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Abstract

Carbon andce make up a substantial proportion of our UniveRecent spacexplorationhas
shown that thee two chemical speciesften coexistincluding on comets, asteroids amu the
interstellar medim. Herewe prepare mixtures ofegfullereneand HO by vapor cedeposition at
90 K with molarCeo:H20 ratiosranging from 1:1254 to 1:3he Gy percolation threshold is found
between the 1:132 and 1:48 samplesrresponding to a transition from matisolated Go
molecules to percolating & domairs that confine the bD. Below this threshold, the
crystallization and thermal desorption propextaé HO are not significantly affected by theoC
whereas the crystallization temperature e®Hs shifted towards higher temperatures for tee C
rich samplesThese Go-rich sampleslso display exotherms corresponding to the crystallization
of Cso as the two components undergo phase separdfiore than60 volume percent 4 is
required tosignificantly affect the desorption properties of® A thick blanket of Go on top of
pureamorphous ice is found to display large cracks due to water desoffhiEse findingsnay
help understand the recently obseruedsualsurface features and the®weather cycle on the

67P/ChuryumovGerasimenko comet.



Introduction

Vapordeposited morphous icetraditionally called amorphous solid water (ASWA js the
most abundant form d¢4,0 in the Universe:’ Thereactiveaccretionof H and O atomsnto
dust grain surfaces is the dominant formation pathway for ice in the interstellar nfeSiiotm.
grain surfaces are mainly silicater carborbased as evidenced from astronomical spéctra.
Polycyclic aromatic hydrocarbons (PAHs)d fulleenesare common carbon species in space
%11 While PAHs can undergo complicated dehydrogenation, fragmentation and isomerization
reactions® 12 Cso and other fullerenes are considered to be stable end members of astrochemical
reaction cascades involving more reactive carbon species such as¥dsvidence for
carba species in space is based on healeynent depletiort and spectroscopic studi€st® The
Long Duration Space Exploration missidnserved fullereneesiduen the panels of the
spacecraft and they have also been found in the Allende metedrite.

Carbon species and ibave been found to coexist withO in a variety of settings.
Notably NAS A’ s deep iprovedihe tcoexistensesof PAIREd icein the Tempel 1
comet’®As partoE SA’ s Ro s ethetPhilaeprobs landed on theurface of the
67P/ChuryumovGeragmenko comet. The dark appearance of 67®trisbutedtoa c ar b o n

bl anket’” on top of a nucl eus c o myP?dsepreésencef i ces

of unique surfacefeatss uch as ‘' pits and goosebumps Wa s
cyclesarising from consecutiveater desorption and4endensatiorycles?®24 Future

developmentsvill includesamplereturn missios by theOSIRISREx andHayabusa2

spacecraftfrom the carbonrich asteroi¢ Bennuand Ryugurespectively>2¢ Suchasteroids

couldprovidean interestingvindow into thepastof the solar systenin addition tofuture

advancesn spaceexploration lab-based studies into thphysical properties of carbdice



mixtures are needed to fully understandphaperties of thesprimordialmaterials

The vast majority of studies into mixtures of ASW wather materialso datehave
focusedorsoc al | elda d g sa mo r?plliGoestspeciesowittsldwer volatilities have
includedPAHSs and a variety of studiesxploringthe spectroscopic and photochemical
properties of PAH / ASW mixtures have been repotté®Benzene has served as a PAH
analogue in a variety of studi#s®® The aggregation of pyreras a consequence thie
crystallization of the ASW matrix was investigatgeectroscopicalfft and matrixisolated 2
naphtholwasusedas a spectroscopic profm investigatingthe molecularmechanism of the

glass transition of ASW which is governed by reorientation dynanfig&*

Herewe prepare mixtures of amorphous ice angif@lierene,theguest species with the
lowest volatility investigated so faCeoi s us ed as dhoughttoresembétteedaskl o g u e
carbon species identifiefor examplepn the surfaces of comets and asterditisng
calorimetry, Xray diffraction and temperatugrogrammed desorption experiments, the effect
of Ceo On the crystallization and desorption propertiearabrphous icés investigatedcrossa

large compositiomange

Experimental Methods

Cryogenicco-deposition ofCso fullereneand watewapor

The experimental setdpr cryogenic vapor depositiomasbased ora 12x1224-inch box
vacuumchambeifrom Kurt Lesker as showschematicallyn Figure 1a.Full details on the setup
are given in ref30 4345 For this study, theacuumchamber was additionalfitted with an
LTE-10 point source evaporator deposition source from Keskerequipped witha

pneumatically controlled shuttdfor each experimentbaut one gram of & fullerene powder



from Tokyo Chemical Industry UK Ltd was placed inside tBemh® Al O crucible of the
evaporation source and gently compacted with a piStoetemperature of the evaporation
source was measured with aype thermocouple and controlled with a Eurotherm 2408 PID

unit which is part of a MAPS power supply from Kurt Lesk
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Figure 1. (a) Schematic illustration of the experimental setup for cryogenaeposition of G

fullerene and water vapor. A range of accessories are connected to the ports of the vacuum chamber as

indicated. The components inside the chamber are-{¥p& thermocouple temperature sensors, (2)



cryostat andemovable8-inch diametercryogenic deposibn plate, (3) quartz crystal microbalance
sensor, (4) inlet tube for water vapor, (5) feedthrough connected to a liquid nitrogen reservoir, (6)
feedthrough connected to a rotargne pump, (7) & evaporationsource with pneumatic shutter and (8)
metal nesh above the water inl¢b) Powder Xray diffraction patterns (Cu &) at 95 Kof pure ASW

and Go/ H20 mixtureswith the indicated €:H>O molar ratios. Tickmarks indicate the expected

positions of ice Ih and &gBragg peaks. Minor contaminations with icecdinariseduringthe sample
transfer ina humid atmosphere. Bragg peaks in the gshgded areas are due to the brass sample
holder.(c) Photographic images of ti&inch deposition plate under liquid nitrogerontaining the 1:132

(left) and 1:48 deposits (right).

The pressure of the chamber was monitored witbrabination Pirani / cold cathode pressure
gauge (PenningVac PTF 90, Oerlikon Leybold Vacuurhge watetinlet system contained a
needle valve (EV 016 DOS AB, Oerlikon Leybold Vacuum) to adjust the amodosetivater
vaporand a Pirani pressure sensor (Thermovac TTR91, Oerlikon Leybold Vawasu3edto
measure thevaterinlet pressureBefore each depdon, the Go powderwas degassed by
heating to 250°C and waiting until tothambereached base pressir2x10° mbar) The
liquid water in the water reservoir was carefully degassed using at least thregfregzbhaw

cycles.

The cryogenic deposition plate, which can be cooled to ~85 K with liquid nitrogen, was
positioned 15 cm above the water inlet tube and gaew@poration sourcdhe temperatures of
the cryostat and the deposition plateremeasureavith K-type thermocouplegsing ahome
made instrumenrtuilt with anAdafruit Feather 32u4 Basic Proto microcontroller awmd
Adafruit MAX31856 UniversalThermocouplédmplifiers. The partial pressures of water were

recorded using a mass spectrometer (HiARLO 100 containinga Faraday cup. For quartz



crystal microbalance (QCM) measurements, goéded AT-cut 6 MHz planeconvex quartz
crystals (Sycon Instruments) were placed inside an AllectreSHL8ensor firmly attached the
center of thaleposition plée. The QCM sensor was connected to a reflection bridge and-a 0.5
60 MHz N2PK vector network analyzer through coaxial cables. The deposition rates were
monitored by recording the changes in the fundamental resonance frequency in the electrical

conductane data over time using the myVNA and QTZ softwédfes.

Different compositions of thede/ HO deposits were realized bjtheradjusting the
temperature of thedgdeposition sourcer theflow of watervaporinto the chamber. Full details
on the calibration of the deposition rabesed on QCM measurements are given in the
Supporting InformationThe depositedCeo / H2O mixtureshad molar Go:H20 ratios of 1:1254,

1:452, 1:132, 1:48, 1:17 and 1:5.

To prepare samples for characterizatoutside the vacuum chamb#rreehour
deposition time wereused.Following the depositiorthe deposition plate waseated to ~125 K
under vacuunto reduce the surface area of the sanapléthus avoid the formation of nitrogen
clathrate hydratespon exposure to liquid nitrogéhAfter cooling back te- 90 K the sample

was extracteffom the chamber under liquid nitrogéor further analyss as described in ref?.

PowderX-ray diffraction

After extraction from the vacuum chambére tsamples were transferneto custoramade
sample holdexwith Kapton windowsunder liquid nitrogerand mounted oa Stoe StadP X-ray
transmissiordiffractometer ( CKa 1, 40 Kk V, -Bhbnoamdmatorpwithh 4 Mythén

1K linear detector. The dateaw collected from2—60° in 5° steps (100 perstep). The



temperatur®f the samplgewas maintainechitially at 95 K andhenincreasedrom 100 to 270

Kin 10 K stepswith a CryojetHT from Oxford Instruments.

Differential scanningalorimetry

Therecoveredamples were transferred into staintsgsel DSQprans Thesewerequickly
transferred into @re-cooled Perkin Elmer DSC 8000 Advanced DotfBlgnace Differential
Scanning Calorimeteand heatedrom 93to 263 K at 10 K mint thus formingbulk ice Ih and
Ceo. A secondheatingscanwas then recorded which was used for background subtraction.
Finally, theice was melted at 0°C. From the enthalpy of melting, the number of oDl
were determined using a molar enthalpynefiting of 6012 J mot.*® The backgrounaorrected
DSC signal washendivided by the moles of #D and théheatingrate which yields a quantity

in J mott K,

Temperaturerogrammed desorptidifPD) experiments

A deposition time of 2 hours was generally used for TPD experiments.tAdtdepositionthe

samplas weremaintained at90 K untilthechambeibase pressure was reach&de sample

werethen heatdup  ~180 K while recordingthe partial pressure of2B@ (m/z = 18)with the

mass spectrometefhe heating rates changed from ~2.5 K that 90 K to 1.0 K mint at 180

K. Upon reaching ~180 K, the upper pressure limit of the mass spectramastéypically

reached 1x10* mbaj). In addition to the caleposition experiments, bl anket ’ experin
conductedor TPD analysisvherea pureASW film was depositeéirst for two hours 0.100

mbar inlet pressujdollowed by two hours of § depositionon top of the icgevaporation

sourceat 525°Q. This corresponds to a bulk compositionldsp:132 H>O.



Scanning electron microscopy (SEM)

The G film from the blanket experiment was recovesadtdr melting the samplend the ice
facing side of the film was imaged using a Jeol X5MOF scanning electron microscope.
Additionally, the same amount ok§wvas deposited directly onto an aluminum SEM stub firmly

attached to the deposition plate.

Resdts and Discussion

Thelow-temperaturé-ray diffraction(XRD) patternsshown in Figire 1b demonstrate the
amorphous nature of the pure ASW and tee/ €120 mixtures Due to a very finely powdered
natureand the associated difficulties transferring the sample into the sample, litolekes
unfortunatelynot possible to record an XRD pattern of the 1:5 sanfpllee ASW displays
characteristic first strong diffraction peak at ~24d aweaker feature atmd43°2 -5 Upon
increasing the € content, he diffraction patterns of th@so / H2O mixturesremainsimilar to
pure ASWup to the 1:132 samplén additional broad diffraction featua¢~29°emerges for
the 1:48 samplelhe diffraction pattern of the 1:17 samejuite different tahat ofpure
ASW, with a very broadeaturearound 21° anthe~29°feature previously dserved for the
1:48 samplehas growrmore intenselt is important to note that none of Hesamples display
Bragg peaks characteristic of bulko@seeFigure S6)°! Upon increasing thedscontent, the
color of the samples changed from light pink for the sample witblar Go:H20 ratio of
1:1254 to pink (1:452), red (1:132), dark red (1:48) and finally black for the two regstic
samples (1:17 and 1:3yhotographic images of the 1:132 and 1:48 sasigskeshown in Figre
1c.Based orthe diffraction data and the color changes, it can be concludedetfati€ene

andH20 have been successfully mixeder a large composition rangsing our cryogenic vapor



co-deposition techniqud his would be very difficult to achievgy any othemethodsince the
solubility of Gsoin liquid water is ~1x1® mol L™ corresponihg to a 16x10° molar Gio:H20
ratio.>#°3

To investigate the effect ofs&on the crystallization properties of ASW, teriousCeo /
H.O mixtureswere heated in a differential scanning calorimeter (DSC) at 10 K .rifine
resulting DSC scans, which were normalized with respect to thes ofdeO present in each of
the samples, are shown in &ig2a. Consistent with the similarities in the XRD patts, the
DSC scans of the 1:1254, 1:452 and 1:132 same$esnble those @ure ASW with exotherms
startingjust above 150 K. The exotherm of pure ASW was found to be 1285 + 93 3‘'mol
good agreement with literature valitt€$*°® The onset temperatigand area of the exothesm
werenot found to changsignificantlyuponincreasing the g contentfrom pure ASWo the
1:132sample This meanghat the presence of&does not hve a significant effect on the

crystallization of ASWn this composition range
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Figure 2. (a) DSC scans of pure ASW a@eh/ HO mixtureswith the indicated 6:H.O molar ratios
heated at 10 K mih The DSC signalare normalizedpoer moleH;0. (b) Onsettemperatures of

crystallization of the various samples.

In the case othemore Go-rich samplesan impact on the crystallizatiopropertiesof H-O can
be seenFirstly, theinitial exotherm shit by more tharl0 K towards highetemperaturesas
shownin Figure2b,and decreases in area as tleHZO ratio changes from 1:48 and 1:17 to
1:5. Secondly, a second exothermic peak emerge20atK for the 1:48 sample which increases
in area and shifts towards lower temperatures ®Lth7 and 1:5amples.

In addition to the crystallization tiie HO, Cso canalsobe expected to crystallizepon

heatingeither as it is expelleds the ASWmatrix crystallizesor as amorphousegclusters

11



crystallize. Judging from the DSC datine, it is not possible to tell at which temperattine
various processdake placeHowever, it is tempting to assign the loand hightemperature
exotherms to the crystallization O and Go, respectivelyThe 1:48 sample wabe first
significantly darker sampjes shown in Figre 1¢,and based on computational studidfirst
hydration shell oCso is expectedo contain 60 water moleculé%®! This meanshatthe
percolation threshold ofdg corresponding to the transition from fully matisolated Go
molecules taheformation of Go aggregatewith longrange connectivityis reacheetween
the 1:132 and..48 sample. Reassuringly,His agreesvith theoretical estimates of contact
networls of hard spheresvhere the criticalVolume fraction for percolation was determined to
be 18.3%%2 The volume percentages ofddor the 1:132 and 1:48ixturesare14 and 3%,
respectivelyusing molecular volumes of2® and Go of 32.34 and87.35 A= calculated from
the bulk densities.

It is important to emphasize that both exotherms were irreversible and therefore not
observed upon second heating. Bulls € known to disfay two reversible phase transitiorss:
glass transitioslike transitionaround 90 K and a firgirder transition at 260 K corresponding to
the unfreezing of rotational motidAThe two phase transitions are endotheffiifcupon
heatingand not observed in our datdich we attribute to the 6 being poorly crystalline with
small domain sizes.

To investigate the crystallization processes upon heating in more detailpatiibnof
the various samplesere recordeds a function of temperaturéhe correspondingontour plots
are shown in Figre 3a-c for selected samples. The complete set of disahown in Figire S7
in the Supporting Information. The XRD data of pure ASNdwnin Figure 3adisplaythe well

known sequence afreversiblephase transitiongpon heatingtarting withthe crystallization of

12



ASW to give stacking disordered ice (isg)lat ~140 Kwhich isfollowed by itsgradual
conversion to the stable ice dbovel80 K Consistent with the DSC data, increasing tbe C
content from pure ASW to 1:132 does not leadigmificantdifferencesin the XRD data upon
heating as shown in Rige S7.This includes the cubicities €. the percentage of cubic
stacking§’ of the ice sdsamples right after crystallization at 150 K as shown inif€i§8.
Specifically, he cubicities of the icestlobtained from pre ASW and the 1:1254, 1:452 and
1:132 sampleat 150 Ktook values between 62.2 and 63.@#ich is within the margins of

error®’

13



square-root
intensity  ®

lice lh

FrmrrrnminiCy,

o
S - @ -pure H,0
20.44 - @ -1:1250
@ ) 1:452
[} - -9 -1:132
< 0.2 : -1:48
. , - -1:17
£0.0 —r——T—T 9
9 100 120 140 160 180 200 220 240 260

T/K
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Contour plots of Xay diffraction patterns recorded upon heating from ~95 to 270 K in steps of TifeK.
molar Gso:H-0 ratios are indicated in (b,c). The diffraction intensities are shoma squareroot scale
to emphasize weaker featur@gk marks on the side of the panels indicate the expected positions for ice

Ih and Go Bragg peaksThe completees of diffraction datgincluding additional compositiofgs shown
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in Figure S7 in the Supporting Information. (d) Intensities of theld@ree ice | diffraction feature as
function of temperature and normalized with respect to the most intense featargudntity was used to

follow the crystallization of ASW.

Consistent with the previoushybserved changes in the DSC déte, XRD dataecordedupon
heating started to change significaniligh the 1:48 sample as shown in &ig3b. The
formationtemperaturef ice Isdshifts towardsfrom ~130 K to ~160 K Weak and broad Bragg
peaks appear above ~185 K at 10.8, 17.9 and 2Mhigh indicat the formation osmall
crystalline domains of & within the samplgseeFigure S6)°! For the 1:17 sample, theC
diffraction features are more intense and appear at slightly lower temperature compared to the
1:48 sampleln both caseshe appearance ofs€Bragg peakss accompanied bthe
disappearance of diffraction intensity below@fich is only observed for thteo Ceo-rich
sampleqseeFigureS7). This lowangle diffractiornintensityis thought to arise frorocal
densitydifferencesdetweerH>O and Go regions on the length scale of nanometisresence
thereforeprovides evidence for the existence of percolating nanodomaingloaitl Go. Upon
crystallization, the domain sizesrease significantly as the two components undergo phase
separation which leads to the disappearantieedbw-angle diffraction intensity and the
appearance d@so Bragg peaks.

Based orthese findings, it is possible to firmly assign thedawd hightemperature
exotherms in the DSC data to the crystallizatiorg® and Go, respectivelyseeFigure 2a).
The decrease in temperatwfethe hightemperature exotherm is consistent witl #ppearance
of Cso Bragg peaksit lower temperaturas the more Go-rich sample. Obviously, if a sample
contains more €, it is easiefrom a kinetic point of viewo form more extended regions of

crystalline Go. Equally, in highly diluted samples, the concentration @fi€simply too small to

15



form large enough aggregatist can be detected with diffractioks a side aspect of our study,
it should be possibletmake Go with very high surface areas upon freeze drying the samples
with matrix-isolated Go. The very small domain sizes ofdbbtained from the 17lsample at
270 K can be seen by comparing the fwatiths of the Bragg peaks with those of bull¢ (3ee
Figure S6).

Recently, pyrene was matsigolated in ASW at a 1:500 ratféIn this study, the
aggregation of pyrene wésllowed by detecting the excimer formation in fluorescence
spectroscopy. It was found that thggregation of pyrene coiies with thecrystallization of
ASW. The temperature difference between th® ldnd Go crystallization observed here can be
explained by the sensitivity &f-ray diffractionvs.fluorescence spectroscopy for detecting
aggregation. While fluorescence sfpescopy can already detect the formation of dimeric
aggregates, much more exten@adcrystalline regions are needed to give risBitagg peaks in
diffraction experiments

To follow the crystallization of ED in the various samples mayeantitatively, the
intensitesof the(110) Bragg peakat ~40° vereanalyzedasa function of temperaturé&igure
3d shows the obtained intensities normalized with respect to the highest intensity for each given
sample which was typicallgbservedt 220K. Conveniently, the shape of this Bragg peak is not
affected by the presence of stacking disorder and its intetwgty not depend significantly on
changes in the cubicitat least within the 0 to 70% range as shown guFéS9.For pure ASW
and the 1:1254, 1:452 and 1:132 samples, very similar trends were observed. The normalized
peakintensitiesgain significant intensity between 130 and 140 K, wiaciresponds tthe
formation of ice $dfrom ASW. After this, the peak intengisrise corinuously up to ~210 K

Upon heating from 150 to 220 K, the halidth decreaseBom 0.470 to 0.319°. Thisuggests

16



that the icedddomains increase continuously in size in this temperature range while also
transforming to iceh. It is noted that suchhanges in domain sizes have recently been predicted
on the basis of vapor pressure measureniSW.%8 The much delayed intensity increases of
the two Go-rich samples can be explained by the presence gieifoelatingCso domains that
hinder the coalescence of icéde Isdor ice h) domains Essentially, the ice | is confined by the
Ceo domains Owing to the presence of large amounts & i@ those samplest was not possible
to accuratelydetermine the cubicities of the icgll The final drog in peak intensity above ~250
K observed for all samplesay bedue to the increases in the atomic thermal displacement
parameters as the melting point is approadresimply to the fact that the samples drop in the
sample holder as the ice grains soften

As a next step, the effect ok€on the desorption properties of®lvaporwere
investigated. For thisemperaturgogrogrammed desorption (TPD) experiments were carried out
where thesamples were headin the vacuum chamber from ~85 to ~180 K. The partial pressure
of water of pure ASWrad theCeso/ H2O mixtureswere recorded with a mass spectromeatez (
= 18) as shown in Fige4a. Inthecase of pure AS\WWhe partial pressuracreases rapidly
above ~130 K830 The absence of a commonly observedgeak in this region is attributed to
the macroscopic thickness of our filf%sAs ASW crystallizes to icest, the partial pressure
decreasearound~150 K andhenrises again above ~165 K as the vapor pressure dddce |
increases with temperatui®&° The TPD dateof the 1:1254, 1:132 and 1:48 sampldiofe pure
ASW closely, which means that the presence @b Gas no significant effect on the desorption of
water in this composition range.

As mentioned in the Experimental sectidre thore Go-rich samples were prepared by

keeping the & deposition rate constant whileducingthe amount of water vapdosednto the

17



chamber. Therefore, thpartial pressures upon heating increase less compared to the previous
experimentdecause there is less®lpresent in the depositiars order to mke the various
experiments comparable, tHesorptiorpeals around 150 K were integrated against time in

order to take variations in the heating rates into account and divided by the total mass of water
dosednto the chamber. The resulting quantity reféethe amount of water desorption in the
temperature range of ASW crystallization normalized with respect to the amalogenH,O.
Figure4b shows theequantitiesfrom all TPD experiments plotted against the volume
percentage of & whichis a conveniat quantity for this comparison. The amounts of water
desorption only begin to drop above 60 volume perCesfl:17ratio), which implies that

amounts 0fCeo significantly above the percolatidghresholdthatare needed to suppress the

waterdesorption.

3x10° — pure H,0

g — 1:1254
1 -5 — 1:132
~ 10 ——1:48

& 5 1:17

o 1x10 — 15

. Z

o 100 120_ 140 160 180
P T/K

5 b

< 1x102 (b) { ...... .

g --Q‘ ..’J-~s

= @ blanket ..

5 5x1073 experiment .

® *

& -

E‘ 0 T ) ) T L) -

5 0 20 40 60 80 100
c volume % Cq,

3x10°° 4(C) 1:132 (Cgy:H,0)

= mixture
—— H,0 + Cg4, blanket

2

Py.o ! torr
N
x
[y
Q
(&)]
P

100 120 140 160 180
TIK

18



Figure 4. Thermal desorption of #¥D vaporfrom Ceo/ H2O mixturesupon heating(a) Partial
pressurs of HO (m/z = 18) of pure ASW and variolso / H2O mixtureswith the indicated €:H-O
molar ratios recorded upon heating. (b) Water desorption features integrated against time and
normalized with respect to the mass eDrdministerednto the chamber during the vapor deposition
experiment. (cComparison of desorption features @b CH-O mixturesand pure ASW covered with a

blanket of Go. The nominal bulk compositions of the two samples are 1:433.0.

In an attempt to block the wateapord e s or pti on more effegwasvely, a
deposited on top of pureASW film so that the bulk composition of the entire sample was 1:132
Ce0:H20. Based orthe molecular volumes used earlier, ttmeans that thtéhickness of th€so

layer was about 14% of thentirefilm. A compari son of the TPD data
experiment with the corresponditidl32mixture is shown in Figre4c. As can be seen from the

data point in Figre4b, the presence of the film leads to a ~21% reduction ofaler

desorptonThe sl ight * wiggle’ in the TPD data of ¢t
indicate somasudderrupturing of the & blanket as increasy amouns of desorbing HO vapor

force their way through theegfilm. In any case, even if aseblanket is used, significant

amounts of g are needed in order to suppress the water desorpfiten.the TPD experiment,

the G film was recoveredA low-magnification scanning electron microscopy image ofdge

facing sidas shown in Figire5. Thefilm is significantly cracked most likely as a result of

watervapor permeatianro test ifthe cracks are due to the thermal treatmengodil@ of the

same thickness was deposited at 9fingctly onto a metal substraaed reated to room

temperature. The SEM image of this sample shows a smooth ssdaEeg(ire S10).

19



UCL CHEM X250 WD 7.9mm  100um

Figure 5. Low-magnification scanning electron microscopy image of the-f&Wig side of the &

blanket after heating to ~180 K in vacuum.

The blanket experiment reminds of the previ ol
volatile species ‘“erupted’ t hr%C ngobredperiment; s o f
the roles have changed and amorphous ice has become the volatile species that forces its way

through the G film.

Conclusions

The presence of matrisolated Go appears to haveo significanimpact on the crystallization
properties bASW, including the cubiciesof theice Isdcrystallization produst Upon reaching
the percolation threshold ofs§; the onset temperature of crystallization eOHshifis towards
higher temperaturdsy about 10 KThese findingsllustrate theweak interaction between,8

and Go. The shift ofthecrystallization temperature above the percolation threshold is probably
due to a physical confinement effect from thg Which reduces the size of the®domains

Small H2O regions are physicallsemmratedand they therefore crystallize independently.
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Theaggregatiorof Cso is Seen as a separate process at higher temperature that shifts
towards lower temperatures as thg €dntent of the samples increadasgeneralall
crystallization processes o0&6 H-O mixtures were found to be exothermic which istark

contrast to the endothermic crystallization of ASW containing volatile guest species.

The desorption of KD vaporin the temperature range of the crystallizawbamorphous
H20 is not significantly affected by the presence ef, Even for Go-rich samples containing up
to 60 volume percentda This illustrates the force of wateapor desorption thadlsoseems to

produce large cracks into a blanket @b €overing a film ofASW.

A general feature of thes&/ H2O mixtures is that their physical properties change in a

highly nonlinear fashion as a function of the compositionfact t her e ar e j umps
threshold values are reached such as th@&colation. In addition to the thermal stability and
watervapor desorption studied here, other physical properties including heat and electrical
conductivity as well as optical absorbance propedaslsobe expected to display neimear

behavior as a function of thedontent.This means that even sihvariations in the €

content can lead to composite materials with very different physical properties. Ultimately, this

behavior could well be the extpatfaromastai on f or t h

consequence of the:B weather cyclen the 6P comet>24

Supporting Information

The Supporting Information includes details on controlling the composition ofstheHO
samples, additional Xay diffraction patterns and a scanning electron microscopy image of a

pure Go film.
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