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Abstract

The broad band UV photochemistry of CH3I trapped at the surface of amorphous,

cubic and hexagonal ices have been studied by FTIR spectroscopy. Those results have

been compared with UV broad-band photochemistry of CH3I bare monomer and com-

plexed with water, trapped in argon cryogenic matrices. We also studied the effect of

heating the ice on CH3I desorption. These effects clearly highlight the difference in

CH3I behaviour depending on the trapping sites. It appears that if CH3I interacts with
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water molecules (in the matrix) or water ice by hydrogen bonding, then CH3I does not

fragment under UV irradiation. Thus, the energy transfer to the network of hydrogen

bonds in the ice or matrix is effective. On the other hand, to a first approximation, if

CH3I interacts by picnogen-type bonding, then CH3I fragments, because in this case the

electronic relaxation seems to take place mainly at the intramolecular levels of CH3I.

These effects are of a prior interest in understanding their ageing processes (mainly hy-

dration and UV-photochemistry), especially in the Earth’s atmosphere physical chem-

istry context. Indeed, iodomethane which is a natural product emitted in really weak

amount by algae and micro-algae at the surface of seas and oceans, can be emitted

in a large amount in case of a severe nuclear accident (Fukushima and Chernobyl).

In this latter case, iodomethane will be radioactive, while being already an alkylating

agent that can damage DNA. During this ageing process reactions occur which could

lead to CH3I fragmentation along C-I bond. One of the products is I2 easy to absorb

by human body. It is thus important to guess, already at the molecular level, what is

the fate of iodomethane in interaction or not with water or water ice, two of the most

abundant Earth’s atmosphere chemical components, upon UV irradiation.

Introduction

Atmospheric halogen chemistry has received extended attention, as the emission of halo-

carbons into the troposphere may play an important role in stratospheric ozone depletion,

change the tropospheric oxidative capacity and in the formation of ultrafine aerosols. Iodine

photochemistry decreases the tropospheric O3 burden more efficiently than chlorine (on per

atom basis), decreasing radiative forcing1,2 and reduces the atmospheric OH burden, in-

creasing the lifetime of greenhouse gases.3 Iodine may also dominate new particle formation

and particle growth in coastal area4,5 and in artic.6 Iodine compounds are naturally released

mainly from the oceans either by marine metabolisms (i.e. phytoplankton and micro- and

macro-algae) or, in the case of inorganic iodine species (HOI and I2), result from the reac-
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tion between O3 and iodide in seawater (11–15 reviewed by Carpenter et al 16). Terrestrial

sources of iodine species from arid regions are much less important than marine sources,

but have been identified as significant O3 sinks.17 The measurements performed during field

campaigns showed that photochemical processes occurring within the snowpack may alter

the atmospheric composition including the iodocarbon content.18,19 The discovery of pri-

marily methyl iodide (CH3I) as potential sources of reactive halogen species during ozone

depletion processes20 have motivated investigations of photodissociation of CH3I adsorbed

on ice.9,10,21There have been extensive experimental and theoretical studies on the photodis-

sociation of CH3I in the gas phase22–26 or adsorbed on ice surfaces.21 In gas phase,22–26

decomposition along C-I bond (σ∗ ← n) leading to different photoproducts including I2.

The CH3I A-band (210-350 nm)22 contains five transitions: two forbidden, 3Q2(1E) and

3Q0−(1A2); one strong parallel repulsive, 3Q0+(2A1); and two perpendicular weakly repul-

sive, 1Q1 and 3Q1.
22 The dynamics of the A-band ultraviolet photodissociation of methyl

iodide has been experimentally explored at 304 nm,22 at 240 and 260 nm,25 or 255 and 269

nm26 (this list being not exhaustive), by several techniques. It appears that depending on the

irrradiation wavelength, a subtle and complex electronic relaxation takes place, leading at

the end to, among others, iodine in its excited state I∗(2P1/2) or in its ground state I(2P3/2),

ultimately giving the I2 molecule. Orlando et al ,21 worked on CH3I UV photodissociation

at ASW surface, irradiating at 260 and 290 nm. They concluded that I2 can be formed and

ejected if iodine is in its I∗(2P1/2) excited state and that prior to this formation, (CH3I)2 is

present in the gas phase.

Ice in natural environment may exist with various crystalline forms including hexagonal (Ih)

and cubic (Ic) symetries.27 Ice that grows under vacuum conditions (i.e. P < 10−6 mbar)

could exist under several different forms depending on the cold substrate temperature. The

deposition of water vapor at substrate temperatures below 110 K results in the formation

of low-density porous amorphous solid water (PASW, hereafter referred as ASW), while at

higher temperatures (>130 K) one observes the formation of mainly two types of crystalline
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ice: cubic (140 K)(hereafter referred as Ic) and hexagonal (170 K) (hereafter referred as Ih).

At the molecular scale, ASW presents special surface molecules with dangling modes able

to accrete small molecules such as CO, H2, O2, N2, CO2 ... to CH3OH(Fig. 1),28,29 what

could induce further chemical and/or photochemical reactivity.30 However, the adsorption,

desorption and UV photochemistry of CH3I, trapped on the surfaces of ASW, Ic and Ih water

ices, to explore the effect trapping sites on the UV photochemistry of CH3I or on desorption

by global heating of the substrate has not been explored. The fundamental questions are:

(i) the way water ice is able to dissipate IR or UV-visible energy, absorbed directly through

surface modes,30–32 or through bulk ones.33 (ii) The way water ice is able to relax UV energy

acquired through the adsorbat, iodomethane. What will be the effect of this dissipation?

Desorption, fragmentation, surface reconstruction or partial melting ...? We addressed all

these questions in this work trying to establish a link between purely physico-chemical data,

at the molecular level, and atmospheric implications.

Matrices and Ices Experiments

Gaseous samples of CH3I/Ar (0.1% CH3I - 99.9% Ar, Airproduct) were used without any fur-

ther purification. For matrix experiments, we used this latter mixture, i.e. a ratio of CH3I/Ar

≈ 1/1000, while with water we used a ratio of H2O/CH3I/Ar ≈ 1.5/1/1000. Matrices were

deposited by one 10s pulse (1bar in the mixture ramp) on the sample carrier maintained at

20 K. The samples were then cooled down to 4.3 K. ASW samples were prepared as follows:

deionized water was subjected to multiple freeze-pump-thaw cycles under vacuum to remove

dissolved gases. Mixtures of purified H2O and helium (Air Liquide, 99.9999%) gas were

prepared in a ramp with a base pressure of 10−4 mbar at a ratio of H2O:He = 1:25. Ices were

produced by depositing the gas mixture directly onto a gold-plated copper surface held at

50 K (to avoid trapping of the vector gas or residual nitrogen30) then cooled to 3.7 K (the

cooling typically takes around 5 min due to the high power of the cryogenerator (PT-405
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Cryomech, 0.5 W at 4 K)). Ic and Ih ices were obtained, under 10−7 mbar vaccuum, by

annealing ASW to 140 K and 170 K, respectively. CH3I/Ar mixture was deposited on ASW,

or crystalline ices (Ic and Ih), by one injection of 10 s (mixture pressure ≈ 1 bar), at 50

K in order to not trap Ar. The samples were then cooled down to 4.3 K.IR spectra were

recorded in reflection mode using a Bruker 66/S FTIR spectrometer equipped with a KBr/Ge

beamsplitter and a MCT detector (4000-800 cm−1, 0.12 cm−1 resolution, 50 or 100 scans).

For matrix isolation experiments CH3I/Ar mixture has been deposited by pulsed deposition

(Parker electromagnetic valve), onto the gold-platted copper cube cooled to 20 K. Cryostat

and sample-carrier were protected from thermal background radiation by a chrome-platted

brass shield. Controlled heating (Lakeshore Model 336) of the sample carrier was carried

out with a 50 Ω resistor, while the background pressure in the vacuum chamber was kept at

10−7 mbar by a turbomolecular pump. Broad band UV irradiation were carried out with an

Oriel high-pressure mercury lamp (average power: 600 mW, no water filter) with a high-pass

290 nm or without optical filters. Typically we irradiated tens of minutes with and without

high-pass filter. We irradiated untill we reached the photo-equilibrium.

All experiments were performed at least twice under exactly the same conditions.

Results and Discussion

In our previous work on CH3I...(H2O)n complexes and aggregates trapped in argon cryogenic

matrices, we observed some mixed aggregates and complexes, but the main phenomenon was

the auto-aggregation of each of those molecules.36 As a conclusion, especially in the event of

a nuclear major accident, the spreading of radioactive iodomethane through an association

with water, is unlikely. However, Earth’s atmosphere contains also water ice which is able

to trap at its surface (ASW, Ic and Ih) but also in pores (ASW),28 a considerable quantity

of iodomethane. Indeed, in the case of adsorption of small molecules on amorphous ice, in-

cluding methane, Roubin et al 29 gave a specific area of ≈ 100 m2 g−1 while Loerting et al ,37

give a specific area comprised between <0.1 to 280 m2 g−1. There is no comparison between
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a complex water/iodomethane and a solid able to offer ≈ 100 m2 g−1 to adsorption, as ASW.

It means, in a first rough approximation, that if we consider CH3I as a hard sphere, its 2D

representation at the surface of ice will be a disk of πR2
w area (Rw is the Van der Waals

radius; 198 pm for CH3I), c.a. 12.3 Å2 per molecule. It leads, if we consider uniquely the

first monolayer, to a possible capture of ≈ 81.109 molecules of CH3I per gram of ASW, a

complete change of scale.

Differences between ASW (top spectra), Ic (medium spectra) and Ih (bottom spectra) are

clearly observable in Figure 2. These ices have characteristic band shapes in the νOH re-

gion. As can be seen, the transition from amorphous to crystalline ices is accompanied by a

structuring of the bulk band and a decrease in the FWHM (Full Width at Half Maximum).

This effect is due to the organization of the material, which reduces the number of oscillator

classes. This implies changes both in the bulk and at the surface. During this transition

from amorphous to crystalline ice, the dH modes (Figure 1) flip towards the bulk. The con-

sequence is that only dO and s4 type water molecules remain at the surface. This reduces

the possibility of aggregation of the adsorbates.

As can be seen in Figure 2 and Table 1, whatever the type of ice, we observe CH3I trapping,

almost at the same positions, excepted in the νOH region, in which because of dH modes

flipping toward the bulk (Ic and Ih), only trapping at ”dO and s4” type positions can be

observed. Since we are no longer dealing with amorphous ice, these surface modes are of

the ”dO and s4” type, but for ease of reference we will call them dO and s4. The fact that

we can call the surface molecules, in the case of Ic and Ih ices, dO and s4, as in the case

of amorphous ice, is strongly supported by the fact that trapping frequencies are almost

the same (i.e. perturbations are comparable, then geometries of those surface cristalline ice

molecules are comparable with those dO and s4 of ASW). More surprisingly, the charac-

teristic frequencies of the νCH and δCH modes for CH3I monomer trapped in argon matrix

appear to be in virtually the same position as for CH3I monomer trapped on the surface of

the different ices (Figures 3, 4 and 5). On the other hand, when CH3I interacts with water
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in argon matrix (Figure 5, spectra e), we observe almost the same δCH positions as those

on ice, for the monomer, while hydrated complexes multiplet is blue-shifted, with respect to

that of the monomer, from 1245 cm−1 to 1254 cm−1 (average frequencies). In the same way,

νCH mode is blue-shifted from 2871 to 2962 cm−1 (a weak band is nevertheless observed at

2960 cm−1 in bare iodomethane in argon matrix). We can then clearly discriminate between

a hydrated iodomethane complex and iodomethane monomer in interaction with cyrogenic

solids, argon matrix, or water ices.

The global warming effects of ASW after iodomethane trapping is presented in Figure 6.

We study those effects on ASW, because this is the only one which presents the four surface

oscillators presented in Figure 1. Indeed, because of their crytalline structures, cubic, Ic, or

hexagonal, Ih, ices present no dH oscillators. It reduces thus adsorption capacity. From the

difference spectrum labelled (e), obtained after annealing at 70 K, we can see that the main

desorptions take place at the frequency of 3682.7 cm−1, i.e. the danglings dH. At the same

time, no significant changes in νCH and δCH domains are observed. As for the ice, it has

already begun to restructure, as evidenced by the movements observed in the bulk. Looking

at the warming at 130 K (spectra c and f), it is clear that this time, dO and s4 sites show the

strongest decreases, and therefore certainly the strongest desorptions. We can also see that

in this case a response is also observed in the νCH and δCH zone. Finally, when heated to 150

K (spectra d and g), the ice crystallised as Ic, and all the iodomethane has desorbed. How-

ever, these results should not lead to any conclusions about the binding energy of molecules

trapped at dH sites compared to those at dO and s4 sites. This is all the more true because

at 70 K, the ice has already begun to restructure, leading to the tilting of a certain number

of dH sites, certainly accompanied by the desorption of the CH3I trapped on them. On the

other hand, what is more interesting in terms of the difference in geometry, is the fact that we

do not observe any change in the νCH and δCH zone during the desorption of the molecules

trapped on the dH. Since we cannot postulate that there is less iodomethane trapped on dH
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than on dO and s4, this difference in intensity is directly linked to a difference in trapping

geometry. Indeed, intensity of an absorption band cannot be easily linked to the quantity of

molecules trapped, while it is directly linked to the derivative of molecular dipole moment

with respect to normal coordinates, thus to geometry. In the present case, it is accompanied

by low intensities (as calculated in the case of the bare iodomethane molecule36) for the

molecules trapped on dH and, on the other hand, by an increase in these signals for those

on dO and s4 (Figure 7). In other words, molecules trapped on dH sites obviously show

νCH/δCH signatures, but with intensities so low that no trace of desorption can be detected

by heating to 70 K.

If we now turn our attention to the effects of broadband UV irradiation, with and without

a high-pass filter (λ > 290 nm, to mimic solar radiation), we identify differents effects. As can

be read in the captions of the Figures 2 to 5, we both irradiate, in the same series, with the

high-pass filter (λ > 290 nm) and then without. In both cases we observe the same effects,

but really limited in the case of the high-pass filter irradiation. This is easy to understand

because, as mentioned above, iodomethane presents five transitions in its A-band, the most

intense of which is 3Q0 located below 290 nm. Above this former wavelength, there remains

the 3Q1, which is the weakest, directly involved in this ”UV-high-pass filter” photochemistry

(that mimics sun irradiation).22,25,26 The main observed effects are a decrease in the νOH

region located at ≈ 3607 cm−1, in the νCH one at 2943 cm−1 and then at 1431, 1401 and

1241.8 cm−1, in the δCH one, respectively. In the other hand, one can observe that at 3682

cm−1, i.e. dH position, there is no change. A first conclusion is that iodomethane molecules

trapped on dH positions do not fragment upon UV irradiation while those trapped on dO

or s4 do. Another point which should be noted is that we systematically observed the same

kinetics whatever the type of ice or of molecule: bare iodomethane, or associated with water,

trapped in argon matrices. So, it is obvious that water ice does not catalyse iodomethane

fragmentation. When we talk about the catalytic effect of ice on CH3I fragmentation, we are
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talking about two things. The first is that it is not the trapping on the ice surface that causes

CH3I fragmentation. The proof is that we also observe this fragmentation in the matrix,

and that it is observed in the gas24–26 phase. Similarly, even if the irradiation times are

not exactly the same for different ices or matrices, they can be counted in tens of minutes.

Given this, and the weakness of the UV24–26 absorption bands, it is very difficult to speak

of a catalytic effect of the ice on this fragmentation. In our experiments, by varying the

irradiation times at the same power, we always observed the same kinetics, whatever the ice.

The key question is, in very simplified terms, with ”how many” water molecules does the

iodomethane monomer interact? Indeed, in matrix experiments, in excess of water (Figure 4,

bottom spectra), it appears that CH3I fragmentation is greatly reduced, even non-existent.

In fact, in the νCH zone there is virtually no CH3I fragment generation. In this case, the

water causes a change in the electronic relaxation path and certainly favors the transfer

of excess energy or to the matrix, or to the water complexes in the close neighborhood of

iodomethane monomer, or in interaction with it, and then to the matrix. We can then easily

transfer this reasoning to iodomethane in interaction with ice. We remind here that excepted

CH3I...OH2, )1wb hetero-dimer, Figure 7),36 all the other species identified in argon matrix

are H-bonded. Contrary to what we observed for namely pyridine-water dimers trapped in

cryogenic matrices,38 in which water is a ”spectator” partner, here water is the key of CH3I

electronic relaxation (this fact is strongly supported by the observed CH3I fragmentation

in argon matrix when there is no water (Figure 4, top spectra)). As already described in

litterature,22,25,26 iodomethane decomposition along C-I bond (σ∗ ← n) will lead to CH3 and

I fragments, as can be seen in the νCH region (Figures 3 and 5), which will evolve in turn.

Concerning dH trapped iodomethane monomer, UV irradiation does not involve neither

fragmentation, nor desorption. This fact can be understood in terms of electronic relaxation

paths and coupling with reaction coordinates that can lead to fragmentation or desorption.

As reported in the literature, a wide range of irradiation wavelengths have been tested on

iodomethane. All of them lead to its fragmentation via different pathways depending on
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the couplings between electronic states. The fact that the dH modes of the ASW in the

case of trapped iodomethane prove that the seat of relaxation is not CH3I, but that there

has been a transfer to the hydrogen bonding network of the amorphous ice, which is able

to dissipate this excess energy (as in the case of iodomethane-water complexes in matrices

reported above). In the case of the monomers trapped on dO and s4, the site is now, even

if this does not concern all the molecules trapped on these sites. In fact, as can be seen

from the Figures 2 to 5, the fragmentation affects only a part of the population trapped on

the latter, and perhaps also desorption, but without a mass spectrometer it is difficult to

say. Can these observations be linked to the geometry of the ”local complexes” created by

trapping at the dH, dO and s4 sites? And can we, as a first rough approximation, compare

them with the geometries of the CH3I...H2O complexes calculated in our previous work36

(Figure 7)? If we look at the two forms 1wa and 1wb in Figure 7, the former seems to

be more suitable for trapping at dH sites, while the latter seems to be more suitable for

trapping at dO and s4 sites. Does this mean that the transfer of energy to the ice lattice,

whatever it may be, is more efficient through hydrogen bonds than through picnogen (I...O)

bonds? Given the current state of knowledge and the approximations of these calculations

performed for only isolated species, this remains a hypothesis.

Conclusion and Perspectives

In this paper, we have described a detailed study of the UV photochemistry of iodomethane

monomer trapped in argon matrix or on the surface of amorphous and crystalline water ice.

We have also studied the UV photochemistry of iodomethane-water complexes trapped in

an argon matrix. The aim of this study is to gain a better understanding of the fate of the

emitted iodomethane in the context of atmospheric physico-chemistry and, more specifically,

of a major nuclear accident, i.e. its atmospheric transport, but also its ageing by hydration

or capture by atmospheric ice, combined with the effects of solar radiation. It appears that

when CH3I is adsorbed on the surface of amorphous, ASW, or crystalline, cubic, Ic, or
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hexagonal, Ih, water ice, its behaviour under UV irradiation or by heating the ice differs

according to the trapping sites. When CH3I interacts with water ice by hydrogen bonding,

no fragmentation is observed during UV irradiation on the dH dangling modes, whereas this

partial fragmentation (the entire population of these molecules is not fragmented) is observed

on the dO and s4 positions. Similarly, in the matrix, the CH3I monomer is fragmented

by UV irradiation, whereas when it is associated with water by hydrogen bonding, this

fragmentation seems to be almost ’quenched’. Can we relate this phenomenon to the modes

of interaction between iodomethane and atmospheric water molecules or water ice? Indeed, it

seems that interaction by hydrogen bonding facilitates the transfer of energy during electronic

relaxation to the matrix or network of hydrogen bonds in the bulk of amorphous water

ice. Conversely, a picnogen interaction between iodomethane and water or the surface of

amorphous or crystalline ice seems to cause the fragmentation of iodomethane. The latter

seems to be the preferred case, where the fragmentation of CH3I can yield halogenated alkyl

by-products, or I2. Consequently, depending on the type of association with water or the

adsorption sites on ice, CH3I does not show the same evolution under UV irradiation. On

the other hand, contrary to what has been reported in the literature, ice does not catalyse

the photofragmentation of CH3I. Rather, it modifies the electronic relaxation paths, some

of which lead to the fragmentation of iodomethane. One of the prospects of this work is to

pursue the same type of study on other halogenated methyl compounds such as, CH3Br and

CH3Cl.
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Table 1: Experimental OH frequencies of adsorption sites of CH3I, on ASW, Ic and Ih ices.
aRef 15. n.o.: not observed. b on ASW; c on Ic and Ih

Sites bare ASWa bare Ic bare Ih Adsorbed CH3I

dH 3720 3682b

dH 3698 3682b

dO 3549 n.o. n.o. 3607b,c

s4 3503 n.o. n.o. 3607b,c
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dH 3720 cm-1 dH 3698 cm-1

dO 3549 cm-1

s4 3503 cm-1

Figure 1: Four types of dangling modes of ASW.
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Figure 2: OH/CH stretching and CH bending regions of CH3I adsorbed on amorphous (top),
cubic (medium) and hexagonal (bottom) water ices, at 4.3 K, respectively. Dashed lines are
located at 3682, 3607, 1431, 1401, 1298.8 and 1241.8 cm−1, respectively. Black spectra:
spectra after deposition at 20 K; red spectra: top: 60 min of irradiation using a λ > 290 nm
filter, then 70 min without filter, average power 600 W; medium: after 210 min of irradiation
using a λ > 290 nm filter, then 30 min without filter, average power 600 W; bottom: 150
min of irradiation using a λ > 290 nm filter, then 70 min without filter, average power 600
W; blue spectra: difference spectra: (after - before) irradiation.
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Figure 3: OH/CH stretching region of CH3I adsorbed on amorphous (top), cubic (medium)
and hexagonal (bottom) water ices, recorded at 4.3 K (for deposition details, please see
experimental part). Dashed lines are located at 3682, 3607, 3000, 2967, 2942 and 2871
cm−1, respectively. Black spectra: spectra after CH3I adsorption (please see experimental
part); red spectra: top: after 210 min of irradiation using a λ > 290 nm filter, then 90 min
without filter, average power 600 W; medium: after 210 min of irradiation using a λ > 290
nm filter, then 30 min without filter, average power 600 W; bottom: 90 min of irradiation
using a λ > 290 nm filter, then 120 min without filter, average power 600 W; blue spectra:
difference spectra: (after - before) irradiation.
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Figure 4: νCH and δCH of CH3I trapped in Ar (top spectra), and of CH3I...H2O mixture
trapped in Ar (bottom spectra), at 4.3 K, respectively. Dashed lines are located at 3044,
3000, 2966, 2943, 2871, 1431, 1401, 1298.8 and 1241.8 cm−1, respectively. Black spectra:
spectra after deposition at 20 K; red spectra: top: 60 min of irradiation using a λ > 290
nm filter, then 70 min without filter, average power 600 W; bottom: 150 min of irradiation
using a λ > 290 nm filter, then 70 min without filter, average power 600 W; blue spectra:
difference spectra: (after - before) irradiation.
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Figure 5: Comparison between CH3I trapped on the surface of ASW (a), Ic(b), Ih(c), CH3I
in argon matrix (d), and CH3I...H2O mixture (e). For details, please read captions of Figure
2. Dashed lines are located at 3044, 3000, 2966, 2943, 2871, 1431, 1401, 1298.8 and 1241.8
cm−1, respectively.
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Figure 6: Annealings of iodomethane trapped on ASW. All the spectra have been recorded at
4 K (for experimental details, see experimental part). (a): spectrum after CH3I deposition;
(b): spectrum after annealing to 70 K; (c): spectrum after annealing to 130 K; (d): spectrum
after annealing to 150 K; (e): (b-a)×3; (f): (c-a); (g): (d-a). Dashed lines are located at
3682.7, 3585.6, 1424.1, 1398.7 and 1236.6 cm−1, respectively. The two first are linked to dH,
dO and s4 modes, while the three latter are linked to CH3I.
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Figure 7: The two most stable hetero-dimers CH3I...H2O calculated at the ωB97X-D/aug-
cc-pVTZ(O,C) and aug-cc-pVTZ-PP(I) level of theory36 together with illustration of the
four dangling modes of ASW.
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