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ABSTRACT: Photochemistry can generate chemical complexity in an interstellar space.
This may occur due to photolysis and associated events that can happen in condensed
molecular solids under the prevailing temperature and pressure conditions. In the present
study, using reflection absorption infrared spectroscopy (RAIRS), three different condensed
phases of methyl chloride ice, namely, amorphous, crystalline, and polycrystalline, were
detected in ultrahigh vacuum (UHV) (p = 5 × 10−10 mbar) and cryogenic conditions (T =
10−90 K). Upon vacuum ultraviolet (VUV) photoirradiation, crystalline methyl chloride
formed more photoproducts than amorphous and polycrystalline forms. This unusual finding
is attributed to the rapid diffusion and reaction of photochemical intermediates in a
crystalline matrix, whereas the intermediates are trapped at grain boundaries in the
polycrystalline solid. Normally, the intermediate diffusion is high in the case of the
amorphous phase as compared with the crystalline phase. During long-term irradiation,
discontinuity in the polycrystalline phase is removed, resulting in enhancement in the
formation of photoproducts in the matrix, which was observed by the intensified desorption
of photoproducts in temperature-programmed desorption mass spectrometry (TPD-MS). Further, all major and minor neutral
photoproducts were detected by highly surface-sensitive Cs+ ion-based secondary ion mass spectrometry (SIMS).

■ INTRODUCTION
The fate of molecules in the interstellar medium is largely
governed by photochemistry and radiation chemistry.1,2 The
diversity of such chemistry has contributed to the richness of
the interstellar medium (ISM), which is now known to be
composed of over 270 species, including simple and complex
organic molecules (such as ethylene glycol, benzene, indene,
and fullerenes).3−6 Such complex molecules are proposed to be
formed through radical chemistry in icy grain mantles.7 Two of
the recent additions to the chemical soup of ISM are methyl
chloride (CH3Cl) and methyl fluoride (CH3F), which appear
to have been formed through photochemistry.8 Intriguingly,
methyl chloride and other chlorine-bearing organic molecules
have also been identified on Mars via the Curiosity rover.9 On
Earth, the genesis of organohalogens involves geological and
biological mechanisms, rendering them potential biomarkers
for exoplanets.10 Despite the evident importance of organo-
halogens on terrestrial and in extraterrestrial environments,
there are no experimental spectroscopic data available on pure
and photoirradiated condensed methyl chloride in view of the
temperature and pressure conditions prevailing on ISM.
Photochemistry of the system will be relevant in affecting the
chemical diversity of ISM.

While it is well-known that the amorphous phase of
molecules in ISM may undergo a structural change upon
annealing to higher temperatures to form their stable

crystalline structures, it is unknown if the crystalline phase is
of long-range order or polycrystalline in nature. To the best of
our knowledge, there is no report on the phases (crystalline
and polycrystalline) of methyl chloride ice based on its IR
spectra and no report exists on the analysis of the
photoproducts formed by these different ices in ISM
conditions. We note that in this literature, ice is a term used
for all condensed molecular solids.

In this study, we present a combined infrared and mass
spectrometric investigation of the vacuum ultraviolet (VUV)
photochemical transformation of condensed methyl chloride
ices in its amorphous, crystalline, and polycrystalline phases. A
1958 study reported the vibrational spectrum of methyl
chloride crystallites along with other methyl halides,14 and
several studies reported the IR spectra of amorphous and
crystalline methyl chloride.11−13 However, the nature of
crystallinity, long-range or short-range, is unclear. Here, we
characterized the three distinct phases of methyl chloride ice
created by three different paths by RAIR spectroscopy and
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performed a detailed study of the photochemistry of these
solids. Upon VUV irradiation with deuterium continuum of
115−400 nm wavelength (Lyman-α), with a peak flux of 6 ×
1012 photons cm−2 s−1, condensed methyl chloride ice
produces methane (CH4), ethane (C2H6), hydrogen chloride
(HCl), dichloromethane (CH2Cl2), ethylene (C2H4), acety-
lene (C2H2), and ethyl chloride (CH3CH2Cl). Surprisingly, we
found that this photochemical transformation is more facile in
the crystalline phase than in the expected amorphous phase.
Notably, the concentration of photoproducts is in the order
crystalline ≥ amorphous > polycrystalline phases. We
interpreted the results in view of the rapid diffusion of the
intermediates (radicals) of photolysis through the crystalline
matrix and the localization of these intermediates at the
crystallite grain interfaces in the case of the polycrystalline
phase. The consequence of the product accumulation in the
crystalline lattice was studied by TPD-MS.

■ EXPERIMENTAL SECTION
Experimental Setup. In this study, all experiments were

carried out in an ultrahigh vacuum (UHV) instrument (with a
base pressure of ∼5 × 10−10 mbar) discussed in detail in our
previous literature.14,15 The instrument consists of three UHV
chambers (namely, ionization, octupole, and scattering) and is
equipped with reflection absorption infrared spectroscopy
(RAIRS), low energy ion scattering (LEIS), temperature-
programmed desorption (TPD) mass spectrometry, and Cs+
ion-based secondary ion mass spectrometry (SIMS), along
with a vacuum ultraviolet (VUV) lamp (Figure 1). Six
turbomolecular pumps maintain the vacuum chambers’ base
pressure, which are supplemented by several oil-free diaphragm

pumps. The chamber pressure is monitored by a Bayard−
Alpert gauge, controlled by a MaxiGauge vacuum gauge
controller (Pfeiffer, Model TPG 256 A).

A highly polished Ru(0001) single crystal was used as the
substrate to create thin ice films that was mounted on a copper
holder. It was connected to a helium cryostat (Cold Edge
technology), which could maintain a temperature as low as 8
K. A resistive heater (25 Ω), controlled by a temperature
controller (Lakeshore 336), was used to heat the substrate to
1000 K. The substrate temperature was measured with a K-
type thermocouple sensor that has ±0.5 K accuracy. Repeated
heating to 400 K before each vapor deposition ensured a clean
surface suitable for the current study. It is worth noting that
the surface has a negligible role in the current study, as our
experiments were on multilayer ice films (63 monolayer
(ML)).
RAIRS and TPD-MS Setup. In this study, the thermal

processing of vapor-deposited ice samples was monitored using
RAIRS (reflection−absorption infrared spectroscopy) and
TPD-MS (temperature-programmed desorption-mass spec-
trometry). The RAIRS data was collected in the 4000−550
cm−1 range with a spectral resolution of 2 cm−1, using a Bruker
FT-IR spectrometer called Vertex 70. The ice sample was
exposed to an incident angle of 80° ± 7° by focusing the IR
beam through a ZnSe viewport. The reflected IR beam from
the sample was detected by using a liquid N2-cooled mercury
cadmium telluride (MCT) detector. To prevent absorption by
atmospheric moisture, the IR beam outside the vacuum
chamber was purged with dry N2. Each RAIR spectrum was
obtained by averaging over 512 scans to improve the signal-to-
noise ratio. An Extrel quadrupole mass spectrometer was used
for TPD-MS in an out-of-sight configuration.
SIMS Setup. The Cs+ ion-based secondary ion mass

spectrometry (SIMS) technique can molecularly identify and
monitor the reactions occurring on the surfaces. Cs+ (m/z =
133) was chosen for the ion scattering due to its high depth
resolution of 1 bilayer and the ability to monitor neutral
chemicals on the CH3Cl ice surface. We conducted reactive
ion scattering experiments with Cs+ of 60 eV kinetic energy
generated by a low-energy alkali gun. The Cs+ ion collides on
the ice surface, adducts with neutral molecules on the surface,
and drags them from the surface along its outgoing trajectory,
which is known as the RIS (reactive ion scattering) process.
The Cs+ ion adducts with the neutral molecules are driven by
an ion-neutral dipole interaction. The mass of the Cs+ ion
adduct was determined with a quadrupole mass analyzer. The
mass of the neutral product formed on methyl chloride ice due
to photolysis can be identified by subtracting the mass of Cs+
(m/z = 133) from that of the Cs+ ion adduct.
VUV Source. A deuterium lamp (McPherson, Model 634,

with MgF2 window, 30 W) of vacuum ultraviolet (VUV) range
115−400 nm with a spectral bandwidth of 0.8 nm (shown in
Figure S1) was used as the UV light source. The VUV lamp
was differentially pumped and attached to the UHV chamber
through the MgF2 window (with a cutoff at ∼114 nm (10.87
eV)). This design allows the source to effectively emit light at
incredibly short wavelengths, reaching as far down as 115 nm.
The UV lamp flux was determined by applying the widely used
ozone method (O2 → O3 conversion), where solid O2 was
VUV photolyzed at 10 K. The average photon flux reaching the
ice sample was estimated to be ∼6 × 1012 photons cm−2 s−1.
Materials and Sample preparation. As received, methyl

chloride (Akkaran gas and energy, 99.9% purity) and argon

Figure 1. Simplified schematic diagram of experimental setup. (a)
Quadrupole mass analyzer. (b) Fourier transmission infrared (FTIR)
source. (c) Mirror box. (d) Mercury cadmium telluride (MCT) liquid
nitrogen cooled detector. (e) Two sample inlet lines. (f) Low energy
alkali ion gun (Cs+). (g) Deuterium lamp. (h) TPD probe fitted with
ionizer and quadrupole mass analyzer and detector. (i) Ru(0001)
substrate. (j) Bayard−Alpert (BA) gauge. (k) Low energy ion
scattering MS (not used in this study).
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(Ar) (Rana industrial gases and products, 99.9% purity) gases
were connected to the main chamber through sample inlet
lines controlled by high-precision metal leak valves. Millipore
water (H2O of 18.2 MΩ resistivity) was taken in a vacuum-
sealed test tube (with a glass-to-metal seal) and was further
purified by several freeze−pump−thaw cycles. A source of
water vapor was connected to the main chamber through the
sample inlet line. It is worth noting that we have two sample
inlet lines that were connected to specific gas/liquid in
accordance with the distinct experimental requirements.

Methyl chloride ice of 63 ML was prepared by vapor
deposition on Ru(0001) at 10 K. The vapor deposition
coverage in the case of N2 (ion gauge sensitivity factor −1) was
expressed in ML, assuming 1.33 × 10−6 mbar s = 1 ML, which
was estimated to contain ∼1.1 × 1015 molecules cm−2, as
adopted in other reports.16−18 Methyl chloride has an ion
gauge sensitivity factor of 2.4. To deposit 63 ML of methyl
chloride ice, we backfilled the chamber at a pressure of 5 ×
10−7 mbar pressure for 5 min. For higher temperature
deposition, the Ru(0001) substrate was heated to 90 K with
a heating rate of 2 K/min, and methyl chloride was deposited
at 90 K. The vacuum gauge was calibrated with nitrogen, and
the methyl chloride coverage may be slightly different in view
of this uncorrected pressure reading.

For 160 ML of a 2:1 mixture of methyl chloride and water,
the chamber was backfilled to a pressure of 4 × 10−7 mbar for
methyl chloride and 1 × 10−7 mbar for water for 10 min. For a
separate deposition step involving 100 ML of argon (Ar), the
chamber was backfilled to a pressure of 5 × 10−7 mbar. This
backfilling process was carried out for 4 min and 20 s.
Throughout each molecular deposition process, special
attention was paid to the ion gauge sensitivity factor to ensure

accurate measurements and control over the deposition. Mass
spectra were taken simultaneously during vapor deposition to
check the purity and ratio of the deposited molecules. The as-
prepared sample was irradiated by a deuterium lamp
(McPherson, Model 634, with MgF2 window, 30 W) in the
VUV range of 115−400 nm.

■ RESULTS AND DISCUSSION
RAIRS Study of Amorphous, Crystalline, and Poly-

crystalline Methyl Chloride Ice. In this study, we created
condensed methyl chloride ice in UHV under cryogenic
conditions, as in the interstellar medium, via three different
paths, as mentioned above. Figure 2a,c shows the RAIR spectra
of 63 ML of methyl chloride ice in the C−H symmetric
bending region. In Figure 2a, the broad green spectrum
represents the amorphous methyl chloride obtained by vapor
deposition at 10 K. Slow annealing of this ice from 10 to 90 K
at a rate of 2 K/min causes the rise of two sharp peaks 1346
and 1336 cm−1 (cyan and brown color filled, respectively in
Figure 2a). This band splitting occurs due to intermolecular
coupling within the newly formed crystalline lattice. However,
the peak intensity is different.19,20 These two split peaks are
also observed when methyl chloride is directly deposited at 90
K, as shown in Figure 2c. Further, a tiny peak (marked #) near
1355 cm−1 represents methyl chloride gas trapped in the
matrix.19 It is not surprising that a small amount of methyl
chloride gas can be trapped in the crystal grains during the
direct deposition at 90 K.

However, the peak intensity ratio differs in Figure 2a,c,
which may be attributed to the degree of irregularities or
random orientations in the crystal lattice. This raises the
question if the two nonamorphous solids are identical in their

Figure 2. RAIR spectra of amorphous, crystalline, and polycrystalline methyl chloride ice. (a) RAIR spectra of 63 ML of methyl chloride ice at 10
and 90 K in the C−H symmetric mode. For this, methyl chloride vapor was deposited at 10 K on a Ru(0001) substrate and annealed to 90 K with a
ramping rate of 2 K/min. (b) Schematic illustration of the phase transition of amorphous to crystalline methyl chloride ice upon annealing. (c)
RAIR spectra of 63 ML of methyl chloride ice at 90 K in the C−H symmetric bending mode. For this, methyl chloride vapor was directly deposited
at 90 K on the Ru(0001) substrate. (d) Schematic illustration of the formation of polycrystalline methyl chloride ice at 90 K.
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crystallinity. To resolve this, control experiments were carried
out to determine how the intensity of the higher wavenumber
peak (or peak ratio) changes with the crystallinity of methyl
chloride ice. This is shown by two separate control
experiments. One is the annealing rate, a crucial factor in
UHV chemistry,21,22 and another is the addition of impurities,
such as water, in this case. In the first experiment, we deposited
63 ML of methyl chloride ice at 10 K and annealed it to 90 K
with a higher annealing rate of 10 K/min. We observed the
RAIR spectra of the resulting solid (shown in Figure S2)
resemble the spectra observed in the case of direct deposition
at 90 K (Figure 2c), including the presense of the gas phase
peak (marked by #); however, interestingly, it is absent when
slow-annealed (Figure 2a). An increased annealing rate
increases the mobility of molecules, so the amorphous solid
did not get enough time to form the extended crystal lattice.
Next, we deposited 160 ML of 2:1 methyl chloride and water
on Ru(0001) and annealed the sample to 90 K with a slow
annealing rate of 2 K/min; the obtained IR spectrum (Figure
S3) of solid methyl chloride resembles the IR spectra obtained
from the randomly oriented crystalline solid (Figure 2c). Here,
it is evident that the water impurity within the methyl chloride
ice matrix disturbs the extended range of crystallinity. A similar
effect is already shown in the dichloromethane case.20 Here, it
is concluded that a more ordered crystalline solid can be
formed only by slow annealing of the pure ice sample. It is
established that the polycrystalline nature of a substance
increases upon (a) increasing the annealing rate and (b)
introducing an impurity in the sample. We propose that the
peak intensities in the C−H symmetric bending mode can be
correlated with the extent of the crystalline nature of the
methyl chloride solid. Control experiments supported this
suggestion. Based on this, we noted that with increased
polycrystallinity (irregularities in crystalline), the intensity of
the 1346 cm−1 peak increases.

Dows has reported the IR spectra for solid methyl chloride
and found that the crystallites are randomly oriented, with the
intensity ratio of 1.4619 for the peaks of 1336 and 1346 cm−1.
In our study, we found a ratio of 1.42 for the directly deposited
thin film, which supports the polycrystalline nature of methyl
chloride. Notably, this ratio is comparable to the ratios of 1.73
and 1.22 in the case of the ice formed via quick annealing and
with an impurity, as shown in Figures S4 and S5, respectively.
However, the ice formed by slow annealing (Figure 2c exhibits
a higher ratio (∼3.4), suggestive of a highly crystalline nature
(less polycrystalline). A comparison of RAIR spectra of four
condensed methyl chloride samples created by four different
methods in the C−H symmetric bending region is shown in
Figure S4. The annealed sample may be described as a low-
polycrystalline or long-range crystalline ice, as depicted in
Figure 2b. Thus, the relatively higher intensity of the 1346
cm−1 peak represents the randomness in the crystal lattice.
Although our study is not supported by diffraction data, to the
best of our knowledge, this is the first report of this nature. We
suggest crystalline (less polycrystalline) methyl chloride
formation is possible upon slow annealing in a homogeneous
environment.

Additionally, the evolution of the C−H stretching and C−H
antisymmetric bending modes with increasing temperature for
the crystalline solid is shown in Figure S5a,b. In the C−H
stretching region, we observed that the broad amorphous peak
splits into two peaks at 2961 and 2952 cm−1, while in the C−H
antisymmetric bending region, the broad (due to the

amorphous phase) peak splits into 1443 and 1437 cm−1. For
the polycrystalline ice, three peaks were observed at 2961,
2955, and 2952 cm−1 in the C−H stretching and 1445, 1441,
and 1437 cm−1 in the C−H antisymmetric bending regions
(Figure S6). In this experiment, an additional peak appeared in
the C−H stretching (2955 cm−1), and the C−H bending
regions (1441, 1445 cm−1 peaks were observed in place of
1443 cm−1), which may indicate high irregularities (Figure S6).
This may be attributed to molecular interactions between two
crystallites in the methyl chloride solid. All the IR peaks for
amorphous, crystalline, and polycrystalline methyl chloride ice
and gas phases are assigned in Table S1.19,23−26

Photochemistry of Amorphous Methyl Chloride. Such
diverse crystallinity can significantly affect the photochemistry
in ISM. Photochemical pathways are a succession of
photodissociation, radical−radical interactions, and subsequent
rearrangements that culminate in the formation of complex
organic compounds in ISM.7 Therefore, we undertook an
investigation of the kinetics of photoproducts formed in these
phases of ice. At the outset, we subjected the amorphous
methyl chloride ice to VUV light irradiation at 10 K and
subsequently analyzed the products using RAIR, SIMS, and
TPD-MS.

Figure 3 shows the RAIR spectra of 63 ML of amorphous
methyl chloride before and after 60 min of VUV irradiation in

the mid-infrared region. In the IR spectrum shown, methyl
chloride is identified by the C−H antisymmetric stretching (ν4,
3036 cm−1), C−H symmetric stretching (ν1, 2958 cm−1), C−
H symmetric bending (ν2, 1343 cm−1), C−Cl rocking (ν6,
1018 cm−1), and C−Cl stretching (ν3, 710 cm−1) modes.13,27

New IR peaks arise after 60 min of VUV irradiation due to the
formation of new species in the ice matrix. Four major
photoproducts were identified by their prominent IR peaks.
Methane was identified by C−H antisymmetric stretch (ν3,
3009 cm−1) and C−H symmetric stretch (ν4, 1302 cm−1);
dichloromethane was identified by the C−H symmetric
bending (ν2, 1263 cm−1), and C−Cl symmetric stretch (ν3,
737 cm−1); hydrogen chloride was identified by the H−Cl

Figure 3. RAIR spectra of 63 ML of methyl chloride before and after
irradiation with VUV light at 10 K in the mid-infrared region.
Zoomed views of weaker peaks are shown as insets. Methyl chloride
vapor was deposited at 10 K on a Ru(0001) substrate and the
amorphous methyl chloride ice was photoirradiated for 60 min.
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stretch (2780−2620 cm−1) and ethylene was identified by C−
H symmetric bending (ν7, 965 cm−1).27,28 Other than these
four, hydrogen and chlorine are two major products that are
likely but cannot be detected by our IR spectroscopy. Figure 4

shows the reaction scheme for all major and minor
photoproducts. The proposed reaction scheme elucidates the
formation pathways of the observed species resulting from the
photoproduced radicals. Here, it is worth noting that all the
reaction channels are reversible to a very small extent in the
solid ice matrix under continuous VUV irradiation.29 These
pathways have been derived from the current knowledge in the
literature.30−34

In addition to the photodissociation mechanism, electrons
generated from the ruthenium surface (work function-4.7 eV)
by photon bombardment may participate in the reaction
mechanism. The ejected electron can facilely combine with Cl
radical to form Cl anion,35,36 but this effect of ions will be very
minimal. While the photoelectron does indeed play a role,

these electrons have an attenuation length of 2 to 4 ML in side
methyl chloride ice.37 To validate this assumption, we
conducted a control experiment involving the introduction of
100 ML of argon (Ar) between the Ru(0001) substrate and
CH3Cl ice. Following 60 min of irradiation, we observed the
same absolute photoproduct yield within the ice matrix, as
illustrated in Figure S7. This implies the photo electron effects
are anticipated to be confined to a limited penetration depth
within condensed ice.

The minor photoproducts present in very small quantities in
the ice matrix cannot be detected by RAIRS and TPD-MS. In
this case, SIMS has emerged as one of the most surface-
sensitive methods for analyzing molecular solids in UHV38,39;
its sensitivity toward surface molecules allows the detection of
trace amounts of minor products formed by the photolysis of
methyl chloride.40 Here, reactive ion scattering (RIS) of Cs+
makes ionic clusters of the molecular constituents of surfaces.
The large peak at m/z = 133 is due to Cs+ (Figure S8), and all
other peaks are RIS products of Cs+ derived from neutral
molecules present on the ice surface. Figure 5 shows the Cs+
scattering spectrum after irradiating amorphous methyl
chloride for 60 min. The mass peaks at m/z 183 and 233
are attributed to one and two methyl chloride species picked
up by the Cs+ ion. All of the mass peaks for major and minor
products are assigned in the table in Figure 5. The products,
methane (m/z = 149), acetylene (m/z = 159), ethylene (m/z
= 161), ethane (m/z = 163), hydrogen chloride (m/z = 169),
ethyl chloride (m/z = 197), and dichloromethane (m/z = 217)
were identified. The peaks marked by # is for the isotopic
signature of chlorine in the molecules. Peaks at m/z 151 and
201 represent water and water-methyl chloride complexes. A
minimal amount of water comes from background deposition,
which cannot be avoided in a UHV system. It is important to
recognize that the Cs+ ion is capable of picking up only
molecules within the topmost 1 bilayer of the sample.
Consequently, the intensity readings for both water and
methyl chloride appear identical due to this limitation. The
tiny mass peak at m/z = 165 shows formaldehyde, which may
be due to the reaction between water and methyl chloride on
the topmost layer. Additionally, our experimental design

Figure 4. Proposed reaction scheme for the photochemistry of methyl
chloride (magenta colored box) displaying major and minor
dissociation and radical combination reactions. Green and red color
boxes indicate the photoproducts and the intermediates. Solid and
dashed arrows denote primary and secondary photodissociation and
association processes, respectively.

Figure 5. Reactive ion scattering (RIS) mass spectra obtained after 60 min of VUV irradiation of amorphous methyl chloride ice. The mass
spectrum of the irradiated ice was obtained by colliding the sample with 60 eV Cs+ ions at 10 K. All the RIS photoproducts have been assigned, as
listed in the table on the right.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c05889
J. Phys. Chem. C 2023, 127, 24149−24157

24153

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05889/suppl_file/jp3c05889_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05889/suppl_file/jp3c05889_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05889?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


enables the observation of sublimed products by TPD. Figure
S9 shows the TPD mass spectrum for the major photoproducts
hydrogen chloride (m/z = 36), dichloromethane (m/z = 49),
and methane (m/z = 16). All the molecules desorb at 99 K,
along with methyl chloride
Comparison of Photoproducts Formation and Trap-

ping of Intermediates. We compared the efficiency of
photoproduct formation in three distinct solids of methyl
chloride, namely, amorphous, crystalline, and polycrystalline.
Photoirradiation was performed on these solids at 10 K for a
duration of 60 min, with RAIR spectra being recorded at 5 min

intervals. Figure 6 compares the formation of methane and
dichloromethane, the major photoproducts resulting from the
radical association (shown in Figure 3) within these three
condensed phases. Abundances were calculated by integrating
the band areas corresponding to methane (ν4, 1302 cm−1) and
dichloromethane (ν3, 737 cm−1). The time-dependent areas
due to methane and dichloromethane were calculated and
subsequently normalized with respect to the C−Cl rocking (ν6,
1018 cm−1) band of methyl chloride. For this normalization,
the area under the curve (ν6, 1018 cm−1 band) for methyl
chloride in the three solid phases was considered to be 1 cm−1

Figure 6. (a) Normalized integrated area of the ν4 band of methane as a function of irradiation time. (b) Normalized integrated area of the ν3 band
of dichloromethane with irradiation time. Three phases of ice were irradiated for 60 min, and IR spectra were taken at 5 min intervals.

Figure 7. TPD-MS spectra of the photoproducts (CH4, CH2Cl2) formed by the irradiation of 63 ML of crystalline (a, c) and polycrystalline (b, d)
methyl chloride for 0, 1, and 4 h. The sublimation profiles using integrated ion counts in (a, b) at m/z = 49 (CH2Cl+ due to CH2Cl2) and (c, d) at
m/z = 16 (CH4

+) are plotted.
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before the radiation process. After normalization, the band
areas of products of different types of ice versus time of
irradiation are shown in Figure 6. Amorphous solids offer a
conducive environment for enhanced product formation,
primarily attributed to the augmented diffusion and tunneling
of radicals within the porous matrix, a phenomenon not
possible in crystalline solids.41−44 Here, a carefully created
crystalline solid shows an equal or larger quantity of
photoproducts than those in its amorphous and polycrystalline
state. In the astrochemical model, the kinetics of reactions are
influenced by reaction barriers and diffusion barriers. When
there are no reaction barriers and the reactants are well-
aligned, reactions are assumed to occur with high efficiency.7

This assumption is commonly applied to radical−radical
reactions. The higher methane and dichloromethane produc-
tion in crystalline than polycrystalline materials could be
because radical migration is feasible in periodic crystalline
materials. However, polycrystalline solids are composed of
crystal domains with existing crystalline grain boundaries, and
these grain-bound molecules play a vital role in the process of
photolysis.45 The presence of a thermal energy barrier on these
boundaries is crucial, as it hinders radicals from moving
between different crystalline grains. Consequently, the
diffusion of intermediates is impeded, leading to the entrap-
ment of all of the radicals within the boundaries themselves.

The phenomenon of extended irradiation leading to the
conversion of crystalline solids into their amorphous analog
has been widely established in the literature.46,47 A long-term
irradiation experiment was carried out to investigate the
consequences of the intermediates upon the amorphization of
crystalline and polycrystalline solids. In this experiment, we
irradiated the crystalline and polycrystalline ice for 4 h and
compared it with the sample of 1 h irradiation using TPD-MS.
Figure 7a,c shows the mass spectra of desorbed dichloro-
methane and methane before and after the irradiation of
crystalline methyl chloride for 1 and 4 h. It is worth noting that
the peak at 100 K for m/z 49 (Figure 7a,b) in the before
irradiation spectrum represents the mass fragment from the
methyl chloride reactant. In the spectrum collected after 1 h of
irradiation, the desorption peaks of dichloromethane and
methane at 100 K coincide with that of methyl chloride, and
this is due to the small amount of photoproduct, which is
trapped in the methyl chloride ice matrix. In Figure 7a, no
specific changes have been detected other than an increase in
dichloromethane. In the case of methane (Figure 7c),
molecular volcano-like peaks were observed at 91 K in the 4
h irradiation experiment.48,49 Here, methane formation
increased in the crystalline solid, which accumulated in specific
locations. It is obvious that molecular mobility will be high
prior to the desorption temperature in methyl chloride from its
solid. Due to this high mobility, the accumulated methane
molecules desorb earlier than methyl chloride as the methane
desorption temperature is lower than that of methyl chloride.

Surprisingly, more intriguing results were observed when
polycrystalline methyl chloride was irradiated for 4 h. The
formation of dichloromethane (as shown in Figure 7b)
increased by approximately 2 times, while methane (as
shown in Figure 7d) increased by approximately 3 times
when the irradiation time was extended from 1 to 4 h. This
difference in product formation can be attributed to the
transition of polycrystalline to the amorphous nature of methyl
chloride during long-term irradiation, which removes the grain
boundaries in the ice matrix. Consequently, the trapped

intermediates at the crystallite boundaries in the polycrystalline
solid diffuse through the matrix and facilitate the formation of
photoproducts. These results demonstrate strong agreement
with our previous claim regarding the intermediate entrapment
in polycrystalline solids.

This study presents a new direction in our understanding of
molecular materials in space and their fate upon photo-
irradiation. Such photochemistry in molecular solids could
make each of the distinct phases of any molecular solid an
admixture of different species. In the course of time, an
increase in the number of reaction products leads to the
collapse of the crystallites, leading to an amorphous matrix.
Therefore, photochemistry becomes an important factor in
affecting the morphology of interstellar organics.

■ CONCLUSIONS
This study provides evidence for the formation of amorphous,
crystalline, and polycrystalline methyl chloride via three
different paths, using RAIRS in UHV (∼5 × 10−10 mbar) at
low temperature (10−90 K), conditions analogous to ISM.
The photochemistry of the methyl chloride solid was studied
using a deuterium lamp (VUV source). The photoproducts
were detected by RAIRS and SIMS in the solid state and by
TPD-MS in the gas phase. The result of irradiation of three
solid phases found that the formation of photoproducts is most
facile for crystalline solid than for amorphous followed by
polycrystalline. This is due to the feasibility of diffusion of the
reactants and intermediates in crystalline solid compared to the
amorphous and polycrystalline solids. Due to the existence of
crystalline boundaries in polycrystalline solids, the intermedi-
ates are trapped at the interfaces of grains. However, long-term
irradiation leads to the removal of discontinuity in the
polycrystalline solid, which leads to the increased concen-
tration of photoproducts accumulating in the ice matrix. This
phenomenon becomes evident through the amplified desorp-
tion of photoproducts in TPD-MS. This study adds fresh
spectroscopic data in the photochemistry of condensed methyl
chloride molecules in ISM and provides a possible mechanistic
interpretation that provides a scope for future investigations.
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(7) Öberg, K. I. Photochemistry and Astrochemistry: Photochemical

Pathways to Interstellar Complex Organic Molecules. Chem. Rev.
2016, 14, 9631−9663.
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