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Methane aerosols play a fundamental role in the atmospheres of Neptune, Uranus, and Saturn’s moon
Titan as borne out by the recent Cassini-Huygens mission. Here we present the first study of the phase
behavior of free methane aerosol particles combining collisional cooling with rapid-scan infrared
spectroscopy in situ. We find fast (within minutes) phase transitions to crystalline states directly after
particle formation and characteristic surface effects for nanometer-sized particles. From our results, we
conclude that in atmospheric clouds solid methane particles are crystalline.
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Methane aerosols are among the main constituents in the
atmospheres of the giant planets Neptune [1–3] and
Uranus [3,4] and of Saturn’s moon Titan [3,5–9]. Most
recently, the Cassini-Huygens mission has established the
role of methane in Titan’s atmosphere [5–9] as a counter-
part to terrestrial water [10–13] for cloud and rain forma-
tion. Icy methane particles critically influence the energy
balance and the composition of these atmospheres, through
phase transitions, mass transfer processes, and chemical
and photochemical reactions. In spite of the ubiquitous
occurrence of methane aerosols, however, their properties
are still largely unexplored, as their laboratory investiga-
tion poses a significant experimental challenge [14–17]. In
atmospheric clouds, methane ice particles exist as unsup-
ported free particles, i.e., as aerosols. Bulk studies cannot
provide reliable data here because they do not contain any
information about the influence of intrinsic particle prop-
erties such as size, shape, surface structure, and phase. The
only alternative is to study the properties of methane
particles directly in the aerosol phase. This is particularly
true for nanometer-sized molecular aggregates (1–10 nm)
whose properties significantly deviate from those of the
bulk, mainly because of the large fraction of surface mole-
cules (up to 90%). Nanometer-sized methane ice particles
play a uniquely important role. They not only occur as
stable constituents of particle clouds, but they also act as
essential intermediates both in the formation and in the
degradation of all larger particles where their phase behav-
ior may have an important influence.

The present contribution constitutes the first study ever
of the phase behavior of free methane ice particles. It
reports direct infrared spectroscopic observations of differ-
ent phases and phase transitions in methane aerosols at
temperatures between 6 and 80 K. Because of their ab-
sorption strengths, the triply degenerate stretching mode �3

at�3010 cm�1 and the triply degenerate bending mode �4

at �1300 cm�1 [18–20] are the most important midin-
frared bands for remote sensing of methane ice. The �4

band is particularly interesting since it is well separated
from the bands of other hydrocarbon solids. Under the

conditions of our experiment, bulk methane exists in two
different crystalline cubic phases [21–23]. The stable
phase above a temperature of 20.4 K is called phase I;
the stable phase below this value is referred to as phase II.
In both cases, the carbon atoms at the center of tetrahedral
methane molecules occupy a face-centered cubic lattice. In
phase I, all tetrahedral molecules are orientationally dis-
ordered. Phase II is a partially orientationally ordered
structure, which has two types of site symmetry D2d and
Oh. The space group is Fm3c with eight molecules per
primitive unit cell. Six of the eight CH4 molecules are
ordered and occupy the D2d sites. The orientation-
dependent octupole-octupole interaction leads to this par-
tial order. The two other molecules in the unit cell occupy
Oh sites and perform slightly hindered rotations [24,25].
The two different phases exhibit characteristic patterns in
the infrared spectra of methane bulk [18–20]. The orienta-
tional disorder of phase I leads to broad unstructured
midinfrared bands, while the partial order and rotational
motion in phase II results in structured bands consisting of
several individual absorptions [26].

Methane aerosol particles were generated by bath gas
cooling in a specially designed collisional cooling cell
[14–17]. Infrared extinction spectra were recorded in situ
in the cold cell during the phase transition with a rapid-
scan Fourier transform infrared spectrometer (time resolu-
tion 30 ms, spectral resolution 2 cm�1). Prior to particle
generation, the precooled cell (6–80 K) was filled with He
bath gas, which after some minutes thermally equilibrated
with the cell. The particles were then formed by rapid
injection of a CH4=He gas mixture (800 ppm CH4 in He)
into the cold He bath gas. This rapid cooling led to super-
saturation of the methane gas and, thus, to ice particle
formation. Bath gas cooling is a unique method to study
properties of ice particles. It allows the investigation of
unsupported free particles in thermal equilibrium with the
bath gas, which rendered it possible to measure phases and
phase transitions in methane aerosol particles.

Figure 1 shows typical infrared spectra of methane
aerosols in the region of the �3 fundamental on the left
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and in the region of the �4 fundamental on the right. The
particle radius lies around 5 nm, and the particle number
concentration has a value of about 109 particles per cm3

aerosol. The dependence of particle size and abundance on
the sample gas concentration was determined in a series of
experiments for particle sizes up to several hundred nano-
meters. For sufficiently strong scattering, the particle size
can be deduced directly by fitting the spectra using Mie
theory. Smaller particle sizes were determined by extrap-
olating to lower sample gas concentration. The procedure
used is very similar to that described in Ref. [14] and
references therein. We have tested the reliability of these
results for methane by comparing them with our previous
findings for nanometer-sized ammonia aerosols for which
we could determine the sizes independently from a band
shape analysis using a microscopic model as described in
Ref. [17]. The experimental conditions (bath gas pressure
and sample gas concentration) were chosen so that no
significant agglomeration and coagulation occurred during
the time scale of the experiment. These conditions were
determined from corresponding experiments with ammo-
nia and CO2 particles for which agglomeration and coagu-
lation can be detected sensitively in the infrared spectra
due to the strong shape-dependent exciton coupling
[14,16,17]. Figure 1(a) depicts the spectrum measured
directly after the particle formation. It shows unstructured
broad, slightly asymmetric bands, which are characteristic
of an amorphous state [19]. Directly after the particle
formation, the same broad asymmetric band shapes were
observed at all different bath gas temperatures. We thus
conclude that below the melting point independently of the

temperature the particles are initially formed as amorphous
aggregates. Within about 5 min after the particle formation,
temperature-dependent phase transitions take place in the
cooling cell. They are monitored by continuous changes of
characteristic spectral features. After that period, the spec-
tra remain stable. At temperatures above 20.4 K, the spec-
tra look like the one depicted for 21 K in trace (b), while at
temperatures below 20.4 K they resemble the spectrum
shown for 8 K in trace (c) in Fig. 1. At 21 K, the bands
are still broad after the phase transition, but contrary to the
amorphous phase [Fig. 1(a)] they now have a symmetric
shape. At 8 K, the infrared bands are clearly structured
with a main peak and several shoulders. Apart from these
effects, we could not observe any dependence of the time
evolution of the phase transition on experimental parame-
ters within the present limits of their tuning ranges.

In analogy to the behavior of solid methane bulk, one
would expect that after the phase transitions the ice parti-
cles are in phase I at a bath gas temperature above 20.4 K
and in phase II below this value [21–23]. To verify this
expectation, we compare our results for particles with bulk
data. A direct comparison with bulk infrared spectra [18–
20] is not meaningful, since particle spectra show different
band positions and intensities compared with bulk spec-
tra—a consequence of the finite particle size. A mean-
ingful comparison with bulk data is possible only if
experimental refractive index data of the solid bulk [27]
in combination with classical scattering theory [28] are
used to calculate particle spectra. These calculated particle
spectra can then be compared directly with the experimen-
tal ones. We have already demonstrated in previous inves-
tigations (see [16] and references therein) that band
positions and band intensities in particle spectra can sig-
nificantly deviate from corresponding bulk spectra. We
have also shown that these changes are reproduced at least
qualitatively by scattering calculations even for com-
pounds for which different sets of refractive index data
exist. For CH4, we have compared two different sets of
refractive index data and found that our results are not
sensitive to the set of refractive index data chosen. That the
refractive index of the bulk is still valid for the particles is
also confirmed by neutron scattering data of methane in
mesopores (radii 6–18 nm) which show the same crystal
structures as the bulk [29]. Figure 2 shows the calculated
methane particle spectra at bath gas temperatures of 21 and
8 K. The band positions of the experimental and the
calculated spectrum listed in Table I agree within the
uncertainties, demonstrating that the particle size effect
on band positions is almost perfectly reproduced by the
calculations. For the 21 K spectrum, in addition to the band
positions, also the overall agreement between the experi-
mental [Fig. 1(b)] and the calculated [Fig. 2(a)] spectra is
very good. Hence, we conclude that above 20.4 K the
methane particles undergo a fast phase transition within
minutes after their formation from an unstable amorphous

 

FIG. 1. Experimental infrared spectra of methane aerosols.
(a) Amorphous phase directly after the particle formation.
(b) Stable particle phase after the phase transition above
20.4 K. This phase corresponds to the crystalline bulk phase I
[see Fig. 2(a)]. (c) Stable particle phase after the phase transition
below 20.4 K. This phase is a combination of bulk phases I and II
(see Fig. 3).
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state [Fig. 1(a)] to the stable crystalline cubic phase I
[Figs. 1(b) and 2(a)]. The broad unstructured bands arise
from orientational disorder of the tetrahedral molecules in
phase I.

At 8 K, however, the overall agreement between experi-
ment [Fig. 1(c)] and calculation [Fig. 2(b)] is clearly less
satisfactory. Compared with the calculated spectrum, the
experimental spectrum has additional contributions from
unstructured broad components. These observations
clearly show that this stable particle phase does not com-
pletely coincide with the crystalline bulk phase II. How can
this deviation between particles and bulk phase II be under-
stood? Particles in the lower nanometer range consist to a
large extent of the surface region. If we assume that the
surface region of the 5 nm methane particles has a thick-
ness of about one unit cell (� 1 nm [21]), already 50% of
all methane molecules of a particle lie in this surface
region. Because of the influence of the boundary, the
intermolecular forces between different CH4 molecules
are altered in this surface region compared with the core
region of the particles. In the surface, the symmetry is

broken, and it is thus unlikely that the CH4 molecules are
partially ordered by octupole-octupole interaction as is the
case in bulk phase II. It is much more plausible that all
surface molecules remain orientally disordered similar to
the high-temperature phase I. For the particle’s core, how-
ever, nothing speaks against a partial orientational order as
in bulk phase II. Consequently, we propose that methane
particles below 20.4 K consist of a core region with the
structure of bulk phase II and a surface region with the
structure of bulk phase I.

Figure 3 compares the experimental spectrum at 8 K
after the phase transition (trace a) with the calculated
spectrum of a surface-core particle (trace b), i.e., phase I
in the surface and phase II in the core. The agreement
between the two spectra validates our assumption. As a
result of the contribution of phase I in the surface, the
calculation now reproduces the additional unstructured
contribution observed in the experimental spectrum. This
was not the case for the calculation assuming pure phase II
particles [Fig. 2(b)]. Similar surface-core architectures
were also found for solid methane in mesopores of
controlled-pore glasses with pore radii between 6 and
18 nm using neutron scattering [29]. The core of these
pores consists of methane in phase II which is covered by a
thin methane layer at the pore walls without long range
structure. The radius of this layer amounts to about 2 nm
independently of the size of the pores. We have also found

TABLE I. Positions of infrared band maxima ~� in wave num-
bers of main peaks and shoulders (sh) for CH4 aerosol particles.

Temperature
(K)

Type of
band

Exp. in Fig. 1
~�=cm�1

Calc. in Fig. 2
~�=cm�1

21 �3 3011.5 3012
21 �4 1301.1 1302
8 �3�sh� 3020.9 3021
8 �3 3010.2 3010
8 �4 1302.5 1303
8 �4�sh� 1297.6 1298
8 �4�sh� 1294.5 1294

 

FIG. 3. Surface effects in nanometer-sized methane aerosol
particles. (a) Experimental particle spectrum after the phase
transition below 20.4 K in Fig. 1(c). (b) Calculated particle
spectrum for a 5-nm particle with a surface-core structure con-
sisting of two different phases. The surface (dimension 1 nm)
consists of bulk phase I, and the core (4 nm) consists of bulk
phase II. The structure in the spectra arises from bulk phase II in
the core. The main peaks are caused by D2d molecules, and the
shoulders correspond to the rotational structure of Oh molecules.
Bulk phase I in the surface leads to unstructured broad contri-
butions.

 

FIG. 2. Calculated infrared spectra of methane aerosols.
(a) For particles with the structure of the cubic bulk phase I at
21 K. In this phase, the methane molecules are orientationally
disordered. (b) For particles with the structure of cubic bulk
phase II at 8 K. Some methane molecules are orientationally
ordered in this phase.
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a similar surface-core structure with a crystalline core and
a less structured surface for nanometer-sized ammonia
particles with different sizes below 10 nm [17]. The analy-
sis with a microscopic model also led to a surface region
size of 1–2 nm for all particle sizes. We think that these
two results strongly support our interpretation given here.
From the comparison of calculations with experimental
data, we find that the thickness of the surface of our
methane aerosol particles discussed here most likely lies
between 0.5 and 1.5 nm. The same arguments as given for
ammonia particles in Ref. [17] also hold here to exclude
the formation of surface-core particles with a less struc-
tured core and a crystalline surface as well as the formation
of a mixture of particles having different phases. The
particle formation process speaks against the first type of
particles [17]. The fact that we could not observe any
temperature or pressure dependence (below 20.4 K) of
the crystallization process and the fact the crystallization
process is complete after 5 min speak against the formation
of particles having different phases. We performed our
calculations with one single mean particle size since we
cannot obtain a size distribution from our spectra. We have
tested, however, that the result is not altered when a typical
size distribution found for aerosols in cooling cells [16] is
used instead. As a result, we conclude that below 20.4 K
the particles undergo a fast phase transition from an un-
stable amorphous phase to a stable crystalline state with a
surface-core architecture.

The special phase behavior of methane haze may sig-
nificantly influence the evolution of clouds in the atmos-
pheres of Neptune [1–3], Uranus [3,4], and Titan [3,5–9].
Fast phase transitions (within minutes) to crystalline states
observed at all temperatures below the melting point sug-
gest that, under the atmospheric conditions of Neptune,
Uranus, and Titan, solid methane particles are mainly
present in the crystalline phase I. For example, through
vapor pressure effects this finding influences particle sizes
in the clouds and thus particle sedimentation velocities and
the heat balance in the clouds [3,7,11]. Surface effects in
nanometer-sized particles [13,17] play a special role in this
context, since these particles are always involved in the
formation and degradation of larger particles. The fact that
methane haze particles are crystalline below the melting
point may also affect chemical processes, since heteroge-
neous reactions and photochemical processes depend on
the phase. Similar phase effects are expected to play a
crucial role in water ice clouds of the Earth’s atmosphere
[10–12].
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