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Investigation of vapor-deposited amorphous ice and irradiated ice
by molecular dynamics simulation
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Boite courrier 121, 4 Place Jussieu—75252 Paris Cedex 05—France

(Received 7 October 2003; accepted 2 December 2003

With the purpose of clarifying a number of points raised in the experimental literature, we
investigate by molecular dynamics simulation the thermodynamics, the structure and the vibrational
properties of vapor-deposited amorphous i@&SW) as well as the phase transformations
experienced by crystalline and vitreous ice under ion bombardment. Concerning ASW, we have
shown that by changing the conditions of the deposition process, it is possible to form either a
nonmicroporous amorphous deposit whose der(sity.0 g/cni) is essentially invariant with the
temperature of deposition, or a microporous sample whose density varies drastically upon
temperature annealing. We find that ASW is energetically different from glassy water except at the
glass transition temperature and above. Moreover, the molecular dynamics simulation shows no
evidence for the formation of a high-density phase when depositing water molecules at very low
temperature. In order to model the processing of interstellar ices by cosmic ray protons and heavy
ions coming from the magnetospheric radiation environment around the giant planets, we
bombarded samples of vitreous ice and cubic ice with 35 eV water molecules. After irradiation the
recovered samples were found to be densified, the lower the temperature, the higher the density of
the recovered sample. The analysis of the structure and vibrational properties of this new
high-density phase of amorphous ice shows a close relationship with those of high-density
amorphous ice obtained by pressure-induced amorphization20@ American Institute of
Physics. [DOI: 10.1063/1.1644095

I. INTRODUCTION early age of the solar system the intense cometary bombard-

. ment led to the formation of the oceans and to the spreadin
When Burton and Oliver, 70 years ajshowed that the - . > SP 9
of prebiotic organic molecules processed on interstellar

frost resulting from th ition of water vapor on a cryo-__ . .
ost resulting from the deposition of water vapor on a cryo grains and at the surface of comets, whose role was likely

plate maintained at liquid nitrogen temperature was amors = ™ . .
phous and not crystalline, they could not imagine all thecrumal in the emergence of lifeln fact, the building blocks

astrophysical implications of this discovery. Nowadays theréhat agglomerate into comets when thgy are ”apPed into a
is every indication that in the outer solar system and in thé)rotosgellar nebula can be observed in dense interstellar
interstellar medium where the temperature is very 16w ( clouds: TheSfe are dust particles made of silicate grains that
<50K) the most common form of condensed water is&r€ coated with frost composed of water molecules and other
amorphou&? (in the inner solar system condensed water isvolatiles specigs’® (CO,CQ;,H,CO,NH;,CH;OH, ...).
either liquid, as on earth and likely on Europa, or CryS»[a|_Depending on their environmefinterstellar medium, dense
line). In the last decade a series of rapidly paced discoverie@r diffuse clouds, protostellar nebulthe icy grain mantles
have completely renewed the scenery of the outer solatre energetically and chemically processed by photon irra-
systent* The latter possesses a disklike structure beyond théiation (UV) and charged particle bombardmerif
orbit of Neptune(the Kuiper disk or bejtthat contains bil- (p*,e”,He",...). Theresult of this processing is twofold.
lions of comets made predominantly of amorphous ice, conFirst, the structure of the ice may be affectgdetamor-
densed at temperatures below 50 K, as well as tens of thoyghism, phase transformatiprand next, radiation-induced
sands of larger bodies with diameters ranging up to hundredshemical reactions produce radicals and synthesize new
of kilometres and composed of a rocky core and an icymolecules-**For that reason the laboratory study of astro-
mantle. Far beyond the Kuiper disk, the Oort cloud extendghysical ice analogs is an active field of resedtcH not
almost halfway to the nearest star and contains on the ordely focused on product identification but also to give a
of a billion comets with diameters of a few kilometres or comprehensive understanding of ice chemistry in various as-
more? It is paradoxical that the periodic entry of some of trophysical environments. Recently it has been sHéwh
these objects into the inner solar system is considered Nnowghat the UV photolysis of an amorphous ice deposit com-
days as a serious source of hazard for the life on g€agha  posed of HO molecules and a percentage of {LHH, NH,

fatal encounter with a kilometer-sized comathereasinthe  co, cq,, and HCN molecules, mimicking the composition
of interstellar ice mantles in dense clouds and around pro-
3Electronic mail: guillot@Iptl.jussieu.fr tostars, produces spontaneously a number of amino acids.
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These experiments suggest that prebiotic molecules can lsve beam with a large angular distributigoalled back-
processed in the interstellar medium, and in the absence gfround depositionleads to ASW samples of various porosity
liquid water, and could have been delivered to the early eartfrom one author to another. Moreover, the role played by the
during the epoch of the intense cometary and meteoritideposition temperature is found very significant, the lower
bombardment. In summary, as long as water ice at astro-the temperature, the lower the density of the ice film. By
physical conditiongvery low temperature and pressjie  contrast, experiments conducted with collimated beams at
concerned, it is important to understand in detail the propernormal incidence show no appreciable temperature
ties of amorphous ice when condensed in the conditions predependencé
vailing in the interstellar medium, and especially the role  Another source of discrepancy between some data
played by the temperature of condensation and the modificasomes from the way the density of the amorphous deposit is
tions induced upon heating. Furthermore, the elucidation omeasured. Diffraction techniques using x-ray, electron, or
the effects caused by photon irradiation and ion bombardneutron sources measure the intrinsic density of the material
ment on the structure of amorphous ice, effects which arevhereas optical interference techniques lead to the effective
barely known at present, may help to understand the conmor average density including pores and voids, a density value
plex chemistry taking place in interstellar ices. that can be much lower than the former one. Thus, it has
Since Burton and Oliver, many experimental studiesbeen reported in the literature by several independent groups
have been devoted to the elucidation of the thermodynamiasing x-ray and electron diffraction experimeRé* that
structural, and dynamical properties of vapor-depositedASW obtained by vapor deposition at very low temperature
amorphous icgin the following we will use the common (T<30K) presents a high intrinsic density=1.1 g/cn), a
acronym ASW for amorphous solid waeThus, it has been high-density amorphous phase that transforms sluggishly
reported*?® that, on heating, ASW exhibits a glass—liquid into a low-density phasé~0.94 g/cni) upon heating in the
transition near 136 K before crystallizing into cubic ice upontemperature range 40—70K Moreover, the structure of this
further heating to 150 K. The advent of various methods inhigh-density amorphous phase is characterized by an inter-
the 19808° for vitrifying pure liquid water allowed a dem- stitial peak around 3.4 A on the oxygen—oxygen pair distri-
onstration of the similarity of behavior between ASW andbution function. This feature is the signature of a higher co-
hyperquenched glassy wai@tGW) in the glass—liquid tran- ordination number in the first shell of neighbors with respect
sition region?’ However, at lower temperaturdgypically  to crystalline ice(5 instead of 4 However, the formation of
10-100 K, a number of studié®&—3?have shown that ther- a high-density amorphous phase made by vapor deposition is
modynamically, structurally, and dynamically, ASW is dis- controversial in the literature while that obtained by
tinct from glassy water obtained from the liquid phase. Inpressure-induced amorphization of hexagonal or cubic ice,
fact, it turns out that the morphology, and hence the properealled HDA ice?® is well establishedfor a detailed discus-
ties of a vapor-deposited amorphous film, is strongly depension see our companion pafpand references thergirThus
dent on the experimental conditions. Thus, the use of a suthe vibrational spectrum provided by incoherent inelastic
personic flow of water molecules for depositidsauses the neutron scatterifg (IINS) leaves little doubt about the non-
formation of clusters in the gas phase while condensing oequivalence between high-density amorph@iBA) ice and
the cryoplate and gives rise to a highly porous material withASW deposited at very low temperature. More precisely, the
a large number of pores and voids. On the other hand, thibration band (orientational oscillation observed in 1INS
condensation of water monomers from baffled flow will give spectra of ASW*’ is found to be located between that of
a nonporous amorphous deposit. In fact, further investigaHDA ice and that associated with glassy watetGW).
tions have shown that vapor pressure, substrate temperatw¢hen ASW is annealed around Tg-136 K), its libration
and the nature of the substrate play a role on the structure dfand becomes identical to that of HG¥WOther spectro-
ASW. For instance, increasing the vapor pressure, and henseopic studies using infrared absorpfidf? show that ASW
the growth rate, tends to increase the porosity of the ice filmdeposited at very low temperature is indeed spectrally dis-
In the same way a higher porosity is favored by a lowertinct from annealed ASW. In summary, the vibrational spec-
temperature of depositiot:*® On the other hand, the nature troscopies that probe essentially the local environment
and the morphology of the substrété’ may have an effect around each molecule and are less sensitive to the porosity of
on the ice structurdcorrugation and on the onset of the the material (by contrast with optical interference tech-
amorphous—crystal transition at temperatures around Tguiques, indicate that ASW deposited at low temperature is
Nevertheless, there is a strong dispersion of the results in theructurally different from HDA ice and converts into HGW
literature and only recently has the main source of confliciafter annealing around Tg. On the other hand, keeping in
been identified. Thus, a series of studfe4°has shown that mind the above discussion, it is puzzling that electron dif-
the morphology of ASW grown by vapor deposition is found fraction dat4* on ASW deposited below 30 K exhibit dif-
to depend strongly upon the angular distribution of the watefraction peaks and oxygen—oxygen radial distribution func-
molecules impinging the substrate surface. At normal incitions very similar to that observed with HDA i¢eee Fig. 2
dence a well-collimated molecular beam produces a densef Ref. 44b)). The situation becomes even more complicated
nonporous solidp=0.94 g/cn) while at glancing incidence, if one emphasizes that electron microscopy stddi&have
the deposit is highly porous with an average density that cashown that when electron irradiation is applied to a sample
be as low as 0.16 g/cinThese results allow one to under- of ASW deposited at a high enough temperature, it converts
stand why thevery common use of a noncollimated effu- into a high-density form provided that the energy dose is
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sufficient. In fact, the higher the temperature of irradiation,Moreover, the search for a high-density phase was still un-
the higher the electron dose required for the low-density-successful.
high density transformation. Consequently, it could be that at Whatever the case, the above simulation studies had a
very low temperature [~ 10K) that the electron dose re- limited scope and did not pretend to be exhaustive and fully
quired to perform an electron diffraction experiment is suf-realistic with respect to experimental conditions. By contrast,
ficient to promote the high-density form of ASW. the purpose of the present study is to evaluate the various
The effects of irradiation on the structure of water ice properties of simulated ASW in such a way as to be able to
have been confirmed, since then by several studies using U&ompare them quantitatively with available experimental
photons>* protons>? and ions>® The structural modifications data and notably with other forms of amorphous ice. Thus,
revealed by electron diffraction scatterfiigand infrared the parameters used in our simulatidifsrce field, number
absorptiofi?®® show that crystalline ice is amorphized by Of water molecules, long range corrections, geometry of the
irradiation whatever the nature of the particles whgn Simulation cell are the same as those used in a previous
<80K (above this temperature the crystal is resiljefur- ~ Study (see the companion pafr dealing with pressure-
thermore, the resulting amorphous phase seems to be alterffluced amorphous ice and hyperquenched glassy water. So
by a further irradiation although the alteration cannot be as'/€ Will be in a position to compare the properties of all these

signed unambiguously to the appearance of a high-densi@morphous ices on the same footing. In Sec. Il the simulation

phase. Actually, at the present time, the modifications in—methOOI employed to obtain amorphous ice by vapor deposi-

duced by irradiation on the structure and properties of amorton 1S prgsen_te(_j and the results discussed. Section . |s_de-
oted to irradiation effects on amorphous and crystalline ice

phous ice are still little known and because of their potentiaE ion bombardment. The main results of this study are sum
astrophysical implications, it deserves to be investigated with ! ' : u IS stucy u

more scrutiny. This is one of the objectives of the presen[ﬂanzed in Sec. IV and put in perspective with the present
study. state of the field.

The other objective is to investigate the structure, ther-
modynamic, and vibrational properties of vapor-depositedl. VAPOR-DEPOSITED AMORPHOUS ICE
amorph_ous_ ice by molecul_ar dyr_1am|¢MD) S|mL_1Ia_t|on. A. Computational details
One guideline of our study is to simulate as realistically as _ o _
possible the experimental conditions encountered in the lit- An important step of a MD calculation is the determina-
erature and that have a strong influence on the morphologion of the force field describing the molecular interactions.
and properties of the amorphous deposit. In particular, sp t exists in the literature a vast choice of model potentials for
cial attention will be devoted to the deposition at very low Water (for a review see Ref. 57which are, in general, ad-
temperature in order to obtain some new clues about thi¥/Sted to reproduce the properties of liquid water near ambi-
aforementioned controversy concerning the hypothetical re€Nt conditions. Among these models, the three-site models
lationship between ASW and HDA ice. Few simulation stud-are the most commonly used in simulation works because of

ies on ASW made by vapor deposition have been reported iI[‘Fe'r good a;:c;rr?cy to cc;)mpuéer cost ratio. A” thle C".’"C“'f“
the literature. The main works are those of Bettal,?who ~ 1ONS Presented nere aré based upon an empirical pair poten-

studied by MD calculations the condensation of a few hun-t'al recently introduced by u¥ The novelty of this three-site

dreds of water molecules on an initial embryo of cubic icemOdeI Is to use diffuse charges in addition to point charges

(N=10molecules) in order to shed some light on the strucOn 9Xygen and hydrogen atoms in order to account for elec-
tronic penetration effects. Unlike most of the existing non-

ture of the resulting condensate. It was found that water mol- . . ; .
olarizable models it does not require an enhanced dipole

ecule; can exhibit a coord_|nat|on number between 25, Ie%’loment to reproduce accurately liquid state properties. In a
coordinated molecules being those present at the free SU}S’

: i revious stud$f we have used this model to simulate by MD
face. A restructuring of the amorphous condensate with ing

X he other forms of amorphous ice namely, HDA ice obtained
creasing temperature was also reported. In another study, Eﬁy

0 s o y pressure-induced amorphization of cubic ice at low tem-
smann and Geiget simulated the slow deposition of water orare, LDA ice resulting from the transformation of HDA

molecules on a substrate made of Lennard-Jones particlegg upon heating, and glassy watGW) issued from a
Although the simulation was aimed to obtain a dense andapig cooling of the liquid. The overall agreement between
homogeneous deposit, it was found to be deeply fissured, the simulation results and a number of experimental proper-
denser part being that in contact with the substrate. Hence, jfas of these amorphous ices is quite good, which indicates
is difficult to draw an unambiguous conclusion concerningthat the selected interaction potential is sufficiently realistic
the existence of a high-density form for ASW deposited atto describe |Ow-temperature water in detail.

low temperature. In a related work Wils@t al*® in depos- As far as vapor deposition is concerned, another impor-
iting water molecules on a lamella of bulk amorphous icetant parameter of the simulation is the nature of the substrate
(prepared from a quenched configuration of the ligt-  on which the water molecules are condensed. Experimen-
tained a microporous amorphous film whose the density protally, different substrates are used in the literature to grow an
file varied strongly with the distance to the substrate. It wasamorphous ice film from the vapde.g., Au, Si, Ru, SiQ,

also found that the microporosity decreases when the watexl,Oj,...). Several studi€§*"*3have shown that the rough-
molecules impinge on the surface with a higher thermal veness of the substrate surface, its chemical composition, its
locity, and that the deposit becomes denser upon heatingpydrophilicity (or hydrophobicity can play a role in the mor-



J. Chem. Phys., Vol. 120, No. 9, 1 March 2004 Vapor-deposited amorphous and irradiated ice 4369

phology and microporosity of the amorphous deposit. In pard72 K (see also Ref. 46 Although this latter value is sig-
ticular, the effect induced by the substrate on the deposmificantly higher that the value assigned to the glass transi-
affects the first few ice monolayef8iL) with weakly per- tion temperature in watef~136 K; see Ref. 2)7 the ther-
turbing substratéhydrophilic and may extend up to 50 MLs modynamic properties, the structure, and the vibrational
with a highly hydrophobic surfac®.Since our computer re- density of states of our simulated glassy water are in quite
sources only allow one to simulate very thin amorphous icegood agreement with the experimental data for hyper-
films (~10 MLs), it is important to choose the less perturb- quenched glassy watét.In the following we will use the
ing substrate in this context. So discarding substrates modwo oppositeZ faces of the glassy lamella as cold surfaces
eled by hard spheres, Lennard-Jones particles, or a structur@r deposition.
less surfacgwall) whose corrugation effect is not easy to For the crystalline lamella, we have prepared a parallel-
estimate, we have preferred to use as substrates a lamella@pipedic sample of cubic icédiamond-type lattice com-
glassy watefHGW) and a lamella of cubic ice, respectively. posed ofN=432 moleculesl¢=2ly=2ly~38A), that is 24
As a matter of fact, because of the presence of dangling Oldrystalline planes perpendicular to tedirection, and in
bonds and oxygen atoms protruding from the free surfaces déaving an empty space on each side of the crystal (
these lamella, it is expected that the impinging water mol-=8ly=8l,~152 A). The density of the crystal at zero pres-
ecules can adsorb easily on these very hydrophilic surfacesure varies between 0.98 g/@mear 0 K and 0.945 g/ctrat
Moreover, it is important to check if the substitution of a 200 K, as compared with around 0.93 gfcfor real cubic
crystalline surface of cubic icé01) to that of glassy water ice at 150 K. Its lattice energyt 8 K is —55.9 kJ/mol, which
has an effect on the morphology of the deposit, especially itompares well with an experimental evaluation around
varying the temperature of deposition, if one remembers that-57.3 kJ/mol(see Ref. 46 for a discussipri-urthermore, as
every amorphous ice, whatever its type, transforms into cueur cubic ice lamella melts above 215 K, it is well suitable
bic ice beyond the glass transition temperature. Last but ndbr deposition over a rather large temperature raftize200
least, the lamella of glassy water and that of cubic ice willK).
play the role of benchmarks when it will be the question to In the Introduction we emphasized that experimental
describe the properties of vapor-deposited amorphous ice. studies on vapor-deposited amorphous’ic# stressed the

In practice, the MD calculations were performed in theinfluence of the experimental conditiorgemperature of
microcanonical ensembl¢éNVE) with periodic boundary deposition, intensity of the vapor flux, angular distribution of
conditions in all three dimensions. The long range interacthe incident molecular beam flurn the ASW film morphol-
tions were handled by an Ewald sum adapted to the lamellasgy (porosity). Consequently, we have varied our simulation
geometry investigated her@ee below and Ref. 39The  conditions for vapor deposition to estimate their influence on
equations of motion were solved with the Verlet algorithm inthe deposit. Nevertheless, one has to be aware of the very
using a small time stefD.5 f9 to ensure an optimal conser- high rate of deposition imposed by our limited computer
vation of energy. We have first prepared the two lamellaresources. Thus the condensation of a few hundreds of mol-
acting as a substrate. Since the procedure is essentially tieeules on an area of 400*Aequires a rate of deposition of
same as that described in the previous sfiidye only sum-  the order of a few m/s to be tractable, as compared with
marize it briefly. A sample of liquid water composed of 512 experimental deposition rates about #61¢* A/s. So in a
molecules contained in a parallelepipedic boby=2Iy real experiment the time between two successive events
=2ly~40A) is simulated at ambient condition®.997 molecule landing on the surfacat the same location is very
g/cnt and 298 K. The simulation box is next extended along long at the molecular time scale while it can be very short in
the Z direction (,=8lx=8ly~160A) in order to provide the simulation, which could bias the results. In searching to
two empty spaces, one on eaghside of the liquid slab. minimize this problem we have, in a first attempt, inserted
After equilibration, this geometry allows one to simulate thetwo water molecules into the simulation box: one in each
coexistence between a liquid slab at the center of the box anfdee volume situated on both sides of the lamella. The posi-
the vapor emanating from it. Hence, a change of temperaturgon of molecule 1 was chosen randontibs well as its ori-
is sufficient to follow the saturation linénotice thatN entation and the position of molecule 2 deduced by symme-
=512 molecules is large enough to avoid any significant sizéry (X,=—X4, Y>=—VY1, Zo=—24). The kinetic energy of
dependence in the resifls In the present case, starting the incident molecules was set equal to 300 K with an im-
from an equilibrated sample at room temperat(ae this  pulsion pointing perpendicularly to the facing cold surface or
temperature there is virtually no molecules in the gas phasdistributed in a cone of 60°. During the simulation run the
due to the very low pressure at saturajiand in applying a equations of motion of the incident molecules and those of
sufficiently rapid cooling rate, one can go through the superthe molecules composing the lamella are solved. After a qua-
cooled states to reach the glassy state before crystallizatiasifree flight, the incident molecules hit the surface of the
takes place. However, in a MD simulation the cooling ratelamella and the velocities of the substrate molecules are res-
accessible with the computer resources is so large that crysaled to maintain a constant temperature of the lamella. After
tallization is generally avoideffor a detailed discussion see about 1000 MD steps, the impacting molecules are thermal-
Ref. 46. In applying a cooling rate of £0K/s (this is done ized by collisional de-excitation and become adsorbed on the
by rescaling periodically the velocities of the molecules by asurface(notice that we have never observed a rebounding of
very small factor to ensure thermal equilibrium during thea molecule impinging on the surfgceThe procedure is
cooling), the liquid slab undergoes a glass transition aroundstarted all over again at regular intervals in introducing two
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FIG. 2. As in Fig. 1 but for the deposition on cubic ice at 100 K.
FIG. 1. Density profil€top panel and snapshdbottom panelof the amor-
phous film deposited on the glassy lamella at 100 K. In the upper panel, the

dotted line corresponds to the average density of the substrate and the f e
line to that of the deposited film as a function of thecoordinate. In the lele" atthe end of a deposmon Process performed at100 K on

lower panel the empty circles represent the positions of the centers of mass 912SSy Ia_melle(Fig. 1) and on a lamella Of cubic iceFig.
of the water molecules of the substrate and the full circles are those of th@), respectively. One can see on the two figures that the de-

deposit. posit (one on each side of the corresponding lameita
dense whatever the substrdte1.0 g/cnt on averageand

) ) ) nonporous with a clear free interface. Besides, in Fig. 1, itis
new molecules in the empty spaces of the simulation boxyir a1y impossible to distinguish on the density profile, the
However, to speed up the rate of deposition, the periodicit lassy lamellaissued from the liquigfrom the amorphous
chosen for introducing new incident molecules is such tha eposit. The wiggling aspect of the density profile is due
several molecules are traveling at the same time in each fregsqantially to the small number of molecules composing each
volume of the simulation box. The procedure is ended when gjice (~40 molecules per 3 A sligeand to the absence of
512 water molecules were deposited on the glassy lamellgisive motions on the time scale of the simulation. Nev-

(256 molecules on each sidand 432 water molecules on g ihejess the average density evaluated on the total thickness
the crystalline lamella, respectively. But with this method itg \vell defined and accurateee below

became rapidly obvious that the rate of deposition is too high
and produces a very porous film whatever the angular distrié Results
bution of the incident molecules. In fact, it happens fre-—"

quently that several molecules strike the same area of the The procedure of deposition was repeated at different
surface almost simultaneously. Indeed, during their fredemperatures, namely 10, 50, 100, and 150 K on the glassy
flight, the incident molecules are, on average, separated Hgmella and 10, 50, 100, 150, and 200 K on the crystalline
10 A (or less, and consequently they interact and tend tolamella. It took about 300 ps to deposit 512 molecules and a
form clusters in the gas phase before landing on the interfurther equilibration run of 100 ps or more was necessary for
face. The net result is the formation of a highly porous film.energy relaxation. The time evolution of several indicators
Obviously, at the scale of our simulation box this mi- (density, potential energy, pair distribution functipsbowed
croporosity only extends over a few molecular diameters anthat no significant evolution of the morphology and proper-
has nothing to do with macroporosity that is sometimes obties of the amorphous deposits could be expected by continu-
served experimentally with fluffy or needlelike morphology ing the simulation run(however, it is likely that a much
for the deposit. So in order to produce a nonporous deposiarger system would exhibit a much longer relaxation jime
each new incoming molecule is dropped with an initial ve-The density of each amorphous film was evaluated by aver-
locity equivalent to 300 K at a random location in they() aging over the thickness of the deposit and in excluding from
plane but at & position above the surface which does notthe counting the first monolayers acting as an interface
exceed one molecular diameter from the nearest molecule ¢facuum—deposit, and deposit—subsirafbe density values
the substrate. Moreover, all insertions of a new molecule iras a function of the temperature of deposition are reported in
the immediate vicinity of a previous deposition event areFig. 3 for the two lamella. The density of the latter ones is
rejected if the thermalization process of the latter one is noélso given for comparison. The density of our vapor-
completed(this lasts about 1000 MD steps his procedure deposited amorphous ice is in the range 0.985-1.035%/cm
guarantees that each molecule adsorbs on the surface indmd is essentially independent of the temperature. Further-
pendently from each other and that the time available fomore, the density of ASW matches that of glassy wétee
thermalization is sufficient before the molecule is buried byFig. 3) and is independent of the natui@norphous or crys-
other incident molecules. For illustration, we present in Figstalline) of the substrate. Another important result is that there
1 and 2, the density profile and a snapshot of the simulatiois no evidence for a high-density amorphous phase when
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FIG. 3. The evolution of the density of the deposit with the temperature of
deposition. The empty triangles are for the deposition on the glassy lamella
and the empty squares are for the deposition on cubic ice, while the full
triangles and full squares correspond to the density of the glassy and crys-
talline substrate, respectively.

water molecules are deposited at very low temperaieug,
10 K). On the other hand, our simulation results are in agree-
ment with experimental dat& *°using deposition conditions
that promote the formation of nonporous ice filfmormal
incidence of the incident flux, effusive beam, very low oper-
ating pressure

As reviewed previously, the use of background deposi-
tion (or omnidirectional depositiorat very low temperature
or the recourse to supersonic flow conditions for the molecu-
lar beam generally produces a highly porous amorphous de-
posit characterized by a density much lower than 1.0 &/cm
In the case of a supersonic beam, water clusters already form
in the gas phase, because of the cooling generated by the
supersonic expansion, before condensing on the cryoplate. In
order to reproduce this cluster formation by MD simulation, FIG. 4. The snapshot of a nonporous deposit at 1@jper picturgand of
we have proceeded in the foIIowing way. In an empty Simu-a porous cluster at 30 Kower picturg. Note that both amorphous systems

. . are composed of the same number of moleculés 256).

lation cell (wherel,=8ly=8ly~160A), we introduce at
eachZ end of the box a water molecule at a random location
in the (x,y) plane. At these molecules are assigned an initiaporous with a rough surface and exhibits an average density
velocity corresponding to a temperature of 30 K, with a di-around 0.62:0.06 g/cni (evaluated from four independent
rection parallel to th& axis and pointing toward the middle cluster3, a value in excellent agreement with experimental
of the cell. This procedure is repeated every 2500 MD stepdata obtained with omnidirectional deposition at low
until a total number of 512 molecules is inserté®56 on  temperaturéd*3>4° A snapshot of one of these clusters is
each side of the box During the insertion process, the ve- shown in Fig. 4 and is compared with a dense nonporous
locities of the molecules are periodically rescaled to maintairamorphous deposit. Upon heating the amorphous cluster
a constant temperature of the systé®® K). This method densifies by local restructuring of the hydrogen bond net-
allows one to grow two independent water clusters made ofvork that eliminates step by step a number of cavities and
256 molecules, whose shape is roughly cufilee use of voids. The evolution of the density with the temperature is
periodic boundary conditions transforms this cube into a slalshown in Fig. 5 for a heating rate of 0.1 K/psr 10'1K/s).
perpendicular to th& axis). Actually, during the insertion One sees that the density increases gradually from 0.62
process, the molecules are quite close to each d@théew  g/cn? to reach the value characterizing nonporous amor-
molecular diametejsand strongly interact. In maintaining phous ice(~1.0 g/cn?) only at a temperature well above Tg
the temperature of the system as low as 3GaKemperature (~172 K for our model. In fact, with the heating rate em-
typical of supersonic flows and encountered in the interstelployed, the amorphous ice is not fully relaxed and it is nec-
lar medium), the water molecules rapidly form stable clus- essary to anneal it isothermally at given temperatures along
ters, which, by aggregation, build up a large clugthre to  the heating pathway to evaluate the correct density evolution.
the initial conditions, each cluster is dragged at a very lowThe time relaxation of the potential energy and of the density
speed toward the center of the Poxhe latter is highly of amorphous ice is presented in Fig. 6 at four different
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K and the full dots after an isothermal annealing at given temperatures

(indicated by vertical arrows Notice that the temperature of formation of £ 6. Time relaxation of the potential energy and density of the amor-
the amorphous cluster is 30 K and the corresponding full dot in the figure i%hous cluster upon isothermal annealing.

for the equilibrated cluster at this temperature. For comparison, the experi-

mental values obtained by Dohnalek al. (Ref. 40 with omnidirectional

deposition are also givefempty squares

o

the sum of two termskyw+ Ews, WhereEy,y is the inter-

action energy between th¢ water molecules of the deposit
temperature$78, 100, 150, and 175 KIt is noteworthy that andEyg is the interaction energy between the molecules of
several nanoseconds are necessary to relax the striftitare the deposit and the substrate. At the thermodynamic ligit,
lower the temperature, the longer the time relaxatiand  becomes identical t&y because the rati&ys/E van-
that the ice reconstruction sometimes proceeds by suddeshes as M. But when the thickness of the deposit is of the
changes(especially visible on the density curve at 78 K order of a few tens of monolayers, and if the substrate—water
corresponding to the collapse of cavities. This gradual proenergy per particle E\s/N) is no longer negligible with
cess induced by annealing is well documented in spectrarespect to the water—water interaction energy, /N), the
scopic studie§®*° The final values of the density for appar- substrate may have a significant effect on the configuration
ently relaxed amorphous clusters are reported in Fig. 5 as af water molecules within the deposit. This simple remark
function of temperaturéhe vertical arrows show the density explains why experimentally the morphology of amorphous
evolution during an isothermal annealinghe agreement films are occasionally affected by the nature of the
with recent experimental ddfhobtained by omnidirectional substraté®3’a perturbation that may propagate through sev-
deposition is remarkablésee Fig. 5. In particular, the fact eral tens of monolayers. In the present case, the substrate is a
that porous amorphous ice becomes fully dense only in apamella of water icdglassy or crystallingof finite thickness
proaching Tg is well reproduced by the simulati@s em- (~24 MLs for cubic ice. The situation is then more intricate
phasized earlier, Tg136 K for real ASW while itis~172 K since the water molecules forming the deposit modify the
in the simulation. On the other hand, the present quantitativeconfiguration of the molecules belonging to the substrate.
agreement suggests that the porosity responsible for the deHence, the potential energy of the deposit becorkes
sity evolution with temperature in the deposition experiments= E\y+ Ewg/2, the factor 1/2 indicating that the substrate—
reported in Fig. 5 is essentially at the scale of a nanometer, ageposit energy is shared equally between the molecules of
seen in Fig. 4. By contrast, a density much smaller than 0.6he deposit and that of the substrdrrespondingly the
glcn? (~0.2 g/ent in Ref. 40, as observed in some deposi- interaction energy between the substrate molecules is equal
tion experiments, is likely the signature of a microporosityto Egst+ Eyg/2). At the thermodynamic limifthe thickness
whose scale is far beyond that probed by the present simwf the depositL—o) one recovers the expected resHlt
lation (e.g., in Ref. 60. =Eww- In our simulation the thickness of the deposit in the

From a more general point of view, when consideringZ direction is proportional to the numbeéd of deposited

the description of the various forms of amorphous ice, theimolecules. In Fig. 7 is shown for illustration, the evolution of
thermal properties play a central r8feThe enthalpy associ- the potential energf (per mole of deposited moleculesf
ated with ASW obtained by vapor deposition is governedthe amorphous film with the number of deposited molecules
essentially by the potential energy since the PV contributiorat 50 K and its decomposition int&y,, and Eys, respec-
is negligible. The evaluation of the potential energy by MDtively. The key point is that the thermodynamic limit is vir-
is straightforward for the amorphous clusters but meritsually reached after the deposition of about 60 molecules
some comments in the case of the deposits. For the sake 6f3 MLs) and that this result is independent of the tempera-
argument, let us consider a model substi@e instance a ture of deposition(not shown and of the glassy or crystal-
wall with a surface potentialon which the molecules are line nature of the substrate investigated hé€fae very small
condensing. The potential enerds, of the deposited film is  residual drift exhibited by in Fig. 7 whenN is greater than
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L B T B shown as well as the evolution upon rapid cooling
| T (N (10" 2K/ps) of a lamella of water from the liquid phase to
I the glassy statédsee Ref. 46 Since the MD calculations
were performed in similar conditions for all these systems,
their respective energy can be compared directly with each
i other. In the case of the amorphous cluster it is obvious in
_ Fig. 8 (see full circle that its potential energy is much
- higher than that of glassy water; the lower the temperature,
1 the larger the deviation, and by contrast with the behavior of
; ] HGW its energy decreases when the temperature increases,
E=Ey y+Eys/2 1 except in approaching Tg, where the slope changes sign. Be-
60 i ] sides, at the glass transition temperature, the energy of the
] annealed amorphous cluster and that of HGW become iden-
0 50 100 150 200 250 tical to each other, as expected. A similar behavior is ob-
N served with vapor-deposited amorphous samples, but their
FIG. 7. Evolution of the potential enerd) of the amorphous film with the ~ €nergy valuegsee full triangles and squares in Fig. &e
number of deposited molecules at 5qg€e the tejt The interaction energy  intermediate to that of porous AS\¢lustey and HGW. In
between the molecules of the deposity(E) and that between the deposit this context it must be pointed out that experimentally it is
and the substrate (i) are also shown. known that vapor deposition produces larger configurational
enthalpy than does liquid quenchiffgMoreover, consider-

L : ing the statistical uncertainties of the calculations, the ener
~60 is simply due to the structural relaxation between each g 9y

deposition evedt Actually this result is not unexpected if of the amorphous deposits is found to be essentially indepen-

. _dent of the morphologycrystalline or glassyof the sub-
one notes that a substrate made of water molecules is cer; . . .

. . I strate. The net conclusion is that our simulated ASW,
tainly the least perturbing surface for depositing water mol-

) . o whether it is porous or nonporous, is energetically different
ecules. In conclusion, the rapid convergence exhibited by th
R o . rom glassy water except at Tg and beyond, where they
energy of the deposition justifiesposterioriour choice of a

X match. We will see in the following that the investigation of
lamella of water ice as a substrate.

: . , structural and dynamical properties confirm this finding.
The evolution with temperature of the potential energy : . .
: . . From the experimental point of view, only the heat of
of our simulated samples of amorphous ice, deposit and CIUS(:_r stallization into cubic ice of annealed ASW above Tg is
ter, are presented in Fig. @otice that, for convenience, a y 9

factor equal to 3 RT was subtracted from the potential energ 2(;\,\;11’avtvgl‘cct]r;sstz\llliazlgzgia;rgﬂ?2;:11.;?@?;2%2;%&5 .
t t for h i ti inth h &er 5
0 account for harmonic motions in the amorphous 5t —0.7 kd/mol at Tg and-1.3 kJ/mol at 200 K in the super-

comparison, the potential energy of a lamella of cubic ice IScooled liquid, respectively, in rather good agreement with the
aforementioned experimental value. The entropy of our
N — vapor-deposited amorphous ice was evaluated by using the
_ guasiharmonic approximation that relates the entropy to the
. - vibrational density of statesee the footnof8 in Ref. 46.
At 100 K we obtain 3.4 JmoltK ! for the excess entropy
of dense amorphous ice with respect to cubic ice, as com-
pared with an experimental evaluatfdramounting to 1.7
+1.7 Imol K1 at 150 K. However, it is the Gibbs free
energy difference between ASW and cubic ice that was mea-
sured from the rate of evaporation of the two condensed
phasesAG=1.1+0.1kJ/mol. For the same quantity, but at
100 K, we obtain 1.2 kJ/mol in summing up the excess en-

E,..(kJ/mol)

—52 —

ES,(kJ/mol)

| HGW

o . . . . ..
56~ looo O - tropic and enthalpic contributions. This is an excellent agree-

e ment if one considers thatG is weakly temperature depen-

0 50 100 150 200 250

() dent between 100 and 150 K, as suggested by the simulation

results(not shown. On the other hand, the measurement of
FIG. 8. Evolution of the potential energy with temperature for a variety of the rate of evaporation of amorphous ice has important im-
amorphous ices. The full triangles correspond to ASW deposited on glassplications for interstellar iceg“, and its evolution with tem-

water (HGW), the full squares correspond to ASW deposited on cubic ice, erature is an indication of the ice structt@p@rosit)) Thus
and the full circles are for the porous cluster annealed at different temperaB ) '

tures. The curvgdHGW) represents the evolution of the potential energy a stror]g Va”a“on_c_)f the evapor?-t.'on rate with temperature
when cooling a liquid slab with a cooling rate of 0.01 K/ps. From this and with the conditions of deposition was reporte€f The
energy curve a glass transition temperature around 172 K can be deduc¢gwer the temperature, the higher the evaporation (anel

(see Ref. 46 The empty squares represent the energy of cubic ice in the : ; ; _
slab geometry investigated hefgee the tejt Notice that a contribution of AG) of ASW with respect to CrySta”me ice. These observa

3RT was subtracted from the potential energy to account for harmonic moti_Ons support the _energy—te_mperature diagram presented in
tions in the solid state. Fig. 8, namely, an important increase of the excess energy of



4374 J. Chem. Phys., Vol. 120, No. 9, 1 March 2004 B. Guillot and Y. Guissani

8 8 [

6 6| 0.15 — HGW
g - £
t'% * T “/o‘v\’ g :

2| 1L 0.05

W C1l i
_.I.|.|m|| o IHI‘)Al' 0 CHDA o ] LHDALS e
0 0 4 6 8 0 50 100 150 O 50 100 150
R(A) 9000 9000

FIG. 10. The angular distribution function for oxygen atoms(ah ASW

deposited on glassy water at different temperaturegfand the amorphous

cluster annealed at different temperatufese the tejt The angular distri-
ition functions in HDA ice and in cubic ice at 50 K, and in HGW at 78 K
re also given for comparison.

FIG. 9. The oxygen—oxygen pair distribution function faf ASW depos-
ited on glassy water at various temperatures @ndfor the amorphous
cluster annealed at different temperatu¢sese the tejt The bars indicate
the average distance between a central molecule and its ten nearest nei
bors in the corresponding amorphous ice. The first peafgfR) is dis-
played as a dotted line for convenience. The pair distribution functions
associated with HDA ice at 50 K and with HGW at 78 K are also shown for

comparison(see the text packing(and density induced by the amorphization process
originates from a distortion of the hydrogen bond network
without a significant loss of hydrogen bonds. Nevertheless,
amorphous ice at low temperature. In the case of porous the present case, the density of nonporous ASW does not
ASW like our amorphous clusters, the calculated excessxceed~1.0 g/cn? instead of~1.16 g/cri for HDA ice. So,
Gibbs energy amounts to 5.0 kJ/mol at 30(#kecomposed to analyze what is happening in the amorphous deposit, the
into AH=5.2 kJ/mol and\S=5.8Jmol ' K~ 1) and leads to  average position of the ten nearest neighbors around a central
an evaporation rate eight orders of magnitude larger for thenolecule is reported in Fig.(8) [see the bars superimposed
amorph than for the crystal. to goo(r)]. The first peak ofyoo(r) is composed of the four
One advantage of computer simulations is to make thdirst neighbors that are well separated from the other ones,
connection between the thermodynamic properties discusseddicating that the first shell is essentially occupied by four
above and the underlying microscopic structure. Thus wevater molecules all hydrogen bonded to a central one. By
have evaluated the oxygen—oxygen, oxygen—hydrogen, antbntrast, the molecules belonging to the second shell tend to
hydrogen—hydrogen pair distribution functioflf) that are  penetrate into the separation with the first shell, the lower the
the basic functions to interpret the structure data given byemperature of deposition, the deeper the penetration. Thus
x-ray and neutron scattering experiments. In order to minithe fifth molecule is found responsible for a shoulder around
mize the surface effects in vapor-deposited amorphous ic8.4 A. Complementary information is given by the analysis
coming from the water molecules located at the interfacesf the average pair energy between a central molecule and its
(free or in contact with the substratef our samples, we neighbors, where it is cleainot shown that the first four
have excluded from the counting those molecules. In Figneighbors are hydrogen bonded to a central one, the fourth
9(a) is presented the evolution of the oxygen—oxygen pdbeing a little bit less tightly bound, while the fifth molecule
with the temperature of deposition. Only the pdf of ASW and the other ones are nonbonded. In fact, as in the case of
deposited on the glassy lamella is shown because the correlDA ice, the penetration of the fifth molecule in the region
sponding function for the deposit on cubic ice is virtually separating the two first shells leads to a distortion of the
indistinguishable. Whatever the temperature, the oxygen+etrahedral configuration characterizing the first shell. This is
oxygen pdf presents a second peak around 4.5 A, which iglustrated in Fig. 108), where theO—O—-0Oangular distribu-
the well-known signature of the three-dimensio(@&D) hy-  tion between the oxygen atom of a central molecule and the
drogen bond network of water. Besides, the resemblancexygen atoms of its four nearest neighbors is shown. The
with the pdf for glassy watefHGW), also presented in Fig. appearing of nontetrahedral configurations around 80° and
9(a) for comparison, is striking. However, it is also clear thatabove 120° in amorphous ice deposited at low temperature,
when the temperature of deposition decreases, a shoulderthe signature of such a distortidcompared with the an-
appears around 3.4 A, a value situated between the two firgfular distribution of HGW and cubic i¢ge Above 100 K,
shell of neighbors. This feature is reminiscent of the interstiwhen amorphous ice progressively transforms into a phase
tial peak characterizing HDA ice obtained by amorphizationsimilar to HGW, the distortion becomes barely visible. In
under pressure of hexagonal or cubic (see Sec. IV in Ref. summary, the deposition at very low temperature promotes a
46 for a detailed discussi@nMoreover, it has been shown distortion of the hydrogen bond network without enhance-
that the interstitial peak in HDA ice originates from the oc- ment of the intrinsic density of the materi@s indicated in
currence of a fifth moleculénonhydrogen bonde¢dn the  Fig. 3, the average density is essentially constant,.0
first shell of neighbors surrounding a central molecule. Theg/cn?, whatever the temperature of deposijioBy contrast,
important point being that the enhancement of the moleculain HDA ice the distortion is generated by the amorphization
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FIG. 12. The intermolecular pair correlation function for neutrons associ-

FIG. 11. X-ray structure factor and pair correlation function for ASW de- ted with ASW deposited on glassy water at 10 K. The decomposition of the

posited on glassy water. The full curves are the simulation results at 10 a tal function(bold curve into partial pair correlation function€0, OH,

100 K, respectively, and the circles are the data of Nagteal. (Ref. 42 for :
. ) . and HH is also shown. The neutron data of Chowdhatyal. (Ref. 70 are
ASW deposited at 10 and 77 K, respectively. The dotted curves are J“Sitepres?nlted by thevc\:lircles anduthe thin curve W al-( 0

guidelines for the experimental data.

of the crystal under pressure, a process that induces an imith our simulation results. The experimental diffraction pat-
crease in density0.94—1.16 g/cn). tern and its evolution with temperature is qualitatively de-
In the case of our porous amorphous ice prepared bgcribed by the simulation in spite of some deviation in the
aggregation at 30 K, the evolution of the pdf and angulamagnitude and width of the diffraction peaks. These devia-
distribution function with the temperature is similar but not tions can be assigned partly to cut off effects in the simula-
identical to that observed with vapor-deposited (®ee Figs. tion results due to the limited size of our samples. In the real
9 and 10. Some differences are expected since, in thespace, the Fourier transform of the structure factor is given
present case, the presence of voids and cages within thessentially by the oxygen—oxygen pdf and a very small con-
sample lowers the density, especially in the range 30—100 Kribution of the O—H pdffor a discussion about the relation-
(see Fig. 5. Although the pdf probes essentially the local ship betweerS(k) and the pdfs see Ref. h8ne notices in
environment(about three shells or 7—8)Ahat is sensitive Fig. 11 that the interstitial peak is sharp and well resolved in
mainly to the intrinsic density of the material and less to itsthe experimental function at 10 K when it appears as a shoul-
microporosity, the presence of a significant population ofder in the calculation. In considering more recent diffraction
dangling OH bonds at the interfaces is visible on the pdfdata[see Fig. 2 in Ref. 4d)], we believe that the sharp peak
Thus, at 30 K, one noticeld=ig. Ab)] a weakening of the inthe Narten data is an artifact and must be understood as an
hydrogen bond between a central molecule and its fourtlindication of a broad shoulder on the Idw{flank of the
neighbor with respect to what happens in dense ASW. In theecond peak of the pdf. Besides, the sharp peak has disap-
same way the fifth molecule and the other ones are situatgokared from the experimental data when the ASW sample is
at a higher distance, meaning that the local structure in pokeated from 10 to 77 K. Considering these uncertainties, the
rous ASW loosens somewhat. However, the similarity of theagreement between simulation and experiment can be con-
local structure between nonporous and porous amorphous icdered as satisfying even if new x-ray data on vapor-
supports the idea that the intrinsic density of ASW is nearlydeposited amorphous ice are certainly necessary.
constan{~1.0 g/cn?) whatever the method of preparatitn Complementary information is given by neutron diffrac-
related assertion has been reported in Rej. &¥d barely tion data that are more sensitive to hydrogen—hydrogen and
depends on the temperature of deposition or formation of thexygen—hydrogen correlations than to those for oxygen—
sample. This could explain some contradictory results in thexygen. In Fig. 12 is presented the intermolecular pair cor-
literature when comparing data coming from different ex-relation function for neutrons as obtained by Chowdhury
perimental techniques. For instance, optical technifuesd et al.” for vapor-deposited ice at 10 K, and its comparison
adsorption isotherm volumeffyare sensible to the ice po- with our simulation data at the same temperature. As the total
rosity, infrared spectroscopy reveals the dangling OH bondpair correlation function is a weighted sum of the atom—atom
present at the free interfaces of the sanipl@hereas x-ray pdfs [G(R)=0.09oo(R) +0.490u(R) +0.44(R), see
and neutron scattering experiments give information esserthe decomposition in the figukea cancellation effect be-
tially on the compact material. tween the three contributions may enhance small differences
To be complete it is worthwhile to compare our resultsin the total function. For this reason a good reproduction of
with existing structural data for ASW made by deposition.the neutron structure data is a stringent test for the simula-
The x-ray data of Narteat al*? are shown in Fig. 11, both in tion. Thus the position of the numerous peaks is rather well
the reciprocal space and in the real space, and are comparszgbroduced by the simulation, but the magnitude of these
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0.03 r—r T T T T T T consistent with experimental dateompare Fig. 13 with Fig.
JASW — 1 2 in Ref. 47, with Fig. 4 in Ref. 31, and with Fig. 3 in Ref.
7 32). The fact that the libration band associated with ASW is
1 | found to be intermediate to HDA ice and HGW is expected
0.02 v | _ after our previous discussion about the structure in amor-
ASW ——— ",‘\\ _ phous ice. In our opinion, the low-frequency shift with re-
LR ] spect to HGW is induced by the distortion of the hydrogen
, bond network taking place during the formation of the amor-

i 3 ] phous ice. To be complete notice also that our vapor-
0.0t i kT /) \ 1 deposited amorphous ice at 10 K generates a power spectrum
7 A \ that is almost indistinguishable from the one produced by our
[N _._'\.\ .-'/'I/ - amorphous clustefnot shown. Moreover, at higher tem-
T Y/ o perature and especially above 100 K, the power spectrum of
b L et e b N ASW shifts gradually toward that of HGW and becomes

0
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FIG. 13. Fourier transform of the vibrational density of states for hydrogen“l IRRADIATED ICE
atoms in various amorphous ices and in cubic(gee the tejt ’
A. Preamble

As discussed briefly in the Introduction, in the interstel-
peaks are overestimated. Part of this discrepancy can be dar medium the cosmic ices are subjected to a variety of
signed to quantum effects that are not taken into account inadiation depending on their environment. For example,
the simulation and that tend to smooth the structure in reatomets stored in the Kuiper belt or in the Oort cloud are
water/! especially at low temperatufé. exposed to the galactic cosmic-ray environmenostly iso-

Useful information on the hydrogen bond network in tropic). The latter one is estimat&tto be composed of 87%
amorphous ices can be obtained from infraredprotons, 12% helium nuclei, and 1% heavier nuclei, electrons
absorptiort>"*~"*Raman scatterif§~"® and incoherent in- being in much less proportion. Hence, radiation processing
elastic neutron scattering:>>4""®The latter technique gives of ices exposed to cosmic rays is dominated by protons in the
a direct access to the vibrational density of stdiéBOS) MeV range. Whatever the nature of the incident particles, an
that sums up all kinds of intermolecular and intramolecularimportant quantity when dealing with radiation effects is the
motions taking place in the solid. A majority of neutron scat-energy doséeV per molecule or eV per fndeposited in the
tering studies are focused on the intermolecular bands thamaterial. Thus, the external layef8.1-0.5 m of a comet
cover the energy transfer range from a few m@vmeV=8  stored in the Oort cloud for about 4<@.0° yr, is subjected to
cm Y to about 120 meMor ~960 cm ) because these a cumulated irradiation do®eof ~600 eV/mol, a value that
bands are intense and probe the rototranslational motions dfecreases to a few eV/mol in the deeper cfustO m). Dust
the water molecules within the amorphous ice. A number oparticles coated with icy mantles are subjected to UV irra-
studie$'*2*” have shown that the libration bard0—120 diation in addition to cosmic rays when they are within mo-
meV, or 320—960 cm') is characteristic of the amorphous lecular clouds. Depending on the density of the cldtia
ice under consideration. Thus, the libration band associatedenser the cloud, the higher the UV attenuatidhe energy
with ASW is found to be in between that of HDA ice, located dose due to UV photons can vary over a large range
at a lower frequency, and that assigned to HGW, located at &l — 1 eV/mol; see Ref. 80 Due to the small size of these
higher frequency, all these libration bands being shifted toicy grain mantleg~200 nm thicK the entire mantle is pro-
ward lower frequencies with respect to the band associatecessed by irradiation. For many years a great number of stud-
with cubic ice. For this reason it is concludédhat the ies were dedicated to reproducing in the laboratory the cos-
strength of the hydrogen bonds in the corresponding networknic ices and the space environment involving UV or ion
follows the hierarchy IlHGW>ASW>HDA. To check processing. A majority of these studies were concerned with
whether the simulation is able to reproduce the above spethe formation of complex organic molecules induced by ir-
tral feature, we have evaluated the power spectrum of theadiation and very few of them were dedicated to the struc-
VDOS by taking the Fourier transform of the velocity time tural modifications experienced by the ice itself under ion
correlation function associated with hydrogen atofomsly =~ bombardment or UV photolysis. A notable exception is the
these atoms are seen in an incoherent inelastic neutron scatservation of a transition from crystalline to amorphous ice
tering spectrum of watdh), this result being multiplied by a induced by UV photons! proton irradiatior?> and ion
prefactor accounting for a detailed balance. The results afreombardment® However, to our knowledge, the structure of
presented in Fig. 13 for our vapor-deposited amorphous icthe resulting amorphous ice has not yet been described by
at 10 K and are compared with the spectrum for HDA ice atdiffraction experiments. On the other hand, it was discovered
50 K (previously evaluated in Ref. 46HGW at 78 K, and by cryoelectron microscofy® that an energetic electron
cubic ice at 78 K, respectively. In the 400—600 Cnfre-  beam causes the amorphization of cufiic hexagonalice
guency range, the following order is observed in going frombelow 70 K, and that the electron dose required for this tran-
low to high frequency, HDAAASW<HGW-<Ic, an order sition decreases drastically when the temperature decreases.
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The analysis of the electron diffraction pattern also suggestand nondissociable, so the incident molecules striking the
that the recovered amorphous phésalled Lh) could be of target at very high velocity lose their energy only by elastic
a higher density than the original ASWalled LI) when the  collisions with the water molecules of the target.
latter one is deposited at a liquid nitrogen temperature. In the  From a practical point of view, the MD simulations were
same way, at temperatures below 70 K, electron irradiatioperformed with a lamella of glassy waté&12 moleculesor
transforms JI into I;h. Notice that above-90 K, cubic ice  cubic ice (N=432) located at the middle of a parallelepi-
becomes resilient with respect to irradiation, while amor-pedic simulation cell. As before, periodic boundary condi-
phous ice can be devitrified if a very high electron dose isions are used, and the equations of motion are solved within
used®” So in this context, it is worthwhile to investigate by the microcanonical ensemble. The simulation starts by insert-
MD simulation the behavior of an icy sample under irradia-ing a water molecule at a random location in each free vol-
tion and what kind of microscopic transformation occurs. ume situated on both sides of the target lamella. A high ki-
netic energy is assigned to each inserted molecules, the
B. Method of computation initial velocity being directed perpendicularly to the free sur-

When irradiating a material, the choice of the radiation isface of the lamella. By varying the energy of the incident
not immaterial on the transformation undergone by thgnolecules between 1Q and 100 eV, it occurs that an energy of
sample. UV photons on ice tend to break bonds, to ionize?® 8V (Or 4.06x 10°K in the temperature scalevas a good
species, and to induce chemical reactions but the photon peROMPromise between penetration lengthl5 A) and thick-
etration is limited by optical attenuation. On the other handness of the target~40 A). An important parameter in an
the effects generated by ion bombardment depend on tHgradiation experiment is the energy dose deposited in the
energy of the particles and of the stopping power of the icematerial (as long as the electronic contribution to the stop-
When a fast ion penetrates a solid, it loses its energy by tw@ing power can be neglectedFor a fixed energy of the
mechanism& by nuclear-elasticknock-on collisions and  incident particleghere 35 eV the energy dose deposited is
by electronic excitations and ionizations of the atoms. TheSimply proportional to the number of effective events for
stopping powetS) of a material, which is the energy loss per which the energy of the incident particle is yielded to the
unit pathlength of the ion in the solid, can be approximated“ateriaL In the simulation, as for a real irradiation experi-
by the sum of a nuclear contribution plus an electronic con/nent, as soon as the energetic particle strikes the lamella, a
tribution: S=Sn+Se. cascade of collisions is initiated, where recoiling atoms ab-

The maximum of the nuclear stopping power for protonssorb part of the incident energy. This leads to a transient
in ice is in the keV range while it is in the MeV range for the increase of the temperature along the track core, a heating
electronic contributiof* In the latter case, electronic excita- that is finally dissipated by thermal diffusion through the
tions are responsible for a new phenomenon, the sputteringaterial. However, for a system of limited size such as the
of ice® for which molecules and ions can be ejected fromsimulated one, it is crucial to restrict the thermal excess to
the surface. Although this mechanism has important astrathe track core and avoiding that it propagates to the entire icy
physical implication$? it is outside the scope of the present sample. A simple way to proceed is to rescale the velocities
study. For heavy ions (HeNe",0",...), the electronic  of all the molecules of the targéexcept the one of the inci-
stopping power in the keV range and below, becomes neglident particl¢ at each MD step to keep constant the tempera-
gible with respect to the nuclear offeand only desexcita- ture of the lamella. Other procedures are possible, as, for
tion by collisional cascade has to be taken into accountexample, to make the lamella in contact with a thermal bath
Since we are primarily interested in the transformation of icethrough an adjustable coupling constant to mimic heat con-
structure under irradiation and not by the production andluction (e.g., in Ref. 88 but we believe that our simple
identification of new species, we restrict our model calculadmethod is sufficient for a first attempt. In proceeding that
tion to the bombardment by ions of relatively weak energyway the temperature associated with the molecules surround-
(less than 1 kek In practice, we have submitted a lamella of ing the track core is transiently very high while that corre-
glassy water and one of cubic ice, previously used for thesponding to remote molecules is very low in order to keep
deposition of water vapor, to the ion bombardment. How-constant the average temperature of the lamella. For illustra-
ever, if the energy of the incident ion is too large, its pen-tion is presented in Fig. 14 the time evolution of the kinetic
etration depth may exceed the thickness of the lamella irenergy distribution function of the molecules of a glassy
leading to an unwanted sputtering of the target. So we havimella maintained at 50 K during a collision event. One sees
chosen a range of incident ener@®—100 eV such that the that the maximum of the distribution shifts toward lower
penetration depth is smaller than the thickness of the lamellanergy (cooling between time zero ant=100At (where
and, hence, all ions are stopped in the target. But in that casAt=0.5fs) and then shifts in the opposite directidoward
called implantation-type experiment, the energy dose rehigher energiesbetween 108t and 400@t [see the se-
quired to transform the ice is sufficiently high to consider thequence(a), (b), (c), and(d) in the figurd. Correspondingly,
incident particles implanted in the target as a contaminatinghe energy range between 221&nhd 10 K becomes densely
species that can blur the resultie bombarded target being populated in the distribution function at short tifreee curve
at the end of the irradiation period a mixture of water and(c) in the figurd due to the excitations of the molecules
ions). To circumvent this problem we have bombarded thealong the track core, and diminishes gradually at longer
ice lamella with water molecules instead of ions. Notice thatimes. However, several picoseconds are necessary for the
with our potential model for water, the molecules are rigidsystem to recover thermal equilibrium.
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FIG. 14. Evolution with time of the kinetic energy distribution function for the jrradiated samples present a short period of energy relax-
a glassy lamella maintained at 50 K and bombarded with a 35 eV water,,: . . P
molecule. Curvea) is 10 MD steps after the event, curil® is 30 MD steps ation (of ,the order of 100 ps the ,fmal Va!ues being §Ign|f|
after the event, curvéc) is 100 MD steps after the event, afd) is 4000 ~ cantly higher than those aSSOClated_ Wl_th the nonlrra(_jlated
MD steps after the event. The results are shown in a linear plot in the uppegample except at 200 K, where no significant change is ob-
panel and in a log—log plot in the lower panel. In the latter case only curveseryed(not shown. In fact, the potential energy of the irra-

(a) (see bold ling and (c) (see doty are shown for convenience. In curve . . . ]
(c), notice the important population in the tail of the distribution at high diated sample is generally hlghénot shown than that as

energy due to the thermal excitation of the molecules along the track coreS0ciated with vapor-deposited amorphous ice presented in
Fig. 8. These findings suggest that below the glass transition
temperature, the structure of the ice is deeply modified by the
From a more general point of view, it is noteworthy that bombardment. Actually, and this is an important result of the
the kind of MD simulations presented here to model ionpresent study, the amorphous ice densifies upon irradiation
bombardment is not completely new. In the last decade awhile cubic ice amorphizes into a phase denser than the
abundant literature was devoted to the study by computedriginal crystal(see Fig. 16 for a snapshot of the crystal after
simulation of radiation damage in metals and ceraffic® irradiation. This is illustrated in Fig. 17, where the average
Thus, when a knock-on atom strikes a metal, it induces bylensity of the irradiated samples is presented as function of
displacement cascades point defects and local disorderirigmperature. Notice that the central part of the lameHa0
that affect the properties of the material. In some cases thA thick; see Fig. 16is beyond the penetration length of the
radiation damages are so important that the metal or the cdacident particles, and consequently this part was not taken
ramic under irradiation is amorphized, a case currently invesinto account for the density evaluation. The density is found
tigated by MD simulation§ ~*and that shares several com- significantly enhanced by irradiation whatever the tempera-
mon features with the present stugee also the footnotd.  ture, but the higher the temperature the lower the density.
Moreover, the value of the density after irradiation is inde-
pendent of the original phase of the i@morphous or crys-
talline). Above the glass transition temperature there is vir-
To study irradiation effects on amorphous and cubic icetually no densification, as expected. As far as the
we have bombarded our target lamella with 35 eV watemmorphization of cubic ice is concerned, we have not pur-
molecules at a rate of 1 strike per®lBID steps on eacl?  sued our investigation above 100 K, but we believe that the
side of the icy sample. Very scarcely an incident moleculeamorphization process might be effective at a higher tem-
rebounds on the surface of the target or causes a significaperature. This seems to contradict the experimental
sputtering in penetrating the target, but these events have rata’>°15282which indicate that the amorphization of crys-
important consequences on the results. The irradiation of cualline ice is not observed above 90 K whatever the kind of
bic ice has been performed at 20, 50, and 100 K, and that abdiation used. As a matter of fact, a commonly accepted
amorphous ice at 20, 50, 100, 150, and 200 K, respectivelyexplanation is that irradiation tends to create defects in the
The evolution of the potential energy of the lamella with thelattice at any temperature, but at high enough temperature a
energy doséexpressed in keV/nfindeposited in the material restoration mechanisrtactivated processtakes place and
is shown in Fig. 15. One sees that after a rapid increase, threnders the crystal insensitive to irradiation effetfir a
potential energy becomes invariant with the energy dose andiscussion see Ref. §7In the present case, we believe that
so, whatever the temperature and the initial morphology othe quenching mechanism applied during the simulation to
the lamella. When the bombardment sequence is interruptefeep constant the temperature is so drastic that the crystal

C. Results
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FIG. 17. Evolution of the density of irradiated ice with temperature. The
empty triangles are for the irradiated sample of glassy water and the empty
squares are for the irradiated sample of cubic ice, respectively, while the full
triangles and full squares correspond to the density of the glassy and crys-
talline sample before irradiation.

perature. A scenario for such an amorphization-densification
process is the following. Along the trajectory of the imping-
ing molecule the surrounding molecules are heated well
above the melting temperatutand above the critical tem-
perature as well The corresponding hydrogen bonds are
transiently broken as occurs in dense supercritical water
when the temperature is higher than 100Qf&r a detailed
discussion see Ref. h8lthough the molecules remain con-
fined by the packing of the ice all around them. The thermal
spike vanishes in a few picoseconds by collision cascades
with the other molecules of the sample, the net result being a
quenching rate of the molecules of the track core as large as
10'°K/s. These molecules are then trapped in a configuration
of high energy corresponding to a distorted hydrogen bond
network denser than the original one. To quantify this picture
we have evaluated the oxygen—oxygen pair distribution
function associated with our irradiated samples, by excluding
from the counting the molecules located on the free inter-
faces and those situated within the central layers of the
lamella that were not affected by the bombardment. The re-
sults for the irradiated glassy sample are presented in Fig. 18
at different temperatures, while those for the irradiated cubic
FIG. 16. Snapshot of a sample of cubic ice after the bombardment by 43gse are not shown because they are essentially indistinguish-
water molecules. The boundary of the sample of cubic ice before irradiation .
is indicated by the bold lines. able from the former ones. It is clear that the lower the tem-
perature, the more prominent is the interstitial peak around
3.4 A. The close resemblance of this feature with the one
does not have enough time to repair itself between two sucexhibited by HDA ice, also shown in the figure, is striking
cessive events. In the same way the number of implantetsee also Fig. 13 in Ref. 46 and compaidae the same way,
molecules becomes very significant when the irradiation perthe signature of the distortion of the hydrogen bond network
sists, a feature that certainly prevents the restoration meché clearly apparent in th©—-0-0 angular distribution be-
nism to be very effective. Clearly, other simulation tech-tween a central molecule and its four nearest neightsms
nigues have to be considered in that case. Fig. 19. Like with HDA ice, the angular distribution of ir-
However that may be, the important thing is that theradiated ice exhibits a pronounced shoulder around 80°. In
simulation reproduces the irradiation-induced amorphizatiosummary, a high-density amorphous ice very similar struc-
of cubic ice at low temperature and predicts, in addition, thaturally to HDA ice can be formed at low pressure by molecu-
the recovered amorphous sample is as dense as HDA idar bombardment.
made by pressurizing crystalline ice at liquid nitrogen tem-  Additional information is provided by the vibrational
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ditions. In this work, the structure of the irradiated ice is
probed by infrared spectroscopy in the frequency region cor-
responding to the OH band. The amorphous ice recovered
after irradiation of cubic ice at 10 K presents a band shape
very similar to that exhibited by vapor-deposited amorphous
ice (ASW) at about the same temperature. Unfortunately, the
data are not accurate enough to give more detailed informa-
tion on the structure of this ice. We hope that the present
simulation study will promote new experimental work in the
near future.

IV. CONCLUSION

With the purpose of clarifying a number of points raised
in the experimental literature, we have investigated by mo-
lecular dynamics simulation the thermodynamics, the struc-
ture, and the vibrational properties of vapor-deposited amor-
phous ice (ASW) as well as the phase transformations
experienced by crystalline and amorphous ice under ion

2 4 6 8 bombardment. Concerning ASW, we have shown that by
R(4) changing the conditions of the deposition process, it is pos-
FIG. 18. The same as in Fig. 9, but for the irradiated sample of glassy Watos:%lbh:"_tO form either a nonporqus a_morphous er03|t whose
at different temperatures. density (~1.0 g/cn?) is essentially invariant with the tem-
perature of deposition, or a microporous sample whose den-
sity varies drastically upon temperature annealthg higher
density of state associated with the hydrogen atoms. In Fighe temperature, the larger the density is also found that
13 the power spectrum of the VDOS for irradiated amor-ASW is energetically different from glassy water, except at
phous ice(IASW) at 100 K is compared with that of HDA the glass transition temperature and above. However, the
ice, glassy water, and cubic ice, respectively. The simulatiomnalysis of the microscopic structure of the simulated
predicts that an inelastic neutron scattering spectrum of ionsamples suggests that the hydrogen bond network in the
irradiated ice should be virtually identical to that of HDA ice. compact material is mostly independent of the microporosity
As evoked earlier, there are very few experimental studof the amorph at a given temperature, even if the average
ies devoted to the investigation of the ice transformation undensity can be very different. On the other hand, the tem-
der irradiatior*>*>3*#2Among these, one work is particu- perature of formation is found to be a key parameter for the
larly relevant for our purpos€, where the ice is irradiated properties of amorphous ice. Thus, at very low temperatures
with He" ions in the keV range for which electronic excita- (T<50K), the oxygen—oxygen pair distribution function
tions are negligible, a situation close to the simulation con-exhibits a shoulder at about 3.4 A, a feature highly reminis-
cent of the interstitial peak characterizing HDA ice and in-
vestigated previousff In the same way the vibrational
properties of ASW are found to be closer to that exhibited by
HDA ice than to those associated with HGW. A low tempera-
ture of deposition favors the building of a distorted hydrogen
bond network characterized by a significant deviation from
the tetrahedral configuration, whereas on average each water
molecule is hydrogen bonded to its four nearest neighbors.
The fact that ASW, deposited at very low temperature, and
HDA ice share some common structural features in spite of a
completely different process of formation, sheds light on the
controversy about the existence of a high-density phase
made by vapor deposition. One is tempted to say that the
simulation results presented here close the discussion in
demonstrating that vapor-deposited amorphous ice at very
low temperature is not as high a density phase as HDA ice
(its density is~1.0 g/cn? instead of~1.16 g/cni), although

l|||||||||:“-_:|||||

 uDA / .. i its hydrogen bond network shows the same kind of angular

Qlo st b e distortion. On one hand the distortion is generated by the low

0 50 . 100 150 temperature of deposition while, on the other hand, the dis-
000

tortion results from the pressure-induced amorphization of

FIG. 19. The same as in Fig. 10, but for the irradiated sample of glass;];he crystal. Moreover, it is found that the excess enthalpy
water at different temperatures.

(and entropy of ASW with respect to cubic ice increases
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