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Using scanning probemicroscopy and temperature programed desorptionwe examined the interaction between
water and two common clathrate-forming gases, methane and isobutane, at low temperature and low pressure.
Water co-deposited with up to 10−1 mbar methane or 10−5 mbar isobutane at 140 K onto a Pt(111) substrate
yielded pure crystalline ice, i.e., the exposure to up to ~107 gas molecules for each deposited water molecule
did not have any detectable effect on the growing films. Exposing metastable, less than 2 molecular layers
thick, water films to 10−5 mbar methane does not alter their morphology, suggesting that the presence of the
Pt(111) surface is not a strong driver for hydrate formation. This weak water–gas interaction at low pressures
is supported by our thermal desorption measurements from amorphous solid water and crystalline ice where
1 ML of methane desorbs near ~43 K and isobutane desorbs near ~100 K. Similar desorption temperatures
were observed for desorption from amorphous solid water.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Owing to their large natural abundance(s), often at the same loca-
tion, the interaction between hydrocarbons and water plays an impor-
tant role in various geochemical and astrochemical settings. Most
importantly, some gaseous hydrocarbons like methane combine at
low temperatures and elevated pressureswithwater to form clathrates,
i.e., solid hydrates consisting of individual gasmolecules surrounded by
cages of hydrogen-bonded water molecules [1]. Clathrate deposits have
been found in large quantities on the outer continental shelf and in per-
mafrost environments [1–3] and are believed to occur in numerous as-
trophysical environments [4–7]. The prospect of exploiting them as
energy sources but also incidents of pipeline blockages by clathrates
and the danger from potential releases of large quantities of methane,
a potent greenhouse gas, have fueled extensive research aimed at un-
derstanding the interaction between water and hydrate-forming
natural gases (henceforth “HFNG”). Various research groups have syn-
thesized natural gas clathrates under laboratory conditions that mimic
geological [1,8–11] or astrophysical [5,6,12–14] environments yielding
valuable information about thermal properties and bulk phase
equilibria.

However, experiments that probemolecular-level amounts ofmate-
rial [15–17] are scarce, and microscopy data are only available down to
the micron scale [9,14], Thus, there is little direct experimental support
for modeling efforts [18–24] to understand how HFNGs interact with

water at the molecular scale. Under conditions at which natural clath-
rates are typically found on earth, i.e., temperatures between 250 K
and 300 K and pressures on the order of 100 bar [1,25], hydrate forma-
tion occurs much too fast to be observable with molecular-layer resolu-
tion. To achieve such sensitivity, experiments must be conducted at
much lower pressure and temperature. In this work we employ an ul-
trahigh vacuum (UHV) environment to control the amount of examined
material with molecular-layer accuracy. We deposit water and HFNGs
onto an atomically flat Pt(111) substrate and monitor their interaction
using two surface science techniques with sub-molecular layer resolu-
tion, scanning tunneling microscopy (STM) and temperature pro-
grammed desorption (TPD).

The experimental conditions are chosenwith two goals inmind. The
first is to increase the likelihood of forming clathrates or precursors
thereof, or at least, get as close as possible to clathrate stability, by re-
ducing temperature and increasing gas pressure. The second goal is to
adjust the thermalmobility ofwatermolecules such thatmass transport
involving crystalline ice or clathrates occurs at a rate that permits
molecular-layer resolved monitoring. For water molecules, in order to
arrange themselves into ordered structures, i.e., the crystal lattice of
ice or hydrate cages, they have to be able to break and reform hydrogen
bonds at a sufficient rate. Judging frommeasured rates of bulk diffusion
[26] and surface diffusion [27] of ice, the lowest temperature at which
formation of crystalline clathrates is expected to occur at a convenient
time scale is ≈140 K. We thus deposit the films for our STM experi-
ments at ≈140 K.

We chose methane for our study because it is by far the most abun-
dant clathrate-forming hydrocarbon. Isobutane was selected because it
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is also rather common, accounting for ≈1% of the clathrates found in
the Earth's oceans, and because its hydrate requires a significantly
lower pressure to be stabilized than methane clathrate [1]. Perhaps
due to a recent focus mostly on terrestrial hydrates, there are only few
data available for the methane/water system below 230 K, and, appar-
ently none for isobutane/water. Fray et al. [6] compiled an equilibri-
um–pressure curve of methane clathrate as a function of temperature
based on their ownmeasurements and those of Delsemme andWenger
[5], Falabella and Vanpee [12], and others. Extrapolating this curve to
T = 140 K suggests that a methane pressure of ≈15 mbar is needed
to stabilize the bulk phase of methane clathrate. According to Sloan
et al.'s compiled data presented in Ref. [1], thehydrate-formingpressure
at the lowest temperature for which data are available is ~50 times
lower for isobutane (~0.18 bar at 242 K, [1,28]) than for methane
(~9 bar at 242 K). If this pressure ratio is similar at T = 140 K, the opti-
mum temperature for our UHV experiments, one would need
≈0.3 mbar of isobutane to stabilize the bulk hydrate phase, a pressure
that is still excessively high for operating UHV setups.

However, at these low temperatures, clathrates might be able to
exist also outside their bulk-stability region as a metastable bulk
phase (like amorphous solid water that persists, or cubic ice that per-
sists and even forms at 140 K [29,30]). In addition, clathrates might
have an extended stability region near interfaces, the same way as, for
example, water pentagon–hexagon–heptagon arrangements represent
the equilibrium configuration in the 2D wetting layer of water on
Pt(111) [31,32], Ni(111)[33], Pd(111), and Ru(0001) [34], despite not
being stable in the bulk at any pressure or temperature. That interfaces
could promote the formation of methane clathrates had recently been
suggested by Pirzadeh and Kusalik [24] for the case of an ice–solution
interface.

Guided by the considerations above we explored various kinetic
pathways to promote a strong HFNG–water interaction. Besides co-
deposition of water with methane or isobutane, we also grew HFNG
and water layers sequentially followed by annealing to ≈140 K. Most
experiments resulted in ice layers without clear evidence that the pres-
ence of the HFNGs had any effect on film structure and morphology.
However,whenfirst growing a saturated isobutanemonolayer followed
by 2–3 molecular layers of water, a film with smooth and clustered re-
gions developed. This morphology, very distinct from that of pure
water films, could either indicate formation of a 2D hydrate layer or
be the result ofwater dewetting facilitated by the presence of isobutane.

2. Experimental methods

2.1. Scanning tunneling microscopy experiments

For the STM experiments, we prepared and analyzed the film sam-
ples in a UHV chamber with a base pressure of b3 × 10−11 mbar.
Water was deposited at a rate of ≈1 Å/min by directing water vapor
onto an atomically flat Pt(111) surface held at 140 K. For gas exposure
the UHV chamber was backfilled using standard UHV leak valves. Dur-
ing most co-deposition experiments the water deposition rate was
maintained bymonitoring them/z=18peakwith amass spectrometer,
while gas exposure was controlled with an ion gauge measuring the
total chamber pressure. During film growth, the STM tip was retracted
far from the sample to exclude tip-induced modifications of the films.
STMmeasurements were performed at T b110 K using tunnel currents
below 1 pA. To image films thicker than 1 nm non-destructively [35,36]
we applied a sample bias of ≈−6 V.

For gas exposures above 10−5 mbar all high voltages in the UHV
chamber, including ion gauge and mass spectrometer, were turned off.
The integrity of the vacuumwas maintained by two turbo pumps oper-
ating through partially closed valves. The chamber pressure, between
10−3 and 1 mbar, was measured with a convectron gauge calibrated
for methane, and above 1 mbar, a Heise pressure transducer was used.
Condensation of significant amounts of gas onto the coldest parts in

the UHV chamber ultimately limited the maximum gas pressures we
could apply. In the case of methane, release of condensation heat and
possibly increased heat loss via thermal conduction through the meth-
ane gas limited the maximummethane pressure to 0.1 mbar. At higher
pressures the sample temperature and the methane pressure could not
be controlled simultaneously. In the case of isobutane, the maximum
pressure for well-controlled experiments was ~10−5 mbar. At higher
pressures, significant amounts of isobutane desorbed from cold surfaces
of the cooling system and re-adsorbed on the sample surface when
cooling the sample below 110 K for STMmeasurements.

2.2. Thermal desorption experiments

The TPD experiments were conducted at PNNL in a UHV chamber
with a base pressure of b1 × 10−10 mbar which has been described in
detail elsewhere [37,38] Briefly, the substrate was a 1 cm diameter by
1 mm thick Pt(111) single crystal that was spot-welded on the back
side to tantalum leads for resistive heating. A K-type thermocouple
spot-welded to the back of the Pt(111) substrate was used to measure
temperature with a precision of better than ±0.01 K and an estimated
absolute accuracy of ±2 K. The Pt(111) was cleaned using Ne+

sputtering, oxygen anneal, and temperature annealing previously de-
scribed [38]. The substrate was cooled using a closed cycle helium cryo-
stat that could achieve a base temperature of ~25 K.

Water films were deposited using a quasi-effusive molecular beam
collimated by three stages of differential pumping at normal incidence
to the Pt(111) substrate. Water was deposited at a rate of 0.87 ML/s,
where 1 ML is defined as the monolayer saturation coverage on the
Pt(111) substrate and corresponds to ~1.1 × 1015 molecules/cm2 [39].
The HFNGs were deposited at normal incidence using a separate
quasi-effusive molecular beam collimated by four stages of differential
pumping. The coverages of the HFNGswere defined by their monolayer
saturation coverages on Pt(111). The ML areal coverage (#/cm2) can be
estimated by converting the liquid density (0.422 g/cm3 for CH4 and
0.594 g/cm3 for isobutane) to a number density (molecules/cm3) and
taking the2/3 root. This procedure yields aMLdensity of 6.3 × 1014mol-
ecules/cm2 for methane and 3.4 × 1014 molecules/cm2 for isobutane.
The desorption spectra were obtained with an Extrel quadrupole mass
spectrometer in a line-of-sight configuration. Methane desorption was
monitored atm/z=15 andm/z=43was utilized for isobutane desorp-
tion. A linear heating rate of 1 K/s was used for all of the TPD
experiments.

3. Results and discussion

3.1. The interaction of water and methane

3.1.1. Co-deposition of water and methane
The first experiment to probe water–methane interaction was per-

formed via co-deposition of water and methane onto a well-cleaned
Pt(111) single-crystal substrate held at 140 K. The sample surface was
simultaneously exposed for 8 min to pwater = 5 × 10−9 mbar partial
pressure ofwater and a partial pressure of pmeth=10−5mbarmethane.
The choice of pMeth = 10−5 mbar is dictated by the maximum pressure
at whichwater deposition could be controlled precisely (via mass spec-
trometer) and the integrity of the ultrahigh vacuumcould be fullymain-
tained (via a turbo pump). Except for the added exposure tomethane all
experimental conditions, i.e., sample temperature, partial pressure of
water, and exposure time were chosen to match those that had previ-
ously [35,36] been used to grow 2–3 nm high crystallites of ice Ih em-
bedded in a 1-molecule thin wetting layer. Fig. 1(a) shows the
unambiguous result: a film evolved that is indistinguishable from ice
films grown in the absence of methane. (For comparison see
Fig. 3(c) in Ref. [35] and Fig. 1 in [36]). From this close match in mor-
phology we infer that the film grown via co-deposition also consists of
pure water ice and not hydrate. This inference is based on the common
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