in Table S1. The en-
ergy parameters were also presented in Table 1, including the
reaction enthalpies with heat correctiorrsl-(g%) and po-
tential barrier heights with ZPE correction £) obtained

All guantum chemistry and computational kinetics were cal-
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Table 1. Energy parameters, including the potential barrier heightg)( reaction enthalpiesA(Hg%), and dissociation energies 25)8
(C—H)] for the title reactions QCHO + %> products (in kcal mot?).

X F Cl Br Dg% (C—H)
AE  AHYgg AE  AHYgg AE  AHOgg

QCHO H-abstraction pathways

FCHO —2.68 —33.94° (—35.14) 579 —0.59* (—2.15) 1457 12.0% (13.63) 97.71

CICHO —4.98 —4333 -0.58 —10.05 570 258 87.61

BrCHO —-575 —-4818 —-181 -1491 238 226 82.74

QCHO OH-addition pathways

FCHO 570 -2362 1419 13.07 19.38 22.15

CICHO 738  —2432 14.27 18.70 18.43 20.98

BrCHO 7.60 —2174 14.02 8.08 17.89 20.32

* Experimental value (NIST).

at the QCISD(T)/6-311 + G(2df,2p)//IPMP2/6-311 + G(d,p) des should be abstracted more easily from FCHO to CICHO
level. All geometries optimized at the PMP2/6—311 + G(d,p) to BrCHO. To further investigate the reactivity of H atom,
level and all energies obtained at the QCISD(T)//PMP2 levelthe C—H bond-dissociation energiesgggC—H)) in car-
agreed with the available experimental data (Groner et al.ponyl group were calculated, and the results were also listed
2001; Huisman et al., 1979; Nagai et al., 1981; NIST).in Table 1. For the three halogenated formaldehydes, the
The maximum relative errors were less than 0.01% andcorresponding %B(C—H) values were 97.71, 87.61, and
1.7 kcal mot ! for the geometric parameters and energy pa-82.74 kcal mot®. This result was in line with the order of

rameters, respectively. the AE, indicating that the halogen atom substitutions from
F to Cl to Br atom can increase the reactivity of H atom.
3.1.1 H-abstraction pathways The reaction enthalpies obtained wer83.94 (F-Rps-B,

—43.33 (F-Rbs.c), and —48.18 (F-Rps.g) kcalmol1, ex-
To compare the earliness of H-abstraction TS structures, &ibiting the same trend as that of potential barrier heights.
geometry parameter L was calculated using the variation inSimilar conclusions can be drawn regarding different halo-
the breaking bond distance between TSs and reacta(@s-(  genated formaldehydes reaction with Cl and Br atoms.
H)) as well as the forming bond distance between TSs and AS forAH9g, the attack of three halogen atoms to FCHO,
products § (H-X)): L=8 (C-H)/§ (H-X) (Table S2). This the AEs and AHggss were increased when the halogen
parameter L denoted not only a TS structure associated witlatoms changed from F to Cl to Br atoms. This finding sug-
a reactant-like or a product-like (L <1 or L > 1) character, but gested that halogenated formaldehydes could be more eas-
also the quantification of the corresponding trend (Rayez etly abstracted by F atoms than Cl or Br atoms. Similar
al., 1994). As shown in Table 1, except for BgRrand Br-  feature can be found from the reaction of three halogen
Rabs-cl pathways (L > 1), all other pathways were exother- atoms and CICHO and BrCHO. On the other hand, for F-
mic reactions (L <1). That is, the reaction pathways with TS Rabs-ci and Cl-Rips-ci channels (Fig. S1), there is a com-
having a reactant-like character (L <1) were exothermic re-plex on the reactants and products side, respectively, denoted
actions. Otherwise, it was expected to be endothermic. Thi&s CR and CP, in which the relative energies we@47
conclusion was in accordance with the Hammond postulatdF-CRaps-c), —43.94 (F-CRbs-c), —2.41 (CI-CRyps-c), and
(Hammond, 1955); in addition, a positive correlation was ob-—11.05 (CI-CRps-c) kcalmol~ below the corresponding
served between L anAHggg: the lowest (highest) value of reactants, respectively (Table S3). Also, there exist two Cl-
L corresponded to the lowest (highest) valuendfi9g For ~ CRabs-Fand Br-CRups.r complexes located at the entrance
instance, the minimum (0.07) and maximum (1.42) L values©f Cl-CRabs.Fand Br-CRyps.rchannels, and the stabilization
of F-Raps-grand Br-Ryps.rpathways (Table S2) corresponded energies are all lower than the corresponding reactants by
to the lowest and the higheatHJy; with —48.18 kcalmot® ~ @bout 0.7 keal mot®. _ .
and 12.05kcalmotl, respectively (Table 1). For the at- I addition, the standard formation enthalpH; 5qq)

tack of F atoms to three halogenated formaldehydes, th@f SPecies is necessary to determine the kinetics of reac-
AEs of H-abstraction pathways were2.68 kcal mot! tion process and the thermodynamic properties. Hence, the
for F—Raps.r —4.98 kcal mot® for F—Raps.cy and —5.75  isodesmic reaction method (IUPAC) was performed to ob-

kcalmol! for F—Raps.ss decreasing with the order of tain theAHo’298 of main species without the experimental
AE(F-Raps.) >AE(F—Raps-c) >AE(F—Raps.s). This re- values, such as CICHO, BrCHO, and the corresponding rad-

sult indicated that the H atom of halogenated formaldehy-i€@ls, and presented in Table S4. The method was used in
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this study as a hypothetical reaction, in which the chemical ssisez [N T 1o+

bond broken model in the reactants is the same as the forme -
model in the products. Therefore, the following isodesmic re- _
actions were chosen due to the simple configuration of CH = _— -

(Jietal., 2007):
QCHO+ CHs - HCHO + CH3Q(Q = F, Cl, Br) (R1-R3)

QCO+ CHg - HCO + CH3Q(Q = F,CI,Br). (R4-R6) FCHO CICHO BrCHO
The derivation procedure was as follows: (1) the SPE |*°" |10 S Pl A s
was calculated at the QCISD(T)/6-311+ G(2df,2p) level [c¢ 0923 c 0.527 C 0.483
using the geometries obtained by the PMP2/6-311 + G(d,p) |H 0.109 H 0.140 H 0.144
level for all products and reactants involved in R1-3 and [° 0614 o -0.584 o 0579
F -0.418 Cl -0.082 Br -0.048

R4-6; (2) the heat corrections were used to obtain the

AHg% Of.ReaCtlon (Rl)_(R'?’.) and Reaction (R_4)_(R6) at Fig. 1. Calculated molecular electrostatic potential and NBO
298K using standard statistical thermodynamic methOdSbharges (in e) for the reactants.
(3) the aforementioned reaction enthalpies were combined

with the known experimental data in Reaction (R1)—(R3)
and Reaction (R4)-(R6) (HCHO—27.69 kcal mot?;
HCO -10.39kcalmot?; CHsCl, —19.99kcalmot?;

CHsF, —55.97kcalmotl; CHsBr, —9.08kcalmot?;

the Hammond postulate (Hammond, 1955). From Table 1,
the order ofAHgggs were in line with that of the geo-
. . 0
CHa, —17.89 kcalmatl) (NIST) to calculate the required metrical features of TS mentioned above, and Mté5,cs
AHC ... As shown in Table S4, the calculatesHS were —23.62 (F-Raa-p, —24.32 (F-Rad-c), and ~21.74
1,298 ’ /298 (F-Raqq.e) kcal mol L, respectively. TheAEs of F-Radd-x

1
were —46.2, —32.8, —5.1, and 3.4 kgal mot” for _CICHO' pathways were 5.70, 7.38, and 7.60 kcalmo(Table 1),
BrCHO, CICO, and BrCO, respectively. Despite the lack respectively, with the increasing order ofE(F—Ragd.d

of experimental data that prevents full comparison betweerkAE(F—Radd.CD <AE(F—Raqq.g). This result indicated that

the theoretical data and the experlmeang’,’zgg, the the addition pathways of F atom onto three halogenated
calculatedAHS 544 of FCHO (~92.6 kcalmot ) and FCO  formaldehydes would become increasingly more difficult as
(—41.5kcal mot?) were in line with the available experi- the electronegativity of halogen atoms was decreased in halo-
mental values £89.96 kcalmot! and —41.95 kcal mot?® genated formaldehydes.
for FCHO and FCO, respectively) in the reference (NIST).
These results indicated that the QCISD(T)//PMP2 level can3.1.3 Natural bond orbital (NBO) calculation analysis
effectively model theAH‘}’298 of these species. Thus, it is
expected that the calculatede(f’zgg can provide reliable To further unQerstand thg ngtur_e of the title atmospheric reac-
information for experimental investigations in the future. tion mgchamsms, the distribution of molecular electrostatic
potential as well as NBO charges were carried out at the
3.1.2 X-addition pathways QCISD(T)/6—-311 + G(2df,2p) level. The results were illus-
trated in Fig. 1. The most positive and negative potential were
For Cl or Br atoms addition to three halogenated formalde-assigned to be blue and red, respectively. The more posi-
hydes, theAEs of these addition pathways were too high tive potential bond (bluer) is preferred to the nucleophiles
to overcome (Table 1), and these addition pathways werettack. Therefore, the blue color of H atoms was deeper
endothermic at least with 10kcal madl (AHYgg). Thus, as  than that of C atoms in three halogenated formaldehydes
indicated by theAE and AHggg, the addition pathways (Fig. 1). That is, the H atoms appeared to have stronger
mentioned above were not likely to occur under the atmo-positive potential bond than the C atoms. This finding sug-
spheric conditions. Therefore, this section will mainly focus gested that the H-abstraction pathways were expected to
on the pathways of F atoms addition onto three halogenatedhore likely occur than the corresponding X-addition path-
formaldehydes (F-addition pathway). ways. The NBO charges estimated for H atoms were 0.109,
For the F-addition pathways (Fig. S2), the formation of 0.104, and 0.144 e, respectively, indicating an increased trend
C—-F bond was always the same. Thus, the earliness of thtrom FCHO to CICHO to BrCHO. Therefore, the H atoms in
TSs can be directly inferred from the forming -GF dis-  three molecules were more and more easy to be abstracted
tance. That is, the longer the: CF distance is, the ear- by halogen atoms and could be explained in terms of the in-
lier the TS is (luga et al., 2008). Figure S2 showed thatductive effect of halogen substitution. For three halogenated
the F-TSqd-ci pathway was the earliest among three addi- formaldehydes, the inductive effect gradually weakens from
tion TSs, suggesting that this pathway was more exotherthe electron group -F to -Cl to -Br, and thus the electrons
mic than the F-Ryq-r and F-Rygq-gr pathways according to on the C atom of carbonyl group were harder and harder
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to be attracted, thereby increasing the electron density of Hrable 2. Total Rate Constants of the XX QCHO Reactions at 298 K
atom. As expected, the reactivity of the H-abstraction path-(in cm® molecule 1 s7%).
way should be increased from FCHO to CICHO and then to

BrCHO. X F Cl Br
QCHO
. o . CICHO 4.23x 10712 7.25%x 10712 1.79x 10715
The theoretical predictions herein can help us to develop BrcHO 8.28x 10712 1.31x 10712 1.10x 10715
reliable models for the real atmospheric reactions occur- HCHO* 45x 10711 8.0x 1011 1.8x10712

ring within the temperature range from the earth surface to. ¢,y he experimental data: Beukes et al. (2000).
tropopause (200-368 K). Therefore, in this section, the DLD
calculations were performed with the CVT plus interpolated
single-point energies method (Chuang et al., 1999) using the
QCISD(T)//IPMP2 level to compute the rate constants at ev-owing to the largest deviation factor of 1.6. Thus, the rate
ery 10K as well as the temperature point with the experi-constants obtained at the QCISD(T)//PMP2 levels were reli-
mental values. For the convenience of the following discus-able within the atmospheric temperature range from 200 to
sion, the calculated rate constants using CVT plus SCT wer&68 K, which is particularly important for the atmospheric
denoted as CVT/SCT rate constants. The obtained rate comeactions without experimental data.
stants and the available experimental data were compared in The total rate constants of same halogen atom reaction
Fig. S3. The temperature dependences of branching ratios bevith different halogenated formaldehydes within the temper-
tween the H-abstraction and the X-addition pathways wereature range of 200—368 K were demonstrated in Fig. 2a—c.
also exhibited in Fig. S4. Tables S5 to S7 list the rate con-These rate constants at 298 K were also presented in Table 2.
stants of each pathway and the total rate constants. For the reactions of F atom with different halogenated
The CVT/SCT rate constants of the RiRr pathway formaldehydes (Table 2), the total rate constants obtained
(Fig. S3a) were in good agreement with most experimentalwere 8.08x 1013 (F + FCHO), 4.23< 10~12 (F + CICHO),
data (Behr et al., 1993, 1998; Francisco et al., 1990; Hasand 8.28< 1012 (F+BrCHO)cnt molecule's! at
son et al., 1998; Meagher et al., 1997). For example, th&298 K. The rate constants increased in the order of
calculated rate constant of 8110 13cm® moleculels™!  k(F + FCHO) <k(F + CICHO) <k(F + BrCHO), which was
at 298K perfectly matched with the experimental val- consistent with the analysis values of potential barrier and
ues of (8.8 1.4)x 10 ¥ cm3molecule s (Behr et al.,  NBO calculation. In addition, from Fig. 2a, it can be found
1993) and (8.6:1.0)x 10-¥cmPmoleculels™! (Has-  that as the temperature rises, the rate constants increase,
son et al., 1998), but was slightly lower than that of implying that increasing temperature will be benefit from
2.11x 10 2cm® molecule 1s~1 (Francisco et al., 1990). the reaction of F atom with different halogenated formalde-
With respect to Cl-Rys.r pathway (Fig. S3b), the rate hydes. The similar results can be drawn from the reactions
constants matched with the available experimental dataf different halogenated formaldehydes with Cl or Br atoms.
(Bednarek et al., 1996; Edney et al., 1992; Meagher et al.For the same halogenated formaldehyde reactions with
1997; Wallington et al., 1992) in the temperature rangedifferent halogen atoms, the total CVT/SCT results were
of 244-298K due to the largest deviation within a fac- also summarized in Fig. 2d—f. For the reactions of CICHO
tor of 1.5. For instance, the calculated rate constant ofwith different halogen atoms (Fig. 2d), the theoretical results
1.7x 105 cm® molecule st at 295K agreed well with  decreased in the order d@fF + CICHO) >(Cl+ CICHO)
the experimental values of (1490.2)x 1015 (Meagher  >k(Br+ CICHO). The similar trend can also be observed for
et al., 1997) and (240.2)x 10 cm®molecule*s™!  the reactions of FCHO and BrCHO with different halogen
(Edney et al., 1992). For Cl-8s.c| pathway (Fig. S3c), atoms. The kinetics results showed that the reactions of F
the calculated rate constant was slightly lower thanatoms with halogenated formaldehydes were faster than
the data achieved by Sanhueza et al. (1975) at 305 Kthose with Cl and Br atoms, but due to abundant Cl and Br
but were well accorded with other experimental dataatoms in the MBL, the halogenated formaldehydes reacted
(Catoire et al., 1996; Libuda et al., 1990; Orlando, with Cl and Br atoms were still important even more than
1999; Wallington et al., 1996). Fitted by the CVT/SCT those with F atoms under the MBL. To confirm the contri-
rate constants, the Arrhenius expression was obtained tbutions of halogen atoms in halogenated formaldehydes, the
be 1.70x 10 1 exp(=940 K/T) cm®molecule 1 s71, which  rate constants of parent formaldehyde reaction with halogen
was in agreement with the experimental expressions ofaitoms reported by Beukes et al. (2000) were also presented
1.39x 101! exp((-866+ 168) K/T)) cm® molecule's  in Table 2. The rate constants of formaldehydes with halogen
within the temperature range 266-322K (Libuda et al.,atoms were larger than those of halogenated formaldehydes
1990). On the basis of the previous discussion, the theoretiwith the corresponding halogen atoms. This result indicated
cal results matched well with the available experimental datahat the decrease in the atmospheric activities of three
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Fig. 2. Plot of the CVT/SCT rate constants versus 1000/T within the temperature range of 200-368 K for the rea¢tprst@CHO,
(b) CI+QCHO,(c) Br+ QCHO,(d) X+ FCHO, (e) X+ CICHO, and(f) X+ BrCHO. Herewith, X and Q are F, Cl, Br atoms.

halogenated formaldehydes with halogen atom substitutionraple 3. The modified Arrhenius formulas fdr= AT exp(~C/T)

compared with their parent formaldehydes. within the temperature range of 200-368 K.
Figure S4 showed that for all nine atmospheric reac-
tions, the contribution of all X-addition pathways to the to- Reaction R B cb

tal rate constant was almost equal to zero. Such finding sug-
gested that the addition—elimination pathways were negligi-
ble within the temperature range of 200-368 K. Therefore,
the halogenated formyl radical (QCO, where Q=F, Cl, Br)
and hydrogen halide (HX, where X=F, Cl, Br) were the
dominant products, and the addition intermediates (such as
HC(O)R,, HC(O)CIF, etc.) were difficult to form at tempera-
ture range from 200 to 368 K.

To predict the rate constants of the title reactions in the
temperatures without experimental data, the relationship was
attempted between the temperature and the rate constants.? nits in cnPmoleculetsl . .

Within the atmospheric temperature ranges of 200-368K, €= & £=Fa~ nRT inwhichC (nkK), E (inkcal mol™ ') andn are the
- . . . fitting parameters, anfia (in kcal mol~+) andR (in kcal mol~- - K) are the

the modified Arrhenius formulas were listed in Tables 3 and activation energy and the gas constant, respectively (Zheng et al., 2010).

S8. The pre-exponential factor, the rate constants, and the ac-

tivation energy can be drawn from these formulas.

FCHO+F—> products ~ 1.74 1016 163 256
CICHO +F— products  1.1% 10715 141 —40
BrCHO+F— products  4.661071% 131 -6
FCHO+Cl— products 15510719 3.08 2415
CICHO +Cl— products 1.9%10°1° 274 140
BrCHO + Cl— products 3.7 10719 254 -—182
FCHO +Br— products  1.0% 10719 3.44 7165
CICHO +Br— products  7.94 10719 272 2309
BrCHO +Br— products 8.3% 1020 273 1113

3.2.1 The fate of main atmospheric intermediates X-addition channels, respectively, in the presence phad
halogen atoms. The four possible atmospheric degradation
To better ascertain the environmental impact of the title at-pathways of CICO radical were presented in Fig. 3, in which
mospheric reactions, CICO and HC(O)CIF were used as exthe reactions of CICO with Cl atom (pathways 2 and 3) and
amples of the reaction intermediates of the H-abstraction an@xygen atom (pathways 4) corresponds to the elimination of
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primarily react with Cl atoms to produce phosgene where
b 73 05 there is abundant Cl atoms in the atmosphere. Otherwise, the
/ CICO radical could be transformed into @CCl», and CIO

€Q i 4 ik ”Y3391 in the presence of ©

.0, +0; For the addition intermediate HC(O)CIF, there maybe
f exist three degradation pathways: H-elimination, CI-

Pathway 1
AE=7.40 Pn'rhway4

AE=5.10

tran-CICOs P —

elimination, and HF-elimination pathways (Scheme S1, as
denoted F-Rm-cil, F-Reim-ci2, and F-Rim-ci3). Table S9
listed the energies at different pathways, in which the en-
ergy of the corresponding intermediate was set to zero as
€O, +ClO a\} ‘ 2.5;;!4/0; reference. As shown in table, theE of F—Reim-ci2 path-
- way was much lower at least 10 kcal mélthan those of F-
‘“ Reim-ci1 and F-Rim-ci3 pathways. This result suggested that
F-Reim-ci2 pathway could easily occur from the viewpoint of
*EPZ\'” 2 kinetics to release Cl atoms. However, the exothermic energy
cl, SE=-s24L of the F-Rim.ci3 pathway {19.73 kcal mot?) was lower
) (6 kcal mol 1) than that of the F-Bm-ci2 pathway. This indi-
Fig. 3. Possible atmospheric degradation pathways of CICO radicalcated that the formation of HF and CICO was thermodynam-
at the QCISD(T)/6—311+G(2df 2p)/IPMP2/6-311+G(d,p) level ically favorable. Anyway, the addition pathways were diffi-
(in kcalmoi~1). cult to occur, thus these products were not obtained under the
atmospheric conditions.

R £E=-203
LE=2131
LB -61. 97} Lk 628 \ +

Cl+ €O,

Cl atom from CICO (pathways 1). As shown in Fig. 3, path-

way 1 had difficulty occurring because of higher potential 4 Environmental implications

barrier height than those of other pathways, whereas path-

ways 2—4 were all barrier-free processes. To further confirmTo evaluate the specific atmospheric region where the reac-
these barrier-free processes, the point-wise potential curvéons of the halogenated formaldehydes with halogen atoms
was performed and the results were shown in Figs. S5—S8ccur, the rate constants at different altitudes were also cal-
(the detailed discussion is presented in Supplementary Maeulated (Table 4). From table, the rate constants decreased
terial). Pathways 2 and 3 were exothermic processes witlwith increasing the altitudes, and the decrease in the halo-
the exothermic energies ef23.03 and —23.91 kcal mot to gen atom reaction with FCHO was faster than those of halo-
form two isomersis-CICOs andtransCICOs with high ac-  gen atoms with other halogenated formaldehydes. For exam-
tivity, in which could be easily transformed to each other with ple, the rate constants at sea level were 4.8 (F + FCHO), 2.2
a small internal rotation barrier (5.10 kcal mé). Further-  (F+CICHO), and 2.0 (F + BrCHO) times larger than those
more, both species can be easily degradedtrfos-CICO;3, at 12 km height above sea level. As the results displayed in
the most feasible pathway was to undergo a concerted O-shiffable 4 and Fig. S4, the QCO and HX were always found
and C-Cl bond cleavage, leading to the final productsy(CO as dominated intermediates within the altitude between 0
and CIO), in which the potential barrier height and reactionand 12 km, but the products of addition pathways were dif-
energy AEp) was 21.31 and-61.97 kcal motl. Inthe ab-  ficult to produce. Particularly at sea level, the reaction in-
sence of other radicals, tweis-CICOs could easily combine  termediates of QCO and HX were obtained almost exclu-
each other to produce CCI(O)OOCCI(O) owing to the low sively with the ratio of 100%. According to previously men-
potential barrier heights with-2.03 kcal mot and strongly  tioned results, the intermediate, QCO, was willing to react
exothermic energy with—6.98 kcalmot®. This interme-  with halogen atoms to form unstable compounds in specific
diate CCI(O)OOCCI(O) could dissociated directly to give areas where there are abundant halogen atoms in the atmo-
products CICQ and CI(O)CQ (AEp=—4.04kcal mot?). sphere (for example, MBL). These compounds were slightly
The CI(O)CQ could further dissociated to produce ClgO soluble and then yield COand HX as final gaseous prod-
and @ (AE=-6.21kcalmot?), and finally, due to high ucts. Otherwise, the QCO were degraded to form,C,
exothermic energy<27.21 kcal mot?), the CICQ could be  and XO in the presence of&and halogen atoms. In partic-
decomposed to produce G@nd Cp. As for pathway 4, the ular, for the reaction of CICHO with Cl atoms, the phosgene
CICO radical could be prefer to react with Cl atom to form and CIO were found during the atmospheric degradation pro-
phosgene by a strongly exothermic process with an energgess. Phosgene is well known as a highly toxic colourless gas
decrease 0f-73.05 kcal mot?. Phosgene is well known to  (Fu et al., 2007) that can endanger human health via inhala-
be slightly soluble in liquid water, in which it may yield GO tion and exposure (Stanek et al., 2011), and CIO is also a key
and HCl as final gaseous products (Hatakeyama et al., 1989hzone destruction catalyst (Solomon, 1999). Therefore, halo-
Based on the aforementioned results, the CICO radical couldienated formaldehydes as intermediates of the atmospheric
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Table 4. Calculated CVT/SCT rate constants of H-abstraction and X-addition pathways at different haigtits earth atmosphere (in

cm® moleculels™1).

Y. M. Ji et al.: Highly toxic air pollutants from halogenated formaldehydes

h(km) T (K) F+FCHO— products F + CICHG~ products F +BrCHG~ products
kabs kadd kabs kadd kabs kadd
0 298.15 8.0% 10713 1.01x10°16 423x10°12 175x10716 549x10°12 1.19x10°1°
0 288.19 7.43% 10713 6.72x10°17 4.05x107°12 122x10°16 546x10°12 7.83x 1020
2 27521 6.6 10713 3.78x 10717 3.82x 10712 7.30x10°17 5.42x10°12 4.67x 10720
4 262.23 583% 10713 202x10°17 359x10712 421x10°Y7 532x10712 2.94x 10720
6 249.25 5110713 1.02x10°17 3.37x1012 231x10°17 529x10°12 1.98x 10720
8 236.27 44% 10713 487x10°18 3.15x107°12 120x10°17 528x10°12 1.43x10°20
10 22329 3.7&% 10713 216x 10718 294x10712 595x10°18 530x10712 1.08x 10720
12 216.69 3.4& 10713 139x10718 283x10°12 4.06x1018 532x10712 955x 10721
h(km) T (K) Cl+FCHO — products Cl+ CICHG~ products Cl+BrCHGO- products
kabs kadd kabs kadd kabs kadd
0 298.15 1.9610°1° 894x 10725 7.27x10713 207x1073! 1.31x10712 2.60x 10723
0 288.19 1.341071° 3.74x1072° 6.51x10713 6.80x 10732 122x10712 1.13x 10723
2 27521 7.8% 10718 1.10x10°% 561x10°13 141x10732 1.12x10°12 3.48x 10724
4 262.23 43610716 292x 10726 4.79x 10713 253x 10733 1.03x10°12 9.61x 10725
6 24925 23k% 1016 681x1027 4.05x10°13 381x103* 0935x10°13 234x10°25
8 236.27 11510716 1.37x10°27 3.39x 10713 4.68x10°35 8.50x 10713 4.90x 10726
10 22329 53% 1017 234x1028 281x10°13 452x103% 7.71x10713 8.67x 10727
12 216.69 3510717 885x10729 254x10°13 1.24x10°3 7.32x10°13 3.33x 10727
h(km) T (K) Br+FCHO — products Br+ CICHG— products Br+ BrCHO- products
kabs kadd kabs kadd kabs kadd
0 208.15 12810721 1.19x10°3! 1.80x10°1° 8.68x10731 1.11x10°14 1.46x10°28
0 288.19 4.9810722 2.19x10°32 1.26x 10715 1.88x10731 8.86x 1071 4.38x 1072°
2 27521 13% 10722 203x1033 7.60x10°16 216x1032 651x101> 8.01x10°30
4 262.23 3.06¢1072% 1.49x 10734 4.40x10°16 202x10733 4.67x10°15 1.24x 10730
6 249.25 6.181072% 8.36x 10736 243x 10716 148x 10734 3.26x10°1°® 1.59x 10731
8 236.27 1.06<10°24 3.44x1037 1.26x10°16 813x103¢ 221x1015 1.63x10°32
10 22329 15x10°2° 9.80x 1073 6.13x10°17 321x1037 1.44x10°15 1.29x 10733
12 216.69 5.0&10°26 137x1073° 4.16x10°17 537x1038 1.14x10°15 3.18x 10734

* In the troposphere, the temperature drops about 6.49 K for every 1 km increase in altitude. Into the stratosphere (from 11 km height above the earth

surface), the constant temperature is 216.69 K (Gonzalez et al., 2011).

degradation of VOCs, need ongoing comprehensive attention Edited by: R. Sander

and further risk assessment in atmospheric environment.

Supplementary material related to this article is

available online athttp://www.atmos-chem-phys.net/13/
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