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ABSTRACT: Dichloromethane (CH2Cl2) thin ﬁlms deposited on Ru(0001) at low temperatures (∼80 K or lower)
undergo a phase transition at ∼95 K, manifested by the
splitting of its wagging mode at 1265 cm−1, due to factor group
splitting. This splitting occurs at relatively higher temperatures
(∼100 K) when amorphous solid water (ASW) is deposited
over it, with a signiﬁcant reduction in intensity of the highwavenumber component (of the split peaks). Control
experiments showed that the intensity of the higher wavenumber peak is dependent on the thickness of the water
overlayer. It is proposed that diﬀusion of CH2Cl2 into ASW
occurs and it crystallizes within the pores of ASW, which
increases the transition temperature. However, the dimensions
of the CH2Cl2 crystallites get smaller with increasing thickness of ASW with concomitant change in the intensity of the factor
group split peak. Control experiments support this suggestion. We propose that the peak intensities can be correlated with the
porosity of the ice ﬁlm. Diﬀusion of CH2Cl2 has been supported by low-energy Cs+ scattering and temperature-programmed
desorption spectroscopies.

■

INTRODUCTION
Molecules deposited at low temperatures on cold surfaces are
generally amorphous in nature with randomly orientated
structure. The amorphous form of the molecules may undergo
a structural change upon annealing to higher temperature to
form their most stable crystalline structures. Study of such
phase transitions of molecular solids is a salient area of research
due to their importance in phenomena ranging from environmental to biological and interstellar science. Diﬀerent phases of
molecular solids provide unique physical and chemical
environment. This is a vast area of research, and phase
transition of diﬀerent molecules has been investigated in great
detail. 1−4 Techniques used for this study are mostly
spectroscopic and scattering methods, namely, X-ray diﬀraction,5 low-energy electron diﬀraction (LEED),6 electron
diﬀraction,7 transmission electron microscopy (TEM),8 lowenergy ion collisions,9,10,11 and most commonly by infrared
(IR) spectroscopy.1,3,4 The last one in this list has been utilized
to study phase transitions in water-ice,1,3 methanol-ice,2 and
many other molecular solids.4,12−14 Although dichloromethane
is one of the most frequently used organic solvents in the
laboratory, the phase transition of this molecule is not wellunderstood. In 1970, the crystal structure of dichloromethane
has been predicted from an IR spectroscopic study.15 However,
to best of our knowledge, there is no report on the phase
transition of this molecule and also no report has been found
on the IR spectrum of amorphous dichloromethane. Study of
© 2016 American Chemical Society

this molecule is also important in the context of stratospheric
chemistry. Chloromethanes present in this environment
interact with water-ice particles, eventually causing the
depletion of the ozone layer. Water-ice surface plays a catalytic
role in this process.16 Several theoretical and experimental
studies have also been performed on halomethane/water-ice
system.17−20
From a fundamental point of view, water-ice is a model
system for molecular solids to study elementary processes.
Water-ice can exist in many diﬀerent structural forms,
depending on its formation. Mainly two diﬀerent forms of
water-ice (crystalline and amorphous) can be generated in
vacuum on a cold surface at diﬀerent temperatures by vapor
deposition. In the universe the amorphous form of water-ice,
known as amorphous solid water (ASW), is dominant.
ASW is highly porous in nature. Porosity of water-ice governs
elementary processes like diﬀusion,21,22 adsorption of gaseous
species,17,21,22 rapid desorption of trapped gases (termed as
molecular volcano),18 phase transition,23 tunneling reactions,21
etc. Various factors such as local temperature,7 incident
molecular ﬂux,3 incident angle,24−26 and kinetic energy27 aﬀect
the porosity of water-ice. Thus, a number of studies have been
carried out to probe porous ASW. Temperature-programmed
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and ﬁnally focused onto an external liquid nitrogen cooled
mercury−cadmium−telluride (MCT) detector. The IR beam
path outside the vacuum system and in the IR spectrometer
itself were purged with dry N2 and high pure Ar, respectively.
Both dichloromethane (CH2Cl2) and d2-dichloromethane
(CD2Cl2) were purchased from Sigma-Aldrich (purity: 99.99%)
and were further puriﬁed by several freeze−pump−thaw cycles.
Deionized triply distilled water (H2O) was used for the
measurement, which was also puriﬁed through several freeze−
pump−thaw cycles before introducing into the UHV chamber.
Sample lines were connected to a rotary pump and were
pumped before introducing the samples into the UHV
chamber. At the time of the experiment, samples were
introduced into the scattering chamber using leak valves and
were vapor-deposited on a cold Ru(0001) single-crystal target
(at 80 K). Ru(0001) single crystal was cleaned properly by
repeatedly heating to 1000 K. Sample inlet tubes were kept very
close to the single crystal to achieve uniform growth of the
molecular solids. The deposition of molecular solids was
controlled through leak valves, and monolayer coverage was
evaluated assuming that 1.33 × 10−6 mbar.s = 1 ML which has
been estimated to contain ∼1.1 × 1015 molecules/cm2.34
Temperature-dependent RAIRS was performed for the present
study. Temperature was ramped @ 1 K/min and 5 min time
delay was given for each temperature, before measuring each
spectrum. All spectra given here were averaged for 512 scans
and the spectral resolution was 4 cm−1.

desorption (TPD) experiments have been used extensively in
these cases.28−30 Diﬀusion and adsorption of molecules
through the pores of ASW have also been investigated to a
large extent by TPD. Limited reports exist where spectroscopic
methods, such as IR spectroscopy, have been utilized to
understand the diﬀusion of molecules through water-ice.25,31,32
Moreover, there are no reports on the spectroscopic properties
of the diﬀused molecules. It is fundamentally important to
study diﬀusion and interactions of molecules with ASW, which
determine the composition and outgassing kinetics of the
extraterrestrial ices.2
In this present study, we report two important investigations.
First, we investigate the phase transition of pure dichloromethane in ultrahigh vacuum (UHV) and, second, the fate of
crystallization of this molecule in the presence of ASW. Surfacesensitive reﬂection absorption infrared (RAIR) spectroscopy
was used to understand the phase transition of pure
dichloromethane. It was also observed that, in the presence
of ASW, the molecules diﬀused through the pores of ASW and
crystallize inside the pores to form irregular crystallites. The
phenomenon is further supported by TPD and extremely
surface-sensitive Cs+ scattering experiments.

■

EXPERIMENTAL SECTION
All the experiments were carried out using a custom-built
instrument. A detailed description of the instrument is given
elsewhere.33 Brieﬂy, the instrument consists of three UHV
chambers (fully made of nonmagnetic stainless steel)
composed of an ionization chamber (IC), an octupole chamber,
and a scattering chamber; the sample manipulator with closed
cycle He cryostat is mounted on the latter. Each vacuum
chamber is diﬀerentially pumped by a turbomolecular pump
(TMP). A diaphragm pump backs the ionization chamber
TMP, and the octupole and scattering chamber TMPs are
pumped by a TMP, again backed by a diaphragm pump. The
base pressure of the instrument in the scattering chamber is 8 ×
10−10 mbar. A Bayard−Alpert-type (B−A) gauge is employed
to measure the pressure reading in each chamber. The vacuum
components and gauges are procured from Pfeiﬀer Vacuum
GmbH. Mass spectrometer components were from Extrel
CMS. The instrument is capable of performing mass-selected
low-energy (1−100 eV) ion scattering, low-energy (2−1000
eV) alkali ion scattering, RAIRS, and TPD spectroscopy. A
unique aspect of this instrument is ultralow-energy (in the
range of 1 eV) ion scattering, although such experiments were
not used for the present work. RAIRS was employed to
understand diﬀusion and crystallization of dichloromethane
within ASW pores. In the scattering chamber of our instrument,
thin ﬁlms of molecular solids were grown layer by layer on a
polished Ru(0001) single crystal. The single (Ru) crystal is in
turn mounted on a copper holder that is connected to a closed
cycle He cryostat (from ColdEdge Technologies). Temperature
of the single crystal could be varied from 10 to 1000 K. A Pt
sensor and a K-type thermocouple are attached to the
mounting copper plate near to the Ru(0001) crystal to
measure the temperature. The RAIRS experiments were
performed using a VERTEX 70 FT-IR spectrometer from
Bruker Optik GmbH. For this, the IR beam was taken out from
the spectrometer and focused (using a combination of a
paraboloidal gold-coated mirror and a plane mirror) on the
single crystal at an 80 ± 7° incident angle through a KBr
window. The reﬂected IR beam from the Ru(0001) single
crystal was collected by another gold-coated ellipsoidal mirror,

■

RESULTS AND DISCUSSION
1. Dichloromethane Phase Transition. The experiments
were performed in several stages. To begin with, the phase
transition of dichloromethane was investigated using RAIRS.
Initially, 50 ML of CH2Cl2 was deposited on the Ru(0001)
single crystal at 80 K. RAIR spectra were collected at regular
intervals after warming the sample to a particular temperature
(at a rate of 1 K/min), which was maintained for 5 min before
collecting the spectrum. Five diﬀerent vibrational modes of
CH 2 Cl 2 molecules positioned at ∼3050 cm −1 (−CH 2
antisymmetric stretching), ∼1265 cm−1 (−CH2 wagging),
∼895 cm−1 (−CH2 rocking), 748 cm−1 (−CCl2 antisymmetric
stretching), and 705 cm−1 (−CCl2 symmetric stretching) have
been detected in the RAIR spectrum at 80 K (see Supporting
Information Figure S1). Among those vibrational modes, only
−CH2 wagging mode and −CCl2 antisymmetric stretching
modes are intense, which have been analyzed in detail in the
subsequent investigations. Figure 1 illustrates the results
obtained from 50 ML of CH2Cl2. At 80 K, CH2Cl2 showed
two sets of intense broad infrared bands, due to the −CH2
wagging mode and the −CCl2 antisymmetric stretching mode.
As the temperature was increased to 95 K, a spectral change
was observed: (i) the −CCl2 antisymmetric stretching peak,
which was broad at 80 K, became narrow and was shifted to
∼740 cm−1 with a drastic increase in intensity (see Figure 2a),
and (ii) the broad −CH2 wagging mode was split into two
peaks arising at a higher (∼1277 cm−1, named as peak 1) and a
lower (∼1257 cm−1, named as peak 2) wavenumber region
with a slightly increased intensity. This splitting is clearly visible
from the inset of Figure 1, which shows an expanded view of
the −CH2 wagging region.
Such splitting of infrared spectra has been observed before in
infrared spectroscopy-based phase transition studies of diﬀerent
molecules. For example, it is reported that a spectral change
occurs for the broad O−H stretching peak of amorphous ice
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during crystallization of water-ice1,35 and that a splitting of
peaks was observed corresponding to both O−H and C−O
stretching modes during the crystallization of methanol-ice.36
Crystallization of methanol has been studied on highly ordered
pyrolytic graphite (HOPG). Amorphous methanol deposited
on HOPG surface at 97 K showed a broad O−H stretch at
3260 cm−1, which split into two bands at 3290 and 3174 cm−1
on warming to 129 K where it underwent crystallization.
Heating also leads to the splitting of the C−O stretching mode
(at 1045 cm−1 at 97 K) giving rise to two bands at 1037 and
1027 cm−1. Additionally splitting was observed in the
asymmetric CH3 stretching band. A similar study on the
phase transition of vinylacetylene showed that the broad
absorption band at 655 cm−1 (CH2 twisting mode)
undergoes splitting during crystallization.14 Infrared spectroscopy in transmission mode has shown that the −CH2 wagging
mode in the vibrational spectra of CH2Cl2 splits into two
components in the crystalline phase.15,37,38 Various other
studies have also demonstrated such a vibrational spectral
change during phase transition.13,39 Absorption features of
amorphous ices are uncharacteristically broad due to their
disordered structure. When these undergo a structural change
to form more stable ordered structures (crystalline) on
warming, well-deﬁned bands are seen in the infrared absorption
spectra.
In the work presented herein, CH2Cl2 deposited on
Ru(0001) at 80 K initially in amorphous form, evident from
its broad absorption feature of the −CH2 wagging mode (see
Figure 1), is transformed into the most stable crystalline form
upon warming. When the dichloromethane-ice at 95 K was
cooled back to 80 K or still lower temperatures, it did not show
any change in the RAIR spectrum, validating that the most
stable crystalline form does not reconvert and the spectral
change at 95 K is due to a phase transition. It is also noticeable
from Figure 1 that further heating did not lead to any
signiﬁcant change in the spectrum except for the loss in
intensity of the peaks due to desorption of CH2Cl2 at a higher
temperature (∼120 K). Complete desorption occurs at 125 K.
In the C−Cl stretching mode, narrowing and drastic downshifting occur due to phase transition (Figure 2a). Splitting of
the −CD2 wagging region is shown in the isotopologue,
CD2Cl2. Figure 2b shows the temperature-dependent spectra
obtained for 50 ML of CD2Cl2 deposited on Ru(0001),
applying the same strategy as described before for CH2Cl2. As
in case of CH2Cl2, here also at 80 K, a broad absorption peak
due to the −CD2 wagging mode arises although at a much
diﬀerent position of ∼960 cm−1, and another absorption peak
(not shown in the ﬁgure) is observed corresponding to the
−CCl2 antisymmetric mode at the same frequency as in the
case of CH2Cl2. The former undergoes spectral change at 95 K,
appearing as two peaks, one at ∼964 cm−1 and another at ∼952
cm−1.
The splitting of −CH2/−CD2 wagging mode at 95 K in both
CH2Cl2/CD2Cl2 is due to the factor group splitting. Factor
group splitting, or Davydov splitting, is the splitting of spectral
lines in a molecular crystal. Both CH2Cl2/CD2Cl2 possess C2v
molecular point group having four irreducible representations,
namely, A1, A2, B1, and B2. They do not possess any degenerate
vibrations, and therefore, in crystalline state splitting of normal
modes will be due to factor group splitting which arises from
interactions of vibrational modes of diﬀerent molecules in a
unit cell. The −CH2/−CD2 wagging mode of CH2Cl2/CD2Cl2
belonging to B2 symmetry (in the C2v point group) undergoes

Figure 1. Temperature-dependent RAIR spectra of 50 ML CH2Cl2
deposited at 80 K on Ru(0001). Inset shows the expanded view of the
−CH2 wagging region and schematic of the surface under
investigation.

Figure 2. Temperature-dependent RAIRS study on a molecule to ﬁnd
changes in vibrational spectra upon heating. Spectra corresponding to
(a) C−Cl antisymmetric stretching (CH2Cl2) mode and (b) −CD2
wagging modes (CD2Cl2) are compared when 50 ML of CX2Cl2 (X =
H or D) is deposited on Ru(0001) at 80 K and warmed. Insets show
the schematic of the surfaces during experiment.
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Figure 3. Crystal structure of dichloromethane: a = 4.25 Å, b = 8.13 Å, and c = 9.49 Å. Coordinates to draw the crystal structure were taken from ref
41. The crystal structure is having Pbcn space group. Diﬀerent symmetry operations are shown in the ﬁgure. Standard notations are used to represent
the symmetry operations (ref 42). The −CH2 wagging mode of CH2Cl2 is shown with arrows and positive and negative signs. The IR beam is shown
as the inset. The s- and p-components of incident (Ei) and reﬂected (Er) IR radiation are also shown.

following way. One CH2Cl2 sitting at a C2 site (B symmetry)
interacts with another CH2Cl2 (C2 site, B symmetry) in the D2h
lattice to cause the vibrational band splitting. The split bands
can be a combination of C2, B symmetry vibrations.
Splitting of −CH2 antisymmetric (∼3050 cm−1) peak was
also observed (see Supporting Information Figure S1), but peak
intensity was very low. So we did not carry out any further
analysis on this peak. There could also be splitting in the −CH2
rocking mode, but it was not visible in the spectra, maybe due
to lack of signiﬁcant intensity. But shift in this peak to lower
wavenumber side was observed. However, splitting was not
observed in −CCl2 antisymmetric stretching mode which is
consistent with the result obtained by Marzocchi and
Manzelli.15 They showed in a polarization-dependent study
that the −CH2 wagging mode split in two diﬀerently polarized
light, whereas splitting in −CCl2 antisymmetric stretching
mode occurs only in one polarized light. A similar result was
observed by Brown et al. in which they have measured infrared
spectra of CH2Cl2 single crystal in two diﬀerent polarizations.37
However, it may be noted from these studies that both the
modes are infrared-active in two diﬀerent polarized light. Our
observation is very similar to these studies. We observed
splitting only in the −CH2/−CD2 wagging mode, and no
splitting was observed in −CCl2 antisymmetric mode. Although
unpolarized light was used in our measurements, RAIRS allows

splitting in the crystalline phase. Splitting of the B2 mode shows
that site group in the crystalline state could be a subgroup of
the molecular point group C2v. Marzocchi and Manzelli15 have
found this splitting in the −CH2/−CD2 wagging mode of
crystalline CH2Cl2/CD2Cl2 in a transmission IR measurement.
From both Raman40 and IR15,38 study, it was concluded that
dichloromethane forms orthorhombic crystals with four
dichloromethane molecules per unit cell possessing Pbcn
space group. This is shown in Figure 3. Projection of the
crystal along the a-axis with slight tilting to show the 3D view is
shown in the ﬁgure. Diﬀerent symmetry operations present in
the lattice are shown in the Figure 3. It shows axial glide,
rotational axis, screw axis, and center of inversion operations of
the lattice. The crystal structure is from Kawaguchi et al.41 The
space group of CH2Cl2 crystal is Pbcn where P stands for
primitive lattice. Pbcn has eight equivalent positions. Due to
crystal formation, symmetry of dichloromethane molecules is
lowered in the crystal and they sit in the C2 site of the crystal,
and the crystallographic twofold axis passes through the C atom
of the molecules. The horizontal arrows represent the twofold
axis passing through the molecules. Therefore, the asymmetry
unit of the structure is half of the molecules and the total unit
cell content is 8 × 1/2 = 4 molecules. In the C2 site group, A1
and A2 modes of C2v go into A. The B1 and B2 modes go into B.
The splitting of the vibrational band could be explained in the
13477

DOI: 10.1021/acs.jpcc.6b00436
J. Phys. Chem. C 2016, 120, 13474−13484

Article

The Journal of Physical Chemistry C
only the p-component of the incident infrared beam to interact
with the molecules. Although both −CH2 wagging and −CCl2
antisymmetric modes are active toward the p-component of the
incident beam, the preferential interaction of p-component
leads to the splitting of −CH2 wagging mode upon phase
change, whereas −CCl2 antisymmetric mode does not show
such a split. We have only noticed an increase in intensity of
−CCl2 antisymmetric mode with a red shift in the peak
position upon phase transition. The exact reason for the
absence of splitting in the −CCl2 antisymmetric mode remains
unclear. However, we assume that the orientation of crystallites
with respect to incident IR light is such that it does not allow
the p-component of the beam to split the −CCl2 antisymmetric
mode. It has been shown that orientation of crystal with respect
to polarized light is important in factor group slitting.43 The scomponent incident beam could cause splitting of −CCl2
antisymmetric mode, but this is not possible to be seen in
RAIRS.
Large increase in intensity of −CCl2 antisymmetric stretching
mode was observed during phase transition. This increase in
intensity in the crystalline state is due to the following reason.
In the amorphous state of CH2Cl2, due to its randomly
oriented structure, only a few C−Cl bonds are interacting with
the p-component of the incident IR beam. But in the crystalline
state, molecules get aligned in such a way that more C−Cl
bonds could interact with the p-component of the incident IR
beam, which contribute to the increase in intensity. There is an
increase in intensity of the −CH2 wagging mode also during
phase transition along with the splitting which may be due to a
similar reason.
In Figure 4, thickness- or coverage-dependent spectra of
CH2Cl2 and CD2Cl2 in the −CH2/−CD2 wagging region at 95
K are shown. The same experimental conditions were
maintained for each coverage; CH2Cl2 and CD2Cl2 ﬁlms were
generated on Ru(0001) surface at 80 K and heated to the
desired temperature, ranging from 80 to 125 K. At all the
coverages, the splitting occurred at 95 K, and therefore, only
these spectra are presented in Figure 4. The ﬁgure clearly shows
that, with increasing monolayer coverage, the intensities of both
the peaks increase for both CH2Cl2 and CD2Cl2, though peak 2
is always more intense than peak 1. It is anticipated that, as
CH2Cl2 or CD2Cl2 thickness increases, larger crystallites are
formed. In large crystals, CH2Cl2 molecules are aligned in such
a way that more −CH2 bonds can preferably interact with the
p-component of the IR beam and cause an increase in intensity.
Moreover, with increase in monolayer coverage, the number of
molecules is increased, which will also lead to an increase in
peak intensity. For 10 ML coverage in both CH2Cl2 and
CD2Cl2 splitting in the −CH2 wagging mode was not observed.
However, splitting of the peak was observed from 25 ML
onward in both the cases (see Figure 4). This indicates that
small coverage is not suﬃcient enough to form a regular crystal,
whereas at relatively higher coverages regular crystals are
formed which cause the splitting in the −CH2 wagging mode.
From the ﬁgure(s) it is also noticeable that relative increase in
intensity of peak 2 is more compared to the peak 1, which
indicates that peak 2 is more sensitive to monolayer coverage.
We ﬁnd that degree of splitting is more in the case of CH2Cl2
compared to CD2Cl2. After splitting, the −CH2 wagging mode
of CH2Cl2 peaks appear in the range of ∼1250−1285 cm−1,
corresponding to a total base width of ∼35 cm−1, while for
CD2Cl2 the CD2 wagging mode peaks span the range from
∼942 to ∼972 cm−1, a total base width of 30 cm−1. This

Figure 4. RAIR spectra in the (a) −CH2 wagging region of CH2Cl2
and (b) −CD2 wagging region of CD2Cl2 for various coverages at 95
K. Inset gives the schematic of the surfaces.

diﬀerence in splitting is a result of the isotope eﬀect. Thus, shift
due to intermolecular interaction in CH2Cl2 crystal is likely to
be more than in CD2Cl2.
2. Crystallization of Dichloromethane within ASW
Pores. In the next set of experiments, ASW was condensed on
the CH2Cl2 ﬁlm to investigate its role on the crystallization
process of the underlying CH2Cl2 layers. At ﬁrst, 20 ML of
ASW was deposited on top of 50 ML of CH2Cl2 on Ru(0001)
at 80 K and temperature-dependent RAIRS was performed on
this system. The results obtained are shown in Figure 5a. A
schematic of the surface is shown in the inset of the ﬁgure. This
is given just to show the deposition of a distinct layer. The
structure may be diﬀerent at the interface with signiﬁcant
intermixing. It is hard to study interfacial morphology in the
current investigation. However, during overlayer deposition, we
have given suﬃcient time between subsequent depositions so
that the layers are likely to form one after another. From the
ﬁgure, it is clear that spectra at 80 and 90 K look similar to
those of pure CH2Cl2 at the same temperatures (Figure 1). But
a dramatic change in the spectrum is observed at 95 K; peak 2
of −CH2 wagging mode, which is the most intense peak for
pure CH2Cl2, appears with lesser intensity than peak 1 in the
presence of water-ice. There is no change in the temperature of
phase transition, which occurs at 95 K. In a previous study, it
was reported that CH2Cl2 can diﬀuse through ASW.19
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found that crystallization of CH2Cl2 took place at the same
temperature (∼100 K) regardless of the water overlayer
coverage. The variation of RAIR spectrum in the −CH2
wagging mode region for 50 ML of CH2Cl2 at 100 K as a
function of diﬀerent overlayer coverages of water is illustrated
in Figure 5b. The ﬁgure shows that at 10 ML of water-ice
coverage, the intensity of peak 2 at ∼1257 cm−1 was drastically
reduced compared to that of pure CH2Cl2. Further addition of
the water-ice overlayer decreased its intensity continuously,
such that it almost vanished at 150 ML of ASW coverage.
Corresponding correlation is evident from Figure 6 where the

Figure 6. Intensity of peak 2 at 100 K is plotted against monolayer
coverage of water.

maximum intensity of peak 2 at 100 K, taken from Figure 5b, is
plotted against the monolayer coverage of water-ice. From the
plot we see that the peak intensity follows an exponential
decrease. Initially, at lower coverage, say for 50 ML of water,
the intensity drop was signiﬁcant, which slows down with
coverage. This could be because of two reasons. First, as waterice coverage is increased, it forms thicker layers and CH2Cl2
molecules have to travel longer distances. Second, with increase
in water-ice coverage, availability of CH2Cl2 molecules for
diﬀusion decreases as most of the molecules have occupied
accessible pores. In this diﬀusion process, CH2Cl2 exists in two
diﬀerent states. A fraction of CH2Cl2 molecules diﬀuses within
the pores of water-ice, and another fraction of molecules still
remains under the water-ice. The number of molecules present
under water-ice decreases as the coverage of the latter is
increased due to increase in the diﬀusing fraction of CH2Cl2.
From Figure 5a it is also noticeable that the peak intensity of
−CH2 wagging mode at 80 and 90 K is the same which is
almost equal in intensity of pure CH2Cl2 (Figure 1, inset). A
decrease in intensity of the peak is observed only during
crystallization of CH2Cl2. This indicates that diﬀusion of
CH2Cl2 molecules through water-ice is much faster at the
crystallization temperature. Just before the crystallization
temperature, molecular motion of CH2Cl2 increases due to
their reorganization which causes the diﬀusion to be faster. It is
not that crystalline CH2Cl2 is diﬀusing; rather, the individual
molecular entities are diﬀusing before crystallization. This
reorganization may force CH2Cl2 molecules to diﬀuse into the
water-ice pores and crystallize in the conﬁned environment and
essentially form small crystals or irregular crystals inside the
pores It is also noticeable that crystallization of CH2Cl2 is

Figure 5. Change in −CH2 wagging mode of 50 ML CH2Cl2 ﬁlm was
compared when (a) 20 ML of H2O molecule is condensed over it at
80 K and annealed to 145 K; (b) overlayer converges of H2O ﬁlm was
varied from 10 − 150 ML at 100 K. Insets show the schematic of the
surfaces and the ﬁlm thickness. Both CH2Cl2 and H2O were deposited
at 80 K on Ru(0001) surface and heated to desired temperature.

Therefore, this change in intensity of −CH2 wagging mode
during crystallization of CH2Cl2 under ASW may be due to the
diﬀusion of CH2Cl2 through ASW and its crystallization inside
the water-ice pores. It is also noticeable from Figure 5a that
complete splitting of −CH2 wagging mode due to crystallization of CH2Cl2 occurs at a relatively higher temperature
(∼100 K) than for pure CH2Cl2. Furthermore, desorption of
dichloromethane under amorphous water-ice takes place at 145
K (vs 125 K for pure CH2Cl2) when amorphous water-ice is
converted into crystalline phase. This indicates that dichloromethane molecules are trapped inside the water-ice pores via
diﬀusion which undergoes crystallization therein. As ASW
crystallizes at 145 K, the water molecules reorient themselves
such that it opens up a path for the trapped dichloromethane
molecules to desorb. Trapping of molecules inside water-ice
and their desorption during crystallization of water-ice has been
reported previously and is termed as “molecular volcano”.18
However, this caging or trapping of molecules inside water
pores has initially been observed by Livneh et al. and
mentioned as “explosive” desorption.44
Additional experiments were carried out to understand this
process in detail. About 50 ML of dichloromethane was
deposited on Ru(0001), and the thickness of the water
overlayer on top of it was varied from 10 to 150 ML. It was
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inside ASW pores, we see no contribution to the intensity of
peak 2. Major contribution to the intensity of peak 2 comes
from molecules staying at the bottom of ASW (Ru@CH2Cl2@
H2O system). The CH2Cl2 molecules at the bottom form large
crystals and cause the splitting of the peaks and contribute to
the intensity of peak 2. However, as water-ice coverages are
increased, more CH2Cl2 molecules are diﬀused and the crystal
dimension at the bottom is also reduced causing the gradual
reduction in intensity of peak 2. Therefore, it may be concluded
that intensity of peak 2 depends on the crystal dimensions,
which in turn is related to the pore volume of ASW. However,
intensity of peak 1 remains. This intensity comes from the
−CH2 wagging mode of the crystalline or irregularly crystalline
CH2Cl2. Here, molecules present in the system as a whole
contribute to the intensity of peak 1. Therefore, even though
splitting is absent due to diﬀusion and formation of irregular
crystals, we observe peak 1. Its intensity is reduced to some
extent due to random orientation of the irregular crystals inside
the pores, although it appears as the most intense peak at all the
coverages among the split −CH2 modes. In a pure crystalline
state, strong interaction induces splitting of the −CH2 wagging
mode along with an increase in intensity.
3. Control Experiments to Validate the Diﬀusion
Hypothesis. 3.a. IR Spectroscopic Studies. To validate this
hypothesis of diﬀusion followed by crystallization inside water
pores which decreases the intensity of peak 2, we have
performed a few sets of control experiments. In the ﬁrst set,
ASW was deposited on crystalline CH2Cl2. For this, 50 ML of
CH2Cl2 was deposited on Ru(0001) at 80 K, heated to 95 K to
make it crystalline, and cooled back to 80 K with a subsequent
deposition of H2O on top of crystalline CH2Cl2. The
temperature of this system was then increased in steps from
80 to 150 K. Figure 7a displays the temperature-dependent
RAIR spectra obtained from this study. Initially, the 50 ML of
CH2Cl2 on Ru(0001) at 80 K was in an amorphous state, and
upon heating it underwent a phase transition at 95 K (see the
inset in Figure 7a) as can be seen from the splitting of the
−CH2 wagging mode, similar to that seen in Figure 1.
Subsequent deposition of H2O at 80 K forming the ASW layer
did not cause the intensity of peak 2 (1257 cm−1) to become
less than that of peak 1, as opposed to the case of the
amorphous CH2Cl2−ASW system (Figure 5). Peak intensity at
80 K after crystallization and 95 K after water-ice overlayer
deposition remained unchanged, implying that crystalline
CH2Cl2 due to its ordered structure does not diﬀuse through
ASW. Phase transition releases energy into the system which
may induce desorption of molecules from the surface.
Therefore, during crystallization, CH2Cl2 releases some energy,
which causes desorption of some CH2Cl2 molecules on the
surface. This could be the reason for the small reduction in
peak intensity for crystalline CH2Cl2 at 80 K when water was
deposited. This reduction in intensity is shown by both peak 1
and peak 2. However, the peak intensities at 80 and 95 K after
ASW deposition are same. This validates our proposition that
the decrease in the intensity of −CH2 wagging mode at 1257
cm−1, for amorphous CH2Cl2 deposited under ASW, is due to
the diﬀusion of CH2Cl2 inside water-ice pores. However, such a
diﬀusion is not uniform and it leads to the formation of small
crystals or irregular crystals inside ASW, which results in
decrease of molecular interaction in the unit cell. The
crystalline CH2Cl2 formed in ASW can desorb only at 145 K
when water undergoes crystallization. Hence, there is no

delayed when covered with ASW (∼100 K) compared to pure
CH2Cl2. The microporous structure of water-ice in this
temperature range may also facilitate diﬀusion. Such a structure
may create a number of connected pathways through which
CH2Cl2 molecules can diﬀuse. Interaction of both the
molecules can also play a signiﬁcant role in the diﬀusion
process. Yan and Chu suggested that H-bond interaction
between water molecules is weaker than that between oxalic
acid and water.45 In the CH2Cl2−ASW system, there could also
be H-bonding between CH2Cl2 and water-ice, and the Hbonding interaction is likely to be stronger than that between
CH2Cl2. This interaction may also lead to an enhancement in
the diﬀusion process. The formation of small or irregular
crystals inside the pores of water-ice is further supported by
Figure S2, in which the antisymmetric −CCl2 stretching region
of 50 ML of CH2Cl2 is shown at diﬀerent coverages of water-ice
at 100 K. A continuous decrease in intensity of this peak for a
constant coverage of CH2Cl2 was observed upon increase in
coverage of water-ice. However, the peak appears at the same
position as it appears in pure crystalline CH2Cl2. This suggests
that CH2Cl2 diﬀuses and crystallizes subsequently inside the
water-ice pores and the crystals are randomly oriented within
the pores. Due to the random orientation of the crystallites, the
availability of C−Cl bonds to interact with the p-component of
the beam gets reduced. As the water-ice coverage is increased,
diﬀusion of CH2Cl2 is also increased, and more randomly
oriented crystallites are formed. Randomness in the crystallite
orientation causes greater reduction in intensity.
As mentioned previously, with increase in water-ice coverage,
larger fraction of molecules diﬀuse within the water-ice pores
through the microporous channels and the fraction under
water-ice is decreased. Inside the water-ice pores, in the
conﬁned environment, it crystallizes as a small crystal or
irregular crystal. Hence, with increase in water-ice coverages,
more and more water-ice pores are occupied with CH2Cl2. Due
to the formation of irregular crystallites within the pores of
water-ice, interactions between the same molecular entities are
not regular and they are not strong enough to contribute to the
increase in intensity. Also diﬀerent orientations of irregular
crystals within the pores of water-ice can reduce or cancel
interactions. We have mentioned that splitting in −CH2
wagging mode is due to the interaction of vibrational modes
of diﬀerent molecules in the crystal. If dimensions of the
crystallites are small or they are irregular within the pores of
water-ice, interaction between the vibrational modes will be
reduced. In the previous study done of Lagaron, it was
concluded that relative intensity of the factor group split peak
reduces due to lack of crystallinity.46 Formation of disordered
and ill-deﬁned crystallites reduce the relative intensity of the
split peak.46 This supports our argument. At 150 ML almost all
the CH2Cl2 molecules are diﬀused through the pores of waterice, which means the fraction of molecules below water-ice has
almost vanished. The diﬀused molecules crystallize inside the
pores of water-ice and the crystallite size of CH2Cl2 is
suﬃciently small to have essentially no interaction between
the equivalent molecular entities within the crystal, and peak 2
disappears completely. One point should be noted here is that
RAIRS measurements cannot distinguish the two diﬀerent
states of CH2Cl2 molecules (diﬀused within water-ice and
buried under it) as it probes all the molecules present in the
system. But we could see a continuous decrease of peak 2
intensity with the formation of more and more irregular crystals
within water-ice pores. Due to the absence of large crystals
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the topmost layer of ASW got closed as CH2Cl2 was deposited
which prevents the latter’s diﬀusion.
Although adsorption could occur on condensed water, this
cannot be attributed to be the reason for observed changes in
peak. CH2Cl2 deposited over ASW (Ru@ASW@CH2Cl2)
behaved similarly to pure CH2Cl2 (Ru@CH2Cl2) upon phase
change and underwent desorption at 120 K. Thus, the observed
changes in the IR spectra are due to deposition of ASW over
CH2Cl2 (Ru@CH2Cl2@ASW) allowing the latter to diﬀuse
into the pores of ASW. Adsorption of CH2Cl2 on condensed
water cannot be concluded as the reason for the change as it
does not happen in Ru@ASW@CH2Cl2. Spectrum of 1 ML of
CH2Cl2 could not be measured as the intensity was weak. This
was further conﬁrmed by TPD measurements, to be described
later.
3.b. Low-Energy Cs+ Scattering. The diﬀusion of CH2Cl2
through water-ice was additionally investigated by Cs+
scattering. Low-energy (<100 eV) Cs+ scattering is a very
powerful surface-sensitive technique. The top layers of
molecular surfaces can be probed by this technique. Here,
low-energy Cs+ are allowed to collide on the surface and the
scattered ions are analyzed using a mass spectrometer. Species
present on the surface can easily be identiﬁed by this technique.
Therefore, to get the surface information, we have performed
Cs+ scattering of various samples. This will provide a clearer
picture of the diﬀusion process. Figure 8 represents the Cs+
scattering spectra from four diﬀerent experiments at 95 K. In all
these cases, deposition was done at 80 K and samples were
annealed to 95 K before Cs+ scattering. Schematics of the
surfaces are shown in the inset of the ﬁgure. Collision energy of
the Cs+ was 40 eV. Figure 8a represents the scattering spectrum
of pure CH2Cl2 where the presence of CH2Cl2 on the surface
can be conﬁrmed from the peaks at m/z 49 and 84, assigned to
CH2Cl+ and CH2Cl2+, respectively, and also the Cs adduct
products of the corresponding species at m/z 182 and 217
[Cs(CH2Cl)+ and Cs(CH2Cl2)+, respectively]. An enlarged
spectrum is shown in the inset of Figure 8a to show the isotopic
pattern of the ions which again conﬁrms the identity of the
species. In the next set of experiments, 50 ML of CH2Cl2 was
covered with 50 ML of D2O followed by Cs+ scattering. Figure
8b shows the spectrum due to this experiment where the
surface species corresponding to both D2O and CH2Cl2 were
detected. The spectrum shows the peaks at m/z 22, 42, 49, and
84 due to D3O+, D5O2+, CH2Cl+, and CH2Cl2+, respectively,
and Cs adduct products at m/z 153, 173, 182, 193, and 217 due
to Cs(D2O)+, Cs(D2O)2+, Cs(CH2Cl)+, Cs(D2O)3+, and
Cs(CH2Cl2)+, respectively (with isotopically resolved peaks in
the inset). Thus, even though a CH2Cl2 layer was covered with
D2O-ice, the Cs+ scattering was able to detect CH2Cl2. This
indicates the diﬀusion of CH2Cl2 molecules and their presence
on the surface. It might be noted that Cs+ scattering at this
collision energy can probe 1−5 ML of the top surface. The
CH2Cl2 molecules below diﬀuse through the porous structure
of D2O and reach the surface which are picked up by the Cs+.
The same experiment was repeated by increasing the coverage
of D2O from 50 to 100 ML, keeping the CH2Cl2 coverage
constant at 50 ML. Here also we see the appearance of CH2Cl2
molecules on the surface, but the intensities of the peaks reduce
considerably compared to the 50 ML D2O overlayer
deposition. This suggests that the presence of surface species
has reduced due to the increased overlayer thickness of D2O.
All the features of CH2Cl2 on the surface disappear with further
increase in the overlayer thickness of D2O to 500 ML (Figure

Figure 7. (a) Temperature-dependent RAIR spectra for 50 ML of
amorphous H2O deposited on 50 ML of crystalline CH2Cl2. CH2Cl2
was initially deposited at 80 K (black), subsequently heated to 95 K to
result in crystallization (red), and cooled back to 80 K (light green),
and then 50 ML water was deposited on top and temperaturedependent RAIR spectra were collected. Inset (i) shows an enlarged
view of −CH2 wagging mode. (b) Temperature-dependent RAIR
spectra for 50 ML of CH2Cl2 which was deposited on top of 50 ML of
ASW at 80 K.

change in −CH2 wagging mode intensity here until desorption
occurs.
In the second set of control experiments, temperaturedependent RAIR spectra were collected for 50 ML of CH2Cl2
deposited on top of 50 ML of ASW at 80 K. From Figure 7b, it
is clear that, when CH2Cl2 is deposited on top of water-ice, it
behaves like a pure CH2Cl2 ﬁlm, undergoing crystallization at
95 K and desorbing from the water surface at 125 K, having no
decrease in the intensity of peak 2. This conﬁrms that when
CH2Cl2 is on top of water there is no diﬀusion or mixing with
water-ice. The nonoccurrence of CH2Cl2 diﬀusion through
underlying ASW may be due to the surface property of both the
species. CH2Cl2 does not wet the ASW surface properly, and
hence, molecules do not get into the pores of ASW resulting in
hindrance to diﬀusion. As suggested previously, CH2Cl2
diﬀusion in the overlaid ASW deposition could be due to
molecular motion during phase transition. The control
experiment where ASW was overlaid on crystalline CH2Cl2
where no diﬀusion was observed supports this argument.
Disordered structure of amorphous CH2Cl2 can diﬀuse through
the microporous channel of ASW, whereas ordered crystalline
state of CH2Cl2 cannot diﬀuse. It is also likely that the pores in
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Figure 8. 40 eV Cs+ collision on (a) Ru@50 ML of CH2Cl2, (b) Ru@50 ML of CH2Cl2@50 ML of D2O, (c) Ru@50 ML of CH2Cl2@100 ML of
D2O, and (d) Ru@50 ML of CH2Cl2@500 ML of D2O. Depositions were done at 80 K, and Cs+ scattering was performed at 95 K.

8d). These results support our suggestion that, due to diﬀusion,
the CH2Cl2 molecules get into the pores of water-ice and a
fraction of molecules also reaches the surface at lower water-ice
coverage. As the water-ice coverages are increased, the CH2Cl2
molecules have to a travel longer distances to reach the surface,
and at certain coverage, the distance is suﬃciently high for the
molecules so that they cannot reach the surface. Here, all the
diﬀused molecules get trapped within the pores of water-ice.
3.c. TPD Measurements. We have performed TPD experiments for three diﬀerent sets of samples to have a deﬁnite
conclusion of the diﬀusion process. In all the experiments, the
molecules were deposited at 80 K and ramping of 10 K/min
was used to measure the TPD spectra. To obtain TPD spectra,
m/z 49 (CH2Cl+) for CH2Cl2 and m/z 20 (D2O+) for D2O
were selected. The TPD spectrum of 50 ML of CH2Cl2 shows a
desorption peak maximum at ∼122 K (Figure 9a), in
accordance with the IR measurements in which a decrease in
spectral intensity at ∼120 K and complete disappearance of the
peaks at 125 K were seen. CH2Cl2 molecules deposited on top
of ASW also show similar behavior. When CH2Cl2 was
deposited over ASW, three distinct peaks in the TPD spectrum
with peak maxima at ∼122, 145, and 160 K were seen (Figure
9b). In this experiment, 50 ML of CH2Cl2 was deposited on top
of 50 ML of D2O at 80 K, and during TPD, the temperature
was ramped at 10 K/min. While most of the molecules desorb
at ∼122 K, a fraction desorbs at relatively higher temperatures.
The peak at ∼145 K corresponds to the ﬁrst monolayer of
CH2Cl2 molecules which are adsorbed on ASW.20 This
monolayer has strong interaction with ASW via H-bonding or
through molecular interactions. Therefore, desorption of these
molecules from the ASW surface occurs at a relatively higher
temperature when ASW undergoes a structural change
(amorphous to crystalline transition). Due to the structural
change, water molecules rearrange themselves and the

Figure 9. TPD spectra of (a) Ru@50 ML of CH2Cl2, (b) Ru@50 ML
of D2O@50 ML of CH2Cl2, and (c) Ru@50 ML of CH2Cl2 @ 50 ML
of D2O. Dotted lines are given to show the peak maxima. All the
depositions were done at 80 K, and ramping rate was 10 K/min.

interaction between ASW and CH2Cl2 is reduced which causes
desorption of the molecules. A smaller fraction of molecules is
trapped in the pores of water-ice near the surface and desorbs at
an even higher temperature (near to 160 K). These trapped
molecules themselves desorb when water itself starts desorbing.
From this study we can conclude that CH2Cl2 deposited on top
of ASW does not diﬀuse through the pores of ASW, rather stays
on the surface and gets crystallized. Crystallization is evident
from the IR spectra (Figure 7). In our present IR measurement,
it was not possible to get spectra from monolayer coverage of
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CH2Cl2 due to poor intensity; therefore, even though a small
fraction of molecules was present on the surface of ASW, we
observed complete disappearance of IR intensity and concluded
that CH2Cl2 deposited on top of ASW behaves like pure
CH2Cl2. TPD experiment also supports the argument. In
another set of experiments, 50 ML of CH2Cl2 was covered with
50 ML of D2O and TPD spectra were measured. The results
(Figure 9c) show four distinct desorption features. The broad
peak with the peak maximum ∼124 K is consistent with the
desorption feature of pure CH2Cl2. This clearly manifests the
diﬀusion of CH2Cl2 through ASW. Once ASW is deposited on
top of CH2Cl2, the molecules start diﬀusing through the pores
of ASW and get trapped there, and in this diﬀusion process, a
small fraction of molecules reaches the surface. The surface
species desorb ﬁrst, and the trapped molecules desorb from the
pores of ASW as molecular volcano when ASW undergoes a
structural change at ∼145 K. The detection of surface CH2Cl2
species due to diﬀusion was also observed in Cs+ scattering
experiment (Figure 8). Both the results agree that CH2Cl2
diﬀuses through ASW. Two low-intensity n features were
observed at higher temperatures (∼172 and 179 K). This
indicates that still there are trapped molecules which desorb at
relatively higher temperatures along with the desorption of
water-ice. This trapping and desorption of molecules at higher
temperature has been described previously by May et al.47
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CONCLUSIONS
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cm−1. Intensity of the both the split peaks increases with
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this leads to the reduction in intensity of peak 2 at 1257 cm−1.
Desorption of the trapped CH2Cl2 takes place at higher
temperatures (∼145 K) only after crystallization of the waterice ﬁlm. The Cs+ scattering and TPD experiments provide
additional support to the diﬀusion process.
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