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The gas-phase reaction of atomic chlorine with diiodomethane was studied over the temperature range 273
363 K with the very low-pressure reactor (VLPR) technique. The reaction takes place in a Knudsen reactor
at pressures below 3 mTorr, where the steady-state concentration of both reactants and stable products is
continuously measured by electron-impact mass spectrometry. The absolute rate coefficient as a function of
temperature was given by= (4.70 £ 0.65) x 107! exp[—(241 £ 33)/T] cm®molecule’s™?, in the low-
pressure regime. The quoted uncertainties are given at a 95% level of confideheaed2nclude systematic

errors. The reaction occurs via two pathways: the abstraction of a hydrogen atom leading to HCI and the
abstraction of an iodine atom leading to ICI. The HCI yield was measured to be ea.1886. The results
suggest that the reaction proceeds via the intermediate, €8l adduct formation, with a+Cl bond strength

of 51.94 15 kJ mot?, calculated at the B3P86/aug-cc-pVTZ-PP level of theory. Furthermore, the oxidation
reactions of CHiand CHi radicals were studied by introducing an excess of molecular oxygen in the Knudsen
reactor. HCHO and HCOOH were the primary oxidation products indicating that the reactions,\pithc®ed

via the intermediate peroxy radical formation and the subsequent elimination of either IO radical or | atom.
HCHO and HCOOH were also detected by FT-IR, as the reaction products of photolytically generated CH
radicals with Q in a static cell, which supports the proposed oxidation mechanism. Since the photolysis of
CHal, is about 3 orders of magnitude faster than its reactive loss by CI atoms, the title reaction does not
constitute an important tropospheric sink for £H

1. Introduction photolability 19 surpassed only by molecular ioding, Which
- ) ., _is considered to be #@imes more effective in the coastal marine
Several |od|n§1ted compounds have been detected in Con.s'deraoundary layetL12Recent emission measurements over coastal
able concentrations over coastal areas and are lately considere iota around Mace Head have shown that,GHs among the

aitmnay? cotrrnrtlbutc;]rsrito trzopr:)s%he:mﬂoﬂzone lﬁis taréclj N r? r\’r/unor primary iodinated species released, with an emission rate as high
extent to stratospneric ozone depletiorizecent Studies have 559 g g1 11213 However, gas-phase kinetic data for &4

also. shown that these compounds emitted by marine algae Aeactions with the primary atmospheric reactants OH radicals
partially converted by sunlight into aerosol particles, and this and Cl atoms are very limited; no data are available for OH

process could have significant effects on clim&teéodinated radicals and only preliminary results were reported for Cl

compounds are rgmoveq from .the troposphere via IC)ho'[OIyS'Satoms%“vﬁ'In particular, the rate coefficients for the reactions
as well as via their reactions with OH radicals and CI| atoms.

Although OH radical reactions are predominant in the tropo- HCl + CHI,
sphere, Cl atom reactions with iodinated compounds are Cl + CHil, { )
expected to be also important, because of the substantial Cl ICl + CHyI
concentrations over the marine boundary l|a&yér,where
iodinated compounds are emitted, and the higher reactivity of are expected to be relatively high and pressure-dependent
Cl atoms compared to OH radicals with the majority of organic because of the intermediate formation of a KCHCI adduct,
compounds. which was recently detected by its visible absorption in the range
Among the iodinated organic compounds detected in the 405-632 nmi®as well as by laser induced fluorescence in the
troposphere, diiodomethane (@b is considered to be an  range 345-375 nm?® In general, experimental and theoretical
important precursor of iodine atoms because of its high studies have suggested the presence of attractive forces between
Cl atoms with iodinated molecules, which may lead to adducts
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Cht?rggﬁsn%krist?esr-r?r:RIZ-Srggirléhpir;%%egghemésggymuiggigfs-cience Division pathways proceeding via adduct formation (besides direct
National Oce);nic and Atmospheric Admir:?ls’tration, 325 Broadway, Boulder’ abstraction pathway§) may enha,nce the overall rate coefﬂugnt
Colorado, 80305-3328. and affect the reaction mechanism as well as the branching
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photolysis and chemical reactions involving the most abundant TABLE 1: Electron Impact Mass Spectra of CHal,, ICl,

CHsl and CHl» CH_CIl, HCOOH, and HCHO Taken at an Electron Energy
of 19 e\®
h
CH,l,—> CH,l + 1
CHal»
X + CH,l, — CH,l + IX m/e 127 141 254 268
fragment I CHal ™ Py CHal ot
X 4+ CH.l — CH.| + HX relative 32 100 2 30
s 2 intensity
whereX = OH or Cl. ICI
The oxidation of CHI radicals in the troposphere is expected m/e 127 3162+ 3%64+
to occur via the initial association with,Qeading to ICHOO frﬁgtr_ne”t 1|:)o '5510' '15'
radicals, which subsequently follow a degradation mechanism irr?t:r:\s/ﬁy

in analogy to other halogenated peroxy radiéafIt has been
reported that the oxidation reaction occurs exclusively via the CH:CII

; mle 49 51 127 176 178
reaction fragment CH®CI™ CHSCI™ I+ CH2CIIT  CH2'CII
CH.l - O.— 10 + HCHO (2) relative 100 30 25 13 4
2 2 intensity

by observing the appearance of 10 product using cavity ring- HCOOH
down spectroscopy (CRD&)However, in another study of the ~ m/e 28 29 45 46
above reaction by using photoionization mass spectrometry, it ffﬁ‘gtme”t 1C20 jg:(y H4gOU ngc?o"r
was shown that, beside 10 radicals, | atoms are also generated,irr?tgr:\éﬁy
and furthermore, they constitute the main reaction prodijcts.
The 10 yields for the reactions of longer iodoalkyl radicals HCHO
(generated by H atom abstraction by Cl atoms from the ][n/ € 28 29 80
LY . ragment CO HCO* HCHO

corresponding iodoalkanes) with @ere also recently measured  ¢jative 5 59 100
by CRDS technique to be rather low (0-08.15)2° The rate intensity
coefficient for reaction 2 has been measured tdkde= (4.0
+ 0.4) x 10713 cm?® molecule’® st (independent of pressure
and temperature in the ranges &0 Torr and 278- 313 Ky’
andkpgs= (1.6 4 0.2) x 10713 cm® molecule® s~ (independent
of pressure in the range 8- Torr)3° In a more recent study,
the temperature dependencekgf= (1.394 0.01) x 10712 (T/
300 K)1-55+0.06 cm2 molecule® s! was determined in the
range 226-450 K28

The aim of the present study was the kinetic and mechanistic
investigation of the gas-phase reaction of Cl atoms withlgH
over the temperature range 27363 K at low-pressure condi-
tions. The absolute rate coefficients and the primary reaction
pathways were determined by using a molecular flow system
consisting of a very low-pressure Knudsen reactor (VLPR)
coupled to a quadrupole mass spectrom&teurthermore, the
oxidation reaction pathways of the primary iodinated radicals
CHal and CHL were investigated by introducing moleculag O
in the Knudsen reactor through a third inlet. In addition, the
oxidation pathways of the CiHradical were investigated by

2 Intensities are reported relative to the intensity of the most
prominent mass peak.

escape aperture diameter was 5 mm and the measured escape
rate coefficients were given by the expresskag s= 4.97(T/

M)¥2 51 where T is the reactor temperature amd is the
molecular weight of species S. The oxidation experiments were
performed in a larger Knudsen reactbr= 168 cnf) equipped

with a third inlet for the admission of £and using a smaller
escape aperture of 2 mm, in order to increase the residence time
of the primary reaction products. Thus, the yields of secondary
oxidation reactions were sufficiently enhanced in order to allow
the mass spectrometric detection of oxidation products. During
the title reaction rate coefficient measurements, the total pressure
inside the reactor was always below 3 mTorr with an average
value throughout the experiments of about 1 mTorr, while for
the radical oxidation experiments by, COthe total pressure
reached a maximum of 15 mTorr.

the sunlight photolysis of gaseous @Hin the presence of Chlorine atoms were generatec_zl by_ flowing a m_ixture of 30%
excess @ followed by FT-IR product analysis. Finally, DFT  Clo/He through a quartz tube, which is enclosed in a 2.45 GHz
calculations were performed to determine thetCand C-| microwave cavity operating at 35 W. The,Glissociation yield

bond strengths and the thermochemistry of all reaction pathways,was not complete (ca. 50%) and was continuously determined
including the adduct formation and the radical oxidation by monitoring its parent peak at/e 70. The steady-state

processes. concentration of chlorine atoms was measured by monitoring
the mass peak at/e 35. The electron ionization energy was
2. Experimental Section kept low at 19 eV to suppress the fragmentation of HCI t6 ClI

The reaction of chlorine atoms with diiodomethane in the (M/€35)10 negligible levels (ca. 0.03%). The mass spectrometric
gas phase was studied by using a continuous-flowlecular fragmentation of Gl was also taken into account and its
beam system equipped with a quadrupole mass spectrometercontribution was always subtracted from the intensity of the
which has been described in detail previowljthe double- ~ Peak atm/e 35.
wall Knudsen reacto = 45 cn?) was coated with a thin film The fragmentation mass spectra of all relative species are
of Teflon (FEP 121A, DuPont) to suppress wall reactions, and shown in Table 1. The fragmentation pattern of Gt 19 eV
its temperature was controlled by liquid circulation through the showed four major peaks at/e 127 (I*), 141 (CHI*), 252
outer jacket £0.1 K). The escape rate coefficients for various (I27) and 268 (CHI,"); the highest peak aw/e 141 was selected
species were determined by monitoring the first-order decay of to monitor the concentration of GH reactant (free of any
their mass spectrometric signal after a fast halt of the flow. The contribution from stable reaction products).
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The reactants steady-state concentrations inside the reactor

were determined by monitoring the signal intendiyof the
selected fragment ion peak, which is given by the expression
Im = auFm = aukese, MV [M], whereay corresponds to the mass
spectrometric calibration factor of each speckgto the flow

rate (molecule ), V to the reactor volume (cfjy andKescm

to the escape rate coefficient{. The calibration factoay of

both reactants was accurately determined by plottingersus

Fwm. The flow rate Fy) of stable reactants from known buffer

Stefanopoulos et al.

Cl+ICI—Cl,+ | 3)
CHI, + Cl,— CHCII, + ClI 4)
CH,l + Cl,— CH,CII + ClI (5)

Mass spectrometric analysis of the reaction products revealed
the appearance of new peaksnae 36 (HCI) and m/e 162
(ICI™), followed by a decrease of reactant peakisvat35 (CIt)

volumes through selected capillaries was obtained by monitoring and m/e 141 (CHI*), and an increase of the peakrate 70

the pressure drop in the buffer volume as a function of time.
The Cb/He mixture and Chl, molecules were flowing through

1 mmx 146 cm and 1.5 mnx 28 cm capillaries, respectively.
In particular, the flow rate of chlorine atomBd) was derived

(Cl2™). In addition, the ratio$yci/Alc andlci/Alc; were found

to increase linearly with CH, concentration, which is a clear
evidence that both HCI and ICI are primary reaction products.
No peaks attributable to CHGIat m/e 175, [CHCII]") and

by assuming a mass balance for all chlorinated species in theCH,CII (at m/e 49, [CH.CI]*) were detected (Table 1), indicat-
discharge tube and the reactor, in the absence of any reactantsng the absence of primary reaction 1c, as well as of secondary

The mass balance is given by the expressioAF&d, = F¢ +
Fuci, whereAFgy, is the change in the flow rate of £Wwhen
the microwave discharge was turned on, wikitgandFc) are
the flow rates of Cl and HCI, respectively. The mass spectro-
metric sensitivity of Cl atoms was determined relative to that
for HCI, whoseayc) factor was determined by calibration plots
of a mixture of 5% HCI in He. The ratioafc/ac) was
determined by titration experiments using the simple reaction
of Cl atoms with hexana)-Cg¢H14, and it was found to be 1.3
+ 0.1. Thus, the flow ratd-c; was obtained by using the
expression:Fey = (2AFc,/[1 + Incl(ancl/ac x Ic)]), and a
typical plot of the intensityic; as a function of¢; is shown in
Figure S1 in Supporting Information.

The ranges of the steady-state concentrations of Cl antbCH
reactants were & 109—2.8 x 10'2 molecule cm?®, and 1x
10"1-2.5 x 10" molecule cm?3, respectively. The mass spectral

reactions 4 and 5. However, the formation of ICI product was
found initially to increase sharply with Cl atoms concentration
reaching a maximum at [Clk 5 x 10 molecule cm?,
followed by a gradual decrease as shown in Figure 1. This
constitutes a clear evidence that secondary reaction 3 takes place,
resulting in the consumption of ICI and the formation of Cl
and | products, whose intensity increases = 70 and 127,
respectively. Reaction 3 has been measured to be relatively fast,
with a rate coefficienks = 1.0 x 1011 cm® molecule’® 571,32
comparable with the magnitude of the title reaction. Thus, the
rate coefficient measurements could not accurately rely on the
variation of Cl atoms concentration versus the,Gldoncentra-

tion, as was done in previous studi@sinstead, the rate
coefficient was measured by monitoring the variation ofGH
concentration as a function of Cl atoms concentration, which
avoids any interference from other primary or secondary

intensities were measured with an uncertainty of ca. 5%, thus reactions of Cl atoms as well as from any wall loss of Cl atoms.

the ratio [M/[M] = Iuo/Im was determined with an accuracy
of ca. 7%.

The photolysis runs were carried out in a cylindrical cell with
a length of 8 cm and a diameter of 4 cm with NaCl windows
attached to both ends. The cell was filled with 1 Torr of GH
and ca. 400 Torr of @ It was then exposed either to direct
sunlight or to the light emitted by a Mercury UV lamp (Philips
HPL-N, 125 W,Anax= 366 nm). IR spectra of the cell contents

were taken before the photolysis as well as during the photolysis

at intervals of 15, 30, and 60 min, with a resolution of 1ém

in the range 6064000 cnT?, by a Perkin-EImer SPECTRUM
BX FT-IR spectrometer. The IR spectrum of HCHO was taken
after a brief heating of solid paraformaldehyde@®); which
was previously deposited inside the cell and degassed.

The chemicals used were commercially available and their
stated purities were: Cith (99%, Aldrich), Ch (99.5%, Linde),
HCI (99.8, Linde), He (99.9993%, Linde)@9.995%, Linde),
HCOOH (98%, Merck) and paraformaldehyde,(D); (95%,
Fluka). CHl, and Ch were degassed several times at 77 K prior
to use.

3. Results

Rate Coefficient MeasurementsThe reaction of Cl atoms
with CH,l, may proceed via the following reaction pathways

—» HCI +CHIL, (la)
(1b)

(Ie)

Cl + CHl; ——+—— ICl + CHyl

———> [+ CHCII

while the most probable secondary reactions are

By this treatment, complications arising from the possible
sticking of CHl, on the reactor walls are also avoided, since
only the change of the gas-phase {LHoncentration by the
presence of Cl atoms is employed, as shown below.

In particular, the steady-state for @kl molecules is given
by the expression

A[CH, I ]Kesc croie= Ki[CI[CH 1] U]

whereA[CHal;] = [CHal2]o — [CHaly)y, Kesc,cHaioiS the escape

rate of CHl, molecules, and [Cl] and [C}ly] are the reactants
concentrations when both are present in the reactor. Rearrange-
ment of expression | gives

(R = Dkese,crzi™ Kq[Cl]

whereR = [CHal3]o/[CH2l 2] = l141,d1141,rand subscripts o and

r denote the absence or presence of Cl atoms, respectively. The
linear least-squares fits of the data to expression | yield the rate
coefficient k. The quoted uncertainties represent the 2
precision of the fits (95% level of confidence). A typical plot

of the above equation at = 303 K is presented in Figure 2,
and typical experimental data for reaction 1 are presented in
Table 2.

Experiments were performed at four different temperatures
(273, 303, 333, and 363 K), and the obtained absolute rate
coefficients werdegrs = (1.944 0.12) x 10~ cm? molecule?

s, kaoz = (2.124 0.06) x 10711 cm® molecule® s71, ksz3 =
(2.31£ 0.08) x 10" cm® molecule® s1, andksgz = (2.40+

0.20) x 1071 cm?® molecule® s™1. The Arrhenius plot of the
experimental rate coefficients is presented in Figure 3. Linear
least-squares analysis of the temperature dependence data yields
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' 1 ' ' TABLE 2: Typical Experimental Data for the Steady-State
30 . - Concentrations of Cl Atoms and CHl, Molecules (106*
N | Molecule cnt3), and (R — 1)Kesc cHai2 (SY), Where R =
;e (ICH2l ;]o/[CHl;]) and Subscript o Denotes the Steady-State
25F o B Concentration in the Absence of the Other Reactant
3 ’.'I "~\ 1 [CHal2)o [CHal3] (R — 1)Kesc,cHzi2 [Cl]
EP[$ L 1 T=273K
3- F T @ 1 97.36 67.67 2.20 0.92
g 15f ! i 75.91 26.04 9.60 4.55
Z ; ik T 95.93 25.21 14.06 7.57
< H Treeagt S 62.22 10.04 26.05 13.91
"é 10 —’f e - 99.71 10.99 40.46 20.97
Lo - T=303K
5L | 88.51 54.45 3.30 1.63
234.07 82.58 9.69 4.42
1 81.29 17.22 19.65 6.99
0 : L - 1 : L - L ! 177.23 34.47 21.87 12.05
0.0 0.5 1.0 15 2.0 25 3.0 62.71 7.57 38.44 18.44
[cn /10" (atoms cm™) T=333K
Figure 1. Plot of ICI mass spectrometric intensity versus Cl atoms 77.38 40.66 5.00 2.19
concentration at 303 K. The dashed line is only for illustrating the trend 76.43 35.54 6.37 3.02
and does not correspond to any fit expression of the data. 69.51 25.72 9.43 3.89
76.11 21.62 13.95 5.97
15 - 93.89 11.28 40.55 19.16
E T=363K
" 88.83 4474 5.70 2.33
.. m 122.01 43.78 10.33 4.71
= 75.33 17.59 18.98 8.44
10| - - i 125.57 22.08 27.09 11.31
-~ 116.28 14.16 41.70 19.24
L) L
z - . monitoring the variation oA[HCI] kescncl[Cl] as a function
xgv" . of CHal, concentration, according to the expression
< sl e i
€ ;" A[HCl] Kese o= ki JCH,II[C]
. ,.5" -m
_‘,-_".' where A[HCI] = [HCI], — [HCl]ng is the concentration
ot difference between the HCI produced via reaction 1a and that
o Lt ! ! I ! present as a background signal. [Cl] and [GHare the steady-
0.0 15 3.0 45 6.0 state concentration for Cl atoms and g£Hmolecules, respec-

[CI] (10" atoms cm™)

Figure 2. Plot of (R — 1)kesc.crzizversus [Cl] afTf = 303 K. The linear

least-squares analysis of the data yield@ = 303 K) = (2.12+ 0.20)

x 107 cm? molecule s, The quoted uncertainties (and the depicted

measurements.

the activation energig, and the Arrhenius factok for reaction

1. The temperature-dependent rate coefficient was determined

to follow the expression

ky(T) = (4.70+ 0.50) x 10 " exp [-(241+

33)/M cm® molecule*s ™

Estimating the systematic errors in the rate coefficient measure-
ments to be 9% and including them into the pre-exponential

factor leads to

ky(T) = (4.70+ 0.65) x 10 "' exp [-(241+

tively, andkesc Hciis the escape rate coefficient for HCI species.
The background HCl is generated inside the discharge tube, with
a stable and reproducible signal throughout the experiments.
A typical plot for the determination df;, at T = 303 K is
error bar) include the estimated systematic errors of the rate coefficient presented in Figure 4. Furthermore, the HCI yielg{/l) was

5:

43

w
2l

113 -
k (10" cm® molecule™ s™)
N
PR PR

26

2.8

3.0

T
32

3.4 3.6

3.8

33)/M cm® molecule s
1000/T (K™)

The uncertainty in the exponential term represents the 2 Figure 3. Arrhenius plot ofk; (logarithmic scale) as a function of
precision of the linear least-squares analysis. temperature (1000/T). Least-squares fit of the data (dashed line) yield

) ) ) ka(T) = (4.70+ 0.65) x 10" exp[—(241+ 33)K/T] cm®molecule’’s™.
HCI Yield Measurements.The HCl yield was continuously  Error limits and quoted uncertainties include estimated systematic errors

measured by applying the steady state for HCl molecules andat 95% level of confidence (3.
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100+ {
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5 40 :
L b8
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[CH,l,] (1012 molecule cm'3)

Figure 4. Plot of A[HCl]kesc1d[C] as a function of CHI, concentra-
tion atT = 303 K. The linear least-squares analysis of the data yield
ki{T = 303 K) = (1.24 £ 0.10) x 107 cnm?® molecule® s™. The
guoted uncertainty is theodrecision of the linear least-squares analysis.
The error bars reflect the uncertainty of expresshHCl] kesc,1cl[Cl]

at a 95% level of confidence ¢2 and includes estimated systematic
errors.

determined to be independent of temperature between 273
363 K, within the given uncertainty, and the average valu
resulted from the experimental data analysis Wia%; = 0.55
+ 0.10. The quoted uncertainty includes estimated systematic
errors.

lodomethyl Radical Oxidation Experiments. The reaction
of CHI, and CHil radicals with Q@ molecules may proceed via
the following reaction pathways:

—> IO + ICHO (62)
|, HI+ICOO —> HI + 1+ CO,  (6b)
CHL, + 0, —> L,CHOO ]
|, OH + LCO (6¢)
L, I+ HICOO —> T+ HI+CO, (6d)
> 10 + HCHO (Ta)
—> HI + HCOO —> HI + H + CO, (7b)
CH,l + 0, —> ICH,00 -
| > OH + ICHO (7¢)
L, I+ H,CO0O —> I + HCOOH (7d)

The mechanism of the oxidation reactions of the primary CHI
and CHi radicals generated by the title reaction was investigated
by introducing an excess of;@olecules (ca. 4 10" molecule
cm3) in the reaction mixture, through a third inlet of the
Knudsen reactor. The addition ofb@esulted in an increase of
the mass peak at/e 127 (I'), and the appearance of four new
mass peaks atve 29, 30, 44, and 46. The peak ate 29
(CHO™) may be due to the fragmentation of ICHO and HCHO

Stefanopoulos et al.

by Cl atoms with a rate coefficient of 1.1% 1071134 In
addition, no iodine monoxide |10 was detected at its parent peak
atm/e 143, which may be possibly due to several reasons: (a)
complete fragmentation of the parent cation"l®ading to a
contribution atm/e 127, (b) fast depletion by Cl atomRc(+i0
= (4.4+£ 1.0) x 1071 cm® molecule s71),%5 () its fast self-
reaction with a rate coefficierko+io = (9.3 £ 1.9) x 10712
cm® molecule’? s71,36 and (d) wall loss, or a combination of
the above. Moreover, all reaction pathways lead to iodinated
species undergoing extensive fragmentation to an intense mass
peak atm/e 127 (I") and several overlapping peaks at low mass
numbers, prohibiting a complete elucidation of the reaction
mechanism by mass spectrometry alone. It should be noted that
the similarity between the oxidation schemes of £&tid CHl
radicals and the prompt mass spectrometric fragmentation of
iodinated species did not allow a clear identification of products
from CHI, radical oxidation pathways. Experimental difficulties
in handling pure samples of gaseous HCHO and HCOOH
precluded the quantitative determination of the relative oxidation
products yields.

The oxidation mechanism of GHby O, was additionally
investigated by IR spectroscopy in a static cell by using the

an(photolysis of CHI, as the source of CH radicals, in the
e Presence of an excess of,.0OThe IR spectrum before the

photolysis was subtracted from all spectra to aid in the detection
and identification of oxidation products. FT-IR spectra of
gaseous samples of HCOOH and HCHO were also taken for
comparison. Several iodine-containing products, comprising of
ICH,CHal (as a recombination product of GHi, 10, HI, and
ICHO were also considered, and their IR absorption bands were
taken from literatur& or from vibrational frequencies calculated

in this study. After photolysis, various new absorption bands
appeared which could be attributed to the presence of HCOOH
(ve, vs, v3, v2, andyy bands in the ranges 1036250, 1706
1820, and 28063610 cnt?, with sharp peaks at 1104 and 1775
cm™1), HCHO (vs, v2, v1, and us bands in the ranges 1430
1820 and 26463080 cnt?, with sharp peaks at 1501 and 1745
cm™1) and CO (characteristic PR profile in the range 2055
2225 cntl). A typical FT-IR spectrum of the photolyzed
mixture is shown in Figure S2 in Supporting Information. No
iodine-containing compounds could be identified, and this was
possibly due to their secondary photolysis yielding iodine atoms
which recombine to form molecular ioding The presence of
CO is likely due to the secondary photolysis of HCEi@nd

this was also verified by subjecting gaseous HCHO to sunlight
irradiation, under the same experimental conditions. Heteroge-
neous processes on the cell walls are not expected to signifi-
cantly alter the radical oxidation mechanism proposed. There-
fore, both mass spectroscopic and FT-IR analyses suggest that
the reaction of CHl with O, proceeds mostly via pathways 7a
and 7d.

Theoretical Calculations. All calculations were performed
by density functional theory (DFT) with the Gaussian 98
program suité® The B3P86 functiond?*® was employed in
all geometry optimizations, vibrational frequency, and bond

products of pathways 6a/7c and 7a, respectively. The peak atstrength calculations, since it was previously shown to be

m/e 30 (HCHO") corresponds to HCHO product, which
indicates the presence of pathway 7a, and the peaieat6
(HCOOH") corresponds to HCOOH, indicating the presence
of pathway 7d. In addition, the peakmate 44 (CQ;") suggests
the generation of Covia pathways 6b, 6d, and 7b. However,
HI was not detected (at its parent peakr@dé 128) among the
reaction products and this is possibly attributed to its depletion

superior than other commonly used density functionals for the
prediction of molecular geometries and the calculation of bond
strengths for halogenated molecutéstFurthermore, it was
employed in the calculation of reaction enthalpies. For all closed-
shell parent molecules, the calculations were performed using
restricted wavefunctions, while unrestricted wavefunctions were
used for the open-shell doublet and triplet radicals.
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The molecular geometry and vibrational frequency calcula- TABLE 3: HI ,C—H and H,IC —I Bond Strengths and
tions were performed with the B3P86 functional in conjunction Reaction Enthalpies at 298.15 K of CHI, with CI Atoms,
. , . 43 and of CH,l and CHI , Radicals with O,, at the B3P86/

with the 6-3H-G(d,p’) basis ;é‘?“ for_thg element_s H,_C, 0, AUG-cc-pVTZ-PP Level of Theorys
and Cl and the SV4PD basis kfor iodine. All vibrational

frequencies were scaled down by 0.9723 in order to account

experimental calculated

L reaction value? value
for deficiencies of the B3P86/6-31G(d,p) level of theory*! TRIT— 20325 141 2170
; ifi H 2l2 - 2 . . .
All compu.te.d geometries were verlfleq to pe true .pote.ntlal Chuly-> OHol + 1 295 0+ 12.0 2077
energy minima, by the absence of imaginary vibrational cpp; + cl-> HCI + CHI, —28.4+ 14.1 —23.2
frequencies. The calculated geometrical parameters and the CH,l, + Cl-> ICI + CHl 145+ 12.7 3.4
harmonic vibrational frequencies for all species are shown in CHzlz + Cl-> 1 + CH:CII —106.9+ 14.1 —126.1
the Table S1 in Supporting Information. CHalz + CI -> ICHI-Cl —51.9
i ) ) CHl, + O, -> 1,CHOO —86.8

Absolute electronic energies were subsequently obtained at cHI, + 0,-> | + ICOOH —494.0
higher levels of theory, comprising of the B3P86 functional in  CHIz+ O;-> 10 + ICHO —2315
conjunction with larger basis sets. For the elements H, C, and g::z i 82'i :: i :Cfg 544,94 100 :ggz-g
0, a correlation-consistent basis set of triplguality augmented CHIi H Oz = OH+ |2COOZ e : 5505
with diffuse functions (denoted aug-cc-pVTFZ}éwas consid- CHI, + O, -> HO, + Cl (A1) 170.1
ered, whereas for chlorine, the corresponding basis set possess-CHI, + O, -> HO, + Cl, (°B) 201.2
ing extra tight d-functions for second-row eleméfitsere used, CHIz +0,-> 100 + CHI (A") 268.6
since this was found to be superior than the one originally g:'figzi :82H+O%H'(A ) _ig;'g
constructed? For iodine, the corresponding triplemember CH + O -> | + HCOOH 48944 6.7 1671
of systematically convergent basis sets containing a small core CH,l + O,-> 10 + HCHO —158.4+ 6.7 —179.8
pseudopotential (aug-cc-pVTZ-PPWwas employed. CHzl + Oz -> HI + HCOO —341.84+11.2 —323.9
Th int and the th | . { 208.15 K CHal + Oz-> HI + H + CO;, —366.7+ 6.7 —344.9
he zero-point and the thermal energies a . Were iyl + 0,-> OH + ICHO _236.6
derived by considering the harmonic oscillator and the rigid CH,l + 0,-> HO, + CHI (*A") 234.4
rotor approximations, and they were subsequently added to the CHal + O,-> HO, + CHI ((A") 234.3
absolute electronic energies, in order to yield the absolute CHal +02-> 100+ CH, (°By) 302.9
CH,l + O, -> 10, + CH; (®By) 331.9

enthalpies for each species, and finally, bond strengths and
reaction enthalpies. In order to correct for the deficiencies of  *Experimentally available or accurate theoretical values are also

the B3P86 electronic structure calculations for open-shell listed for comparison? Experimental values were derived from the
corresponding enthalpies of formation taken from ref 8, except for

species, the absolute electronic energies of all radicals WETeciy |, "CH,CII, and CHb, calculated at the CCSD(T)/IB(DT) level of
increased by the amount dE(9 x 1075 Hartree, wheréN is theory in ref 50.

the total number of electrons, as it has been suggested ina .
previous study! Additional corrections were applied to the 4. Discussion

electronic energies for Cl and I atoms to account for the first-  The total absolute rate coefficient for the reaction of Cl atoms

order spin-orbit effects in their doublet?P) ground state¥. with CHal, was measured at four different temperatures in the
Therefore, the electronic energies of the Cl and | atoms were range 273- 363 K at low pressures<3 mTorr), and the room-
lowered by 3.5 and 30.3 kJ md| respectively. temperature value wak; = (2.12 + 0.20) x 1071 cm

The bond strengths for Gip and the reaction enthalpies at molecule s™. The temperature dependence of the total rate
298.15 K for all reactions considered in the present study, coefficient yielded the following Arrhenius parameter&:=
calculated at the B3P86/aug-cc-pVTZ-PP level of theory, are (4.70+ 0.65) x 107! cm® molecule® st andE, = 2.00 +
listed in Table 3. Experimental values, derived from standard 0.27 kJ mot’. To our knowledge, there have been only
enthalpies of formatichare also listed for comparison. However, Preliminary kinetic studies of the title reactish:® However, -
it has been suggest®dhat the reported experimental enthalpies there exist kinetic studies for the reactions of Cl atoms with -
of formation for CHlz5! and CHb2 may be in error, therefore methane and several halogenated methanes, and relevant kinetic

their calculated values at the reliable CCSD(T)/IB(DT) level data along with the reaction enthalpies for abstraction of
of theory® were employed. The mean absolute deviation for Ydrogen or halogen atom by Cl atoms are listed in Table 4.

10 reaction enthalpies at the B3P86/aug-cc-pVTZ-PP level of The corresponding reaction enthalpies were derived using either

b o . literature values of standard enthalpies of formafioor
theory from experimental or accurate ab initio values is 15.9
kJ molL, with an average deviation of only 0.3 kJ mal calculated values at the CCSD(T)/IB(DT) level of theéty.

. . ) Halomethane reactions with Cl atoms proceeding via hydro-
_Thente_for?, ;hf L:Jncc_art?r:nty %f theft?gokr;at:;gln\_/ﬁlugi Il-ln Ta;lble 3 gen atom abstraction possess activation energies which tend to
IS estimated 1o be in the order o e an decrease with the number and size of halogen atom substituents,
C—I bond strengths for CHi, at the B3P86/aug-cc-pVTZ-PP

and they are all exothermic with the exception of L&hd
level of theory were found to be 417.0 and 207.7 kJThol  cyE, On the other hand, all halogen atom abstraction pathways

respecFiver, close to the values 426.2 and 217.7 calculated ingpa increasingly endothermic as the size of the transferred
an earlier study at the B3P86/6-3t1G(2df,p) level based on  halogen atom decreases. For monohalomethanes, there is no
MP2/6-311G(d) geometries and vibational frequentiedore- clear dependence of the Arrhenius preexponential factor on the
over, within estimated uncertainties, they are close to values sjze of the halogen atom, although a slight decrease may be
computed at higher ab initio levels of theory: (a) 403.2 and noticed from CHF to CHsl. However, for dihalomethanes, there
225.3 kJ mot?, respectively, at the CCSD(T)/IB[(DT)] leve!, is a slight increase from Giff, to CH,Br», followed by a sharp

and (b) 400.3 and 215.9 kJ mé| respectively, at the QCISD-  increase for CH, and CHCII. The comparison of kinetic
(T)/6-311+G(3df,2p) level based on higher quality QCISD/6- parameters between GKl and CHX, for the lighter alkyl
311G(d,p) geometries and vibrational frequenéfes. halides ¥ = F, CI, and Br) reveals that the second halogen
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TABLE 4: Room-Temperature Rate Coefficients k), Preexponential Arrhenius Factors @), Activation Energies (E,),
Temperature (T), Total Pressure @) Ranges, and Reaction EnthalpiesA°H,) for Hydrogen/Halogen Metathesis Reactions of
Chlorine Atoms with Methane and Halogenated Methanes

A°H,
Kogg x 10%3 A x 101 Ea T P (HCI/XCI)
species (cm*molecules™) (cm®*molecule? s71)2 (kJ mol%)2 (K)2 (Torr) (kJ moltyd ref
CH, 1.00 0.73 10.6 +7.5 8
1.18 0.74 10.2 218401 20-200 66
1.06 0.79 10.6 218322 5 67
1.15 0.65/1.84 10.2/12.8 26(@99/299-500 25-300 68

1.01 0.74/1.65 10.7/12.7 22298/298-423 1.5-4 69
0.98 0.82/2.21 11.0/13.6 26(00/306-504 1.8-4.2 70
0.95 0.63 10.2 221375 50 71

0.96 0.52/1.05 10.0/13.0 23298/298-338 ~1 x 1073 72

0.99 0.70 10.6 181291 46-68 73
1.08 [1.30x 10719 T269g7497M 295-1104 1.4-8.8 74

CHgF 3.50 1.96 10.0 —7.6H207.6 8
3.61 0.48 6.42 216296 5 67
421 3.78 111 273368 20 75

CHsClI  4.90 2.17 9.4 —14.4K107.2 8
5.10 3.36 10.4 233322 5 67
4.70 2.80 10.0 222298 760 76
5.24 [4.00x 10714 T0-92g77957] 300—-843 2.5-8.8 74

CHsBr  4.40 1.40 8.6 —6.9H-77.8 8
5.53 3.16 10.0 273368 21 77
4.16 1.55 8.9 222393.5 50 78

4.83 1.66 8.9 273363 ~1x 1073 79
4.57 [1.02x 10715 TL 4276057 213—-697 20-250 55
pressure-dependent reversible 161-177 20-100 55

CH3Br—Cl adduct formation
[averagedky r<177x = 0.51 x 10713 x Py (Torr)]°

CHal 10.0 2.90 8.3 —9.84-29.1 8
5.44 10.4 364694 25-100 21
pressure-dependent reversible 263-309 25-500 21

CHjsl —Cl adduct formation
[kla,zgsz 7.8 x 1013]
[averagedp 2s= 0.78 x 10713 x Py (Torr)]°
irreversible pressure dependent 218-250 5-500 21
CHsl—Cl adduct formation
[high pressure asymptokg, t<250 ~ 300 x 10713]°

13.70 1.33 5.7 273363 2x 10°3 19
9.0 295 1 80
13.5 295 700 80
15.1 298 1.512 23
CHRil 4.18 6.26 12.4 271363 360, 700 +16.7 54
5.10 300 2 81
8.50 298 1.512 23
CHyF,  0.32 0.49 12.5 +0.14-243.7 8
0.68 2.49 14.6 273368 20 75
CHCIl, 3.50 0.74 7.6 —29.5H91.1 8
3.25 1.50 8.7 222298 760 76
3.60 [1.48x 10716 T158 g-360M] 296—790 1.9-7.3 74
CHyBr,  4.30 0.63 6.7 —14.5H73.6 8
5.30 9.53 12.9 273368 21 77
4.14 0.63 6.7 222394.5 50 78
4.20 0.84 7.6 273363 ~1x10°3 79
CHalz 212.0 4.70 2.00 2713263 0.5-3x 10 —28.4H-14.7 this work
219.0 3.30 1.70 273363 <3x10°3 14
[high pressurégo ~ 700 x 10719 200 ~20 15
CHCII  850.0 4.40 —-1.6 206-432 5-700 —14.2HK5.0 82
311.0 3.13 0 273363 0.6-1.5x 1073 22

a Arrhenius parameters separated by a slash correspond to each temperature range; modified Arrhenius expressionskoftAd T’ are
explicitly shown as originally reported kiq is the pressure-dependent rate coefficient for theBEHCI adduct formation reaction, derived from
the kinetic data analysis in ref 55kia 20siS the rate coefficient for the hydrogen metathesis reaction of reaction gfv@th Cl, extrapolated from
the Arrhenius expression in the range 3®&94 to 298 Kk, is the pressure-dependent rate coefficient for thel€BIl adduct formation reaction,
derived from the kinetic data analysis in ref 2Reaction enthalpies were derived from the corresponding experimental enthalpies of formation
taken from ref 8, except for Ci#t, CHI,, CH.CII, and CHCII, calculated at the CCSD(T)/IB(DT) level of theory in ref 50.

atom leads to a decrease of reactivity, in a manner inversely significant yield for the iodine abstraction pathway, as in the
dependent on the size of X. However, for iodomethanes-( case of CHE where only the abstraction of iodine atom is
), the presence of another halogen atom (either | or Cl) leads possible>* Moreover, in thermal reactions at ordinary temper-
to an abrupt increase of reactivity as a collective effect of higher atures, the ICl product has been observed only when the
preexponential factors and lower activation energies. In addition, endothermicity of its formation is sufficiently low, and this may
the reactions of CH, and CHCIl with Cl atoms exhibit a explain the absence of this pathway in the case oflCab
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well as the prevalence of this pathway in the corresponding 400 -

reaction of CHCII.

In summary, the reactivity of Cl atoms toward iodomethanes T
is substantially higher than other halomethanes, in particular g
for the heavier molecules. The temperature dependence reveals2
low activation energies and high preexponential factors, sug- . 0
gesting the presence of attractive interactions between the two
reactants and the formation of intermediate-Rl adducts (R
= alkyl group). This behavior has been also observed in
reactions of bromoalkanes with either Cl or F atéht8and in
reactions of iodinated compounds with F atoth2 A com-
parison among the experimental or theoretically derived stabili-
ties of the corresponding RXY (X = Br, I; Y = F, Cl)
adductg021.55.56.5%eyeals that the strength of these interactions 4600 -
is favored by low ionization potentials of the parent RX halides Figyre 5. Reaction enthalpy diagram (in kJ m#), calculated at the
(X = Br, I) and large electronegativity differences between X B3P86/aug-cc-pVTZ-PP level of theory, for the reaction pathways of
and the incoming Y (F, Cl) halogen atoms. Thus, an apparently CHI, radical with molecular @

bimolecular reaction may have pressure-dependent contributions . . . -
from more complex reaction schemes which affect the overall result in the direct abstraction of a hydrogen atom yielding HCI

kinetics as well as the reaction mechani2s559At suf- and CH}, or from the iodine side and form the IGH-Cl adduct

ficiently high temperatures (related to the RX-Y bond strengths) which subsequently undergoes scission of thé iond yielding

the adducts possess very short lifetimes and these contributions!(ilagglfjcr)gr;geir;rt%r ggrngrzgoi?] iLZ'Clr'elge?]?rgfuuéar ]:/?I;;T(? I%V;Lm d
are negligible. As the temperature is lowered, the adducts are” 9 P P Y, y

. . o . . adducts are not expected to be efficiently stabilized by collisions,
able to survive longer aided by stabilizing collisions, leading - . - - .
- - . 2 and may rapidly dissociate back to reactants or yield the reaction
to a pressure-dependent rate of their reversible formation.

n . roducts.
However, at sufficiently low temperatures and high pressures P . .
their elevated rate of irreversible formation dominates over all The formation enthalpies calculated for the ITHCI and

. . &7 CHzl—Cl adducts are comparaié? suggesting that the onset
other atom metathesis pathway8® Structural and spectroscopic : 9 )
data of XCHI—Cl adducts X = H, Cl, Br, I, CHs, CHsCHb, of pressure dependence in the rate coefficients of the title

. . reaction may occur at temperatures below ca. 360 K, as observed
ge(\:/seT;I "ec):(il?ir:'e%‘gf” acljr?st'thC(:aZ'?(e)t)iCZ?Vsetubdef;g 2[0??2025“1?, M for the reaction of Chl with Cl atoms2! As shown in Table 4,
; . . the decomposition pathways of the IgHCI adduct to HCI
particular, the formation of the IC#H-Cl adduct has been COMPOSITon pathways e g adaulct 1o o

ICI are thermochemically more favorable than those oglCH
recently observed at 25 125 Torr of N, over the temperature L imolving | imolecul . iers. f f
range 256-320 K by cavity ring-down spectroscop§.The Cl, implying lower unimolecular reaction barriers, faster forward

rates, and consequently, shorter lifetimes. Therefore ,I€EH
fluorescence spectrum of the IGHCI adduct has been also Cl appears to be less stable than GHCI in respect to

reported, and its fluorescence lifetime at zero pressure was founddecomposition pathways accessible, which would direct the

~ 15
FO be~30 ns:®The calculated geo.metry of the lG.HCI adduct onset of pressure dependence at a lower temperature thgn CH
in the present study shows a slight perturbation of the parent Cl, and possibly, out of the temperature range 2383 K,

CHal; structural parameters with ar-Cl bond length of 2.812 employed in this study. Indeed, the 1@HCI adduct was
A, a C-I1-Cl bond angle of 79.89 degrees and arC-|—Cl recently reported to undergo significant unimolecular dissocia-

dihedral angle of 180 degrees (Cl atom directed away from the 4, ¢ products at 296 K, and the data do not suggest
other | atom). The strength of the-Cl bond has been calculated regeneration of reactan’t%.H(’)wever at 200 K the reaction

to be 51.9+ 15 kJ mof™ at the B3P86/aug-cc-pvVTZ-PP level mechanism is similar to that of GH and the LIF temporal

of theory (listed in Table 3), within the range 480 kJ mol profile of ICH,I—CI suggests a high-pressure rate coefficient

computed at various ab initio and DFT (B3LYP) levels of theory ¢, aqduct formation o7 x 10~ e moleculel s-L a factor

for the I-Cl bond strengths of several organic iodide%.202.24 ., higher than CHl + CI. In our system, it is not p;ossible to
The experimental results indicate that the title reaction occurs examine the bimolecular reaction rate coefficients dependence

via two parallel reaction pathways: (a) the abstraction of on total pressure due to the very nature of the VLPR technique

hydrogen atom yielding HCI and Chkiproducts and (b) the  which limits the operating range to several mTorr. Mass

abstraction of iodine atom yielding ICl and GHbroducts. The  spectrometric detection of weakly bound adducts by their parent

relatively high value of the rate coefficient implies that the ijons is also unlikely because of their fragmentation which is

reaction proceeds through an intermediate JCHCI adduct, expected to occur even at the lowest electron energies attainable.

10, + CHI ('A")
300 -

" 100+ CHI (A")

200 -

100 - cl,('A,’B)) +HO,

CHI,+0, (')

p

“o.... 1,CO+OH

Reaction Entha

“.. HI+1C00

| +1COOH

-500 -

Hi+1+CO,

leading to an enhancement of the entropically favored iodine

The oxidation mechanism of the CHind CHl radicals by

abstraction yield. Indeed, the relative yield measurements havemolecular Q was also considered in the present study, in an

shown that the ICI formation pathway contributes ca1450%
to the total reaction rate, despite being ca. 43 kJolore

attempt to resolve inconsistencies between the proposed mech-
anism in two previous studiég2® The reaction enthalpy

endothermic than H atom abstraction. In crossed molecular beamdiagrams for the radical oxidation pathways, calculated at the

experiment§2611C| was detected following the collision of alky!

B3P86/aug-cc-pVTZ-PP level of theory, are shown in Figures

iodides with Cl atoms at high relative translational energies (over 5 and 6, for CH} and CHI, respectively. The initial step is
20 kJ mot?), and the angular distribution of ICI revealed the assumed to be the formation of the corresponding peroxy
formation of long-lived adducts which possess sufficient internal radicals, which subsequently undergo unimolecular dissociation
energy to dissociate via the endothermic iodine metathesisto oxidation products.

pathway. In the present case, the incoming Cl atoms may The qualitative product analysis by either mass spectrometry
approach Chl, molecules either from the methylene side and at low pressures or IR spectroscopy at nearly atmospheric
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400 - ,
10, +CH, (B))

300
" 100+CH, (B,

200 - CHI (A", 'A") + HO,

100 -
CHJ+O, (‘z')
0 - —_

-100 -

»

-200 -

-300 - ... HI+HCOO

400 - HI+H+CO,

Reaction Enthalpy (kJ mol'1)

-500 - 1+ HCOOH

600 -
Figure 6. Reaction enthalpy diagram (in kJ m&), calculated at the
B3P86/aug-cc-pVTZ-PP level of theory, for the reaction pathways of
CHjl radical with molecular @

Stefanopoulos et al.

molecule! s™1 corresponds to a much longer corresponding
lifetime of 6 days, by using the maximum concentration levels
of Cl atoms at coastal sites of ca.xL 10° molecule cm?3.57
However, at atmospheric pressures and lower temperatures, a
contribution from the adduct formation pathway may increase
the total rate coefficient of the G4 loss by Cl atoms to an
estimated value of7 x 107! cm® molecule® s71,15 with a
corresponding lifetime of about 40 h, still substantially longer
than its photolysis lifetime. Thus, the reaction with chlorine
atoms may be considered to be a negligible sink oblGhh

the atmosphere. Furthermore, no substantial amounts of CHI
radicals are expected to be produced by the degradation of
CHal,, and the subsequent oxidation chemistry will be carried
over by the photolytically generated @Hadicals.

5. Conclusions

The gas-phase reaction of @klwith Cl atoms at the mTorr

pressures suggests that HCOOH and HCHO are among the finaPTeSSUre regime proceeds via hydrogen (55%) and iodine (45%)

products of iodomethyl radicals oxidation by..Qn an early
work, CHl, was photolyzed at 300 nm, and, IHCHO,
HCOOH, and (CHO), were identified as oxidation products
by visible and near-UV absorptidd.In chamber experiments,
the photolysis f = 320-480 nm) of a mixture of Chl, and

O3 in synthetic air was found to yield CO, HCHO, HCOOH,
and (HCO)O, detected by long-path FT-IR.In a recent work
employing cavity ring-down spectroscopy, the relative yield of
iodine monoxide 10 was determined by the oxidation of,CH
radicals generated by GH photolysis at 266 nm; it was
reported that the CHl + O, reaction proceeds exclusively via
pathway 7a leading to 1@ HCHO, by titrating the IO radicals
using as reference the reactions of #8F: with O(P)
atoms?” In another work, CH radicals were generated by
photolyzing CHI; at 248 nm and the oxidation products were
found to be iodine atoms and 10 radicals by photoionization
mass spectrometry; however, no HCHO or HCOOH were
detected, which was attributed to a low sensitivity for these
moleculeg® In a recent work, the yield of 10 from the reactions
of longer iodoalkyl radicals H2n+1CHI (n = 1—3, generated

by H atom abstraction from the corresponding iodoalkanes using

Cl atoms) was found to be 0.6®.15, by cavity ring-down
spectroscop¥? These low 10 yields were attributed to stabiliza-
tion of the iodoalkylperoxy radicals {8,,+1CHIOO and to a
less preferential generation of theradicals GH2,+1CHI by H

atom abstraction from long alkyl chains. The exclusive produc-

tion of 10 by the reaction of CH radical with G, reported
previously?’ contradicts all other studies, including the present
one, which indicate that at least two pathways of the,ICH
oxidation (7a and 7d) are accessible, yielding#t®CHO and

I + HCOOH, respectively. Moreover, the results of Eskola et

al28 suggest that iodine atom generation (pathway 7d) dominates
over |0 generation (pathway 7a). The relative reaction enthalpiesp, .
for these two pathways, as shown in Table 3, suggest a less

atom metathesis with a total rate coefficient of (2420.06)

x 1071 cm?® molecule s71 at 303 K. It is one of the fastest
reactions of Cl atoms with alkyl halides, assisted by attractive
interactions between the reactants leading to the,l€BI
adduct, with a calculatedHCI bond strength of 51.9 kJ nidl.
However, the contribution of the reaction to the total tropo-
spheric loss of CHl; is negligible owing to the rapid photolysis
of CHal,. Thus, CHlI radicals are the primary products of @bl
degradation in the marine boundary layer, which in turn react
with atmospheric oxygen to yield mainly iodine atoms, 10
radicals, HCOOH and HCHO.
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