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Abstract

The adsorption of HCN molecules at the surfackexagonal () ice is studied under
tropospheric conditions by a set of grand canoridahte Carlo simulations. Although the
adsorption isotherm is of Langmuir shape and therated adsorption layer is practically
monomolecular, lateral interactions are found toveha non-negligible effect on the
adsorption. The shape of the isotherm can be w@tmed by the fact that the interaction
energy for HCN-water and HCN-HCN pairs is so cldse each other and therefore
monomolecular adsorption with lateral interactiturns into a special case. At low surface
coverages the HCN molecules prefer a tilted orterapointing by the N atom flatly toward
the ice surface, in which they can form a strongl'ON type hydrogen bond with the surface
water molecules. At high surface coverages, an sifgdilted orientation is preferred, in
which the H atom points toward the ice phase ardH@N molecule can form only a weak
C-HO type hydrogen bond with a surface water moleclilgs orientational change is
dictated by the smaller surface area occupied blythan a N atom, and the corresponding
energy loss is (over) compensated by the formaifdd-H N type hydrogen bonds between
neighboring HCN molecules. The obtained resultsehs@veral consequences both on the
atmospheric effect of HCN and also on the possjmebiotic formation of precursor
molecules of adenine. These consequences areistsssed in the paper.



1. Introduction

Hydrogen cyanide (HCN) is a highly water solubleg tveak acid (.= 9.2) and its
effect on life is manifold. First of all, tissue sduption of cyanogenic glycosides and
cyanolipids synthesizing plant species (includingngneconomically important food plants)
causes liberating the respiratory poison hydrogamide. This phenomenon of cyanogenesis
accounts for numerous cases of acute and chroaiuds poisoning of animals and man. [!1]
Despite its known toxicity, large quantity of HCMa( 0.40 Tg(N)/yr) is manufactured for
applications as fumigants and chemical intermesjdi2] and its direct anthropogenic release
is stringently controlled. However, biomass burnivag been identified as the main source of
atmospheric organic nitrogen in the form of HCN.eTémission estimate of HCN from
biomass burning flux is in the range of 0.6-3.2N)gyr. [!3] Hydrogen cyanide degrades
very slowly in the atmospherga reaction with photochemically generated hydroxadicals
and it is expected to be resistant to direct plystsl Its estimated half-life is 334 days. Since
HCN is very soluble, its wet deposition is the mpsibable removal mechanism and then
biologically consumed. ['4,5] While HCN is a tracef biomass burning pollution, its
atmospheric and biogeochemical cycles are poorterstood. [!'2] Therefore, there is a need
to better quantify its global budget. In wet depiosi, HCN can be captured by droplets or
cloud ice crystals through collision. The effectiess of the collision is controlled by the
adsorption of HCN on either aqueous or icy surfatEspite their importance, to our best
knowledge, adsorption properties has not been cteaized yet.

Besides its environmental importance, HCN is alsosidered as a key component in
abiotic formation of simple organic compounds comie nitrogen which are essential
building blocks of living cells. [!6] For instancsynthesis of adenine by the condensed or gas
phase oligomerization of HCN is of particular irstrbecause adenine is essential nucleobase
and formally the pentamer of HCN. [!7-9] The sprgaedsence of HCN and its tautomer form
hydrogen isocyanide (HNC) in interstellar cloudBJ]} also may suggest the possibility of the
gas-phase synthesis of adenine in those cloudgld®esucleobases, amino acids or peptides
can also be synthesized through the oligomerizaifdCN followed by hydrolysis, [!11] but
its thermodynamics interpretation needs furtheegtigation. [!12] Several mechanisms have
been proposed for the oligomerization of HCN and #ftructures of stable intermediate
oligomers have been sought. In particular, HCN daneave been the focus of previous

experimental and theoretical studies. [!13-15]slbelieved that the dimerization represents



the initial step in the formation of primitive nedbases or amino acids. Although, theoretical
and kinetic results predict that the thermal foioratof covalently bounded HCN dimer,
iminoacetonitrile (HN=CHCN), cannot occur efficigntunder interstellar conditions even
though proton catalysis substantially lowers reactbarriers. [!16] Another issue is that
adenine was detected as a reaction product in agussdutions only when concentrated HCN
(2-11 M) was used. [!17,18] However, in aqueousutsmhs in which the cyanide
concentration is 0.01 M or less HCN does not fordigomers, instead it hydrolyzes in a
stepwise fashion to yield formamide and formic a¢id,19] Based on these evidences, it is
less plausible that prebiotic formation of the badecular building blocksvia the
oligomerization could happen in the bulk or gassgh@lternatively, a possible enrichment of
the HCN can occur at interfaces such as air/icerfate. Indeed, Bada intimates the idea of
an ice world-based origin of biomolecular buildibigcks. ['20] The experiments performed
demonstrated that the synthesis of aromatic hydpocs, purines and pyrimidines and other
nitrogen heterocycles of potential prebiotic ing¢ris favored in the ice matrix by classical
HCN pathways following a freezing-concentration miod!21] However, role of the local
HCN enrichment is unknown at molecular level. Ferthore, structure of the interfacial
HCN clusters can be served as a springboard far godymerization and the preferred
orientations of HCN are also important propertiesxe they can be highly affected the
polymerization mechanism.

The goal of the present paper is thus to exantiedrteraction of HCN with the ice
surface at 200 K (i.e., a temperature which isviié for both the upper troposphere and
probably also for prebiotic evolution of the biomallar building blocks), on the basis of
grand canonical ensemble Monte Carlo (GCMC) simutat [!22,23] The main advantage of
using the GCMC method is that it not only allows tinalysis of the energy and surface
orientation of the adsorbed molecules at variousase coverages, but it is capable of
determining the adsorption isotherm from extremely pressures up to and above the point
of condensation. The GCMC method has already ssftdgsbeen applied for studying the
adsorption of water and other small moleculesmairaber of different solid surfaces, such as
on covalent organic frameworks, [124-26] carbonasemnaterials, [!27-35] ice, [!36-42]
metal oxides, [!43-46] kaolinite, [!47-49] zeolite§l50-57] self-assembled monolayers,
[!58,59] and in protein crystals. [!60] Having tadsorption isotherm determined the structure
of the adsorption layer, binding energy of the aled molecules as well as the preferred
orientations of the adsorbed HCN molecules bothtired to the ice surface and to the

neighboring HCN molecules are analyzed in detaibaious surface coverages.



The paper is organized as follows. Details of g¢lmulations performed are given in
sec. 2. The results are presented and discuss#etan in terms of the adsorption isotherm,
density profile of the adsorption layer, as wellaagntation and energetics of the adsorbed
molecules in section 3. Finally, in section 4 thaim conclusions of this study are

summarized.

2. Computer Simulations

To model the adsorption of HCN opite a set of 26 Monte Carlo simulations have
been performed on the grand canonigaV/(T) ensemble at the tropospheric temperature of
200 K. The chemical potential of HCN has been syatecally varied from simulation to
simulation, ranging from -51.81 to -33.52 kJ/mohisl chemical potential range covers the
entire adsorption process from a few isolated HCdecules being bound at the surface to
condensation of HCN. Adsorption isotherm is simpibyained as the average number of HCN
molecules in the basic box as a function of thieergical potential. Th¥, Y andZ axes of the
rectangular basic simulation box have been 10G®28 and 38.891 A long, respectiveyy,
being the surface normal axis. The basic box hatagted 2880 water molecules arranged in
18 molecular layers in the middle of the basic btbng its surface normal ax¥¢according
to the geometry of the hexagona)) (ce crystal in such a way that the free surfaifdbe ice
phase correspond to the (0001) surface afdl.

Water molecules have been modeled by the fiveldR&P potential. [!61] The choice
of this water model was dictated by the fact thaeproduces very well, within 1-3 K the
melting point of } ice. ['62,63] HCN molecules have been describedhieypotential model
proposed by Kotdawala et al., [!56] based on thée ®Porce field. [!64,65] All molecular
models used are rigid and pairwise additive, tlee, total potential energy of the system is
regarded to be simply the sum of the pair inteoactenergies of the molecules. The
interaction energy of a molecule pair is descrilasdthe sum of the Lennard-Jones and
charge-charge Coulomb interaction energies of @spective sites. The interaction and
geometry parameters of the potential models usedsammarized in Tables 1 and 2,
respectively. All interactions have been truncaiedero at the center-center based cut-off
distance of 12.5 A. In accordance with the origipatametrization of the potential models
used ['61,64,65] no long-range correction of thexkbstatic interaction has been employed.

The simulations have been done by the program MM&5] In the simulations

particle displacement and HCN insertion/deletiderapts have been made in an alternating



order. In a particle displacement step a randorhbsen molecule, either water or HCN, has
been randomly displaced by no more than 0.25 Arandomly rotated around a randomly
chosen space-fixed axis by no more thah HEN insertion and deletion attempts have been
made with 50-50% probabilities. In these stepseeithnew HCN molecule was tried to be
inserted into the system or a randomly chosen HGi\ecule was attempted to be removed
from the system. Insertion steps have been maderding to the cavity biased insertion
scheme of Mezei, [!67,68] i.e., particles have doden attempted to be inserted into empty
cavities of the radius of at least 2.5 A. Suitabswities have been searched for along a
100x 100x 100 grid. Particle displacement steps have beeepéed or rejected according to
the standard Metropolis criterion, [!23,69] wheraasertion/deletion attempts have been
accepted according to the acceptance criteriavofychiasing. [!67,68] In all the simulations
at least 10% of the particle displacement and Odb%he HCN insertion/deletion attempts
have been successful.

All simulations started from the perfegtite arrangement of the water molecules with
two HCN molecules randomly placed into the vapaaiggh The system has been equilibrated
by performing 18 Monte Carlo moves in every simulation. Then, ia ftoduction stage the
number of the HCN molecules has been averaged 2¥H equilibrium configurations.
Finally, at selected chemical potential values 288@ple configurations, separated byt @

Monte Carlo steps each, have been dumped for fuatiedyses.
3. Results and Discussion

3.1. Adsorption Isotherm. The obtained adsorption isotherm, i.e., the meanhau

of HCN molecules in the basic simulation boXNwgn>, as a function of the HCN chemical
potential, tcn, IS shown in Figure 1; the corresponding dataadse collected in Table 3.
The isotherm shows a continuous rise up to abdu023kJ/mol, where the number of HCN
molecules sharply increases by almost an order agnitude, indicating condensation of
HCN. The simulation performed aticny =-34.85 kJ/mol has resulted in an intermediate
average number of HCN molecules, the fluctuationvbich being 10-20 times larger than
that at any otherscn value, indicating that at this state point botimdensed and gas-like
phases of HCN are present in the sampled configmsat Since this is a clear sign of the
immediate vicinity of the point of condensationanconstant volume simulation, here we

regard this chemical potential value as the pditbadensation of HCN.



Below the point of condensation, i.e., where a wasorption layer of the HCN
molecules is formed at the surface of ice (thd tatanber of HCN molecules in the basic box
have always been practically identical with thoseng attached to the ice surface) the
isotherm shows no plateau-like region of nearlystant Nycn> values. This behavior of
HCN is similar to that of formaldehyde [!37] andaratic hydrocarbons, ['42] but it is in a
clear contrast with that of several adsorbate mubdschaving either hydrogen bonding ability
or large dipole moment, such as methanol, [!36]mior acid, [!38] acetone [!39] or
benzaldehyde. ['40] The lack of such a plateaucetgis that no specifically strong adsorption
layer of the HCN molecules can be formed at the sudace, it also suggests that the
adsorption layer is always monomolecular. This p@naddressed further in the following
subsection.

To present the adsorption isotherm also in a ngorevential form we converted the
<Nucn> VS. tyen data to thel™ vs. pre isotherm, wherd™ is the surface density of the HCN

molecules:

_<Npcn >

2yz @

andpre = p/p° is the relative pressurp,andp’ being the pressure of the system and that of the

saturated vapor, respectivepy has been calculated simply as [!45]

ex kT
Prel == p(UHCO:N eT) , 2
exp- /kgT)

wherekg is the Boltzmann constant ar,zﬁ =-34.85 kJ/mol is the chemical potential value
corresponding to the point of condensation. Simee ghysical meaning g implies the
vapor phase of HCN, the isotherm is only convettethe /{p.) form below the point of
condensation. Thé andpy values of the isotherm are also collected in T&8blehereas the
isotherm in its/{pre) form is shown in the inset of Fig. 1.

The obtained/(pr) isotherm can be very well fitted to the functibfarm of the

Langmuir isotherm, i.e., ['70,71]

PrelK

el 3
PrelK +1 )

I' = I'max



where the two parameterg,.x andK are the surface density of the saturated adsorfsiger
and the Langmuir partition coefficient, respectweitting eq. 3 to the obtained data resulted
in the values of max= 12.7 + 0.4umol/m? andK = 2.7 + 0.2. The Langmuir curve fitted to
the simulated data is also shown in the inset @f1FiThe Langmuir character of the
adsorption isotherm stresses again the monomotechiéaacter of the adsorption layer, and
suggests that lateral interactions, i.e., thosevéen two neighboring HCN molecules might
not play a major role in determining the adsorptidhis point is further investigated in the
following sub-sections.

It should also be noted that thép,e) isotherm is an experimentally easily accessible
guantity, and hence it could, in principle, sergeadest of the validity of the present computer
simulations. Unfortunately, however, we are not @@ any experimental study of the HCN
adsorption on ice, and hence this validation ofsiheulation results cannot be done here.

Based on the behavior of the adsorption isotheathave chosen four points at which
2500 sample configurations have been dumped argzadain detail Thus, systems | and I
at ey = -44.33 kd/mol fhe = 3.3510°) and 4y = -39.34 kd/mol ffe = 6.72%107),
respectively, correspond to unsaturated adsorgagars, whereas systems Ill and IV at
e = -35.02 kd/mol el = 0.91) andiscn = -34.69 kd/mol are just below and above the
point of condensation, respectively. An equilibrismapshot of these systems, both in top and

side views are shown in Figure 2 as taken out fiteersimulations.

3.2. Density Profiles The number density profile of HCN molecules aloimg surface
normal axisX is shown in Figure 3 as obtained in systems gt reference, the density
profile of the water molecules in system | is awwn in the inset of the figure. For
calculating these profiles the position of the HGMd water molecules have been
approximated by that of their C and O atoms, retbpadyg. The profiles are averaged over the
two ice surfaces present in the basic simulation bo

As is seen, the adsorption layer is indeed monecutdr in systems | and II, and
almost monomolecular even in system lll, i.e., righlow the point of condensation, where
only a very small second peak of the profile isnsdategration of this profile up to the
minimum between the two peaks i # 35.7 A reveals that only about 8% of the HCN
molecules give rise to the second peak, and hesloadpto the second molecular layer above
the ice surface. These findings confirm that theoggtion layer is indeed practically

monomolecular in almost the entire existence rasfgbe vapor phase of HCN, whereas the



appearance of a small trace of the second moletayyar before the point of condensation
also stresses, in accordance with the shape ofNhen>(t4cn) adsorption isotherm (Fig. 1)
the fact the adsorption layer does not show a qudati stability even at the stage of a
saturated monolayer.

The HCN density profile obtained in system 1V, i.after the condensation of HCN
shows pronounced oscillations across the entiréc dasx, exhibiting at least six marked
layers of the HCN molecules above the ice surfadt¢e broadness and overlap of these
density peaks are clear signs of the disorderedactea of the condensed HCN phase,
whereas the long-ranged layering structure refl¢ioes low temperature of 200 K of the
system. The fact that the position of both thet finsnimum and the second maximum of this
profile coincides with those of the profile of syt 11l clearly confirm that the second, small
density peak in system Il indeed reflects the apgece of traces of a second molecular layer
of HCN above the ice surface. In the following asak we always limit ourselves to the
HCN molecules belonging to the first molecular layeeing in direct contact with the ice

phase, i.e., located in thérange ofX| < 35.7 A.

3.3. Orientation of the Adsorbed Molecules.

3.3.1. Orientation Relative to the Ice Surfate.characterize the preferred orientation
of the adsorbed HCN molecules relative to the wdase we have calculated the cosine
distribution of the anglé¥, formed by the vector pointing along the HCN maledrom its H
to N atom HN vector) and the surface normal vecXgpointing away from the ice phase. The
distribution of co# is shown in Figure 4 as obtained in systems I9\e definition of the
angled is also illustrated in this figure.

As is seen, in the unsaturated systemsP(lces?) distribution has a peak around the
cos? value of -0.2, corresponding #=~ 100. Thus, the adsorbed HCN molecules prefer a
nearly parallel alignment with the ice surfacetetil by only 10 from it, pointing by the N
atom flatly toward the ice phase. Considering atsofact that in two of their four preferred
orientations at the ice surface the water molecpdast flatly, by about 15away from the ice
phase by one or both of their O-H bonds (see aimms A and D in Fig. 9 of Ref. [136]), the
observed preference of HCN orientation can be @gdlained by the possibility of forming a
hydrogen bond between the O-H group of a surfacemmaolecule of either of these two
orientations and the N atom of the HCN moleculeitiermore, the sticking out H of the

orientation B is also easily accessible for theogién of HCN. Such hydrogen bonded water-



HCN pairs (I-1ll) are shown in Figure 5.a as takaut from equilibrium snapshots of the
simulations.

The orientational preferences of the adsorbed HW@Necules change slightly upon
saturation of the first molecular layer. Thus, igstem Ill, although any alignment
corresponding to a césvalue between -0.5 and 0.5 (i.e., to a tilt ariglen the surface plane
smaller than 3% occurs with relatively high probability, the mgstobable orientation now
corresponds to caog~ 0.2, i.e.,d= 8. In this orientation the H atom of the HCN molecul
points flatly toward the ice surface, and henceaittgorbed HCN molecule can form a weak,
C-H donated hydrogen bond with a surface water cutdepointing by one or both of its lone
pair directions flatly away from bulk ice (see atiations A, C and D in Fig. 9 of Ref. [136]).
These type of hydrogen bonded water-HCN pairs (IYave also depicted in Fig. 5.

This change of the orientational preference of adsorbed HCN molecules upon
saturation can be explained by the interplay ofrgetec and steric effects. Thus, at low
coverages when most of the HCN molecules can barlaeld almost independently from each
other the main driving force of the adsorption ashiave as low potential energy of the
adsorbed molecule as possible. Clearly, an O-H tddn®-H N type hydrogen bond is
considerably stronger than a C-@ type one, i.e., when the binding H atom belowngs CH
rather than an OH group, which explains the strpreference for the ca~-0.2 in the
unsaturated layer. On the other hand, the smalltdi aof the adsorbed HCN molecule
occupies a considerable smaller surface area thdw atom, hence, as the adsorption layer
gets increasingly more crowded the importance efdjpposite, i.e., ca8~ 0.2 alignment
also increases, as witnessed by the gradual decodabe former and increase of the latter
peak upon going from system | to lll. Finally, imetfirst molecular layer of the condensed

system IV no clear orientational preference of &N molecules is seen.

3.3.2. Relative Orientation of the Neighboring HGMNlecules.To characterize also
the preferred relative alignments of the neighlgpradsorbed HCN molecules we have
calculated the cosine distribution of the angléormed by thedN vectors of two neighboring
HCN molecules. To define when two adsorbed HCN maés of the first molecular layer
can be regarded as neighbors we have calculatedwihvelimensional radial distribution
function of the HCN molecules within the first moldar layer (i.e., the normalized lateral
density of the HCN molecules around each otherfas@ion of the distance of their C atoms

within the YZ plane of the ice surface). The resultmg(r) functions are shown in Figure 6
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for systems I-1V. As is seen, the sharp first peikhe g.p(r) function is followed by a clear
minimum at 6 A in every case. Therefore, here wgare two HCN molecules of the first
molecular layer as neighbors if the distance oirtBeatoms in the¥Z plane is less than 6 A.

It is also important to mention that the first higbak at 3.75 A indicates a preference of the
adsorbed HCN molecules being close vicinity evelo\atcoverages.

TheP(cos)) distribution of the neighboring HCN moleculesrajowith the illustration
of the definition of the angl¢’is shown in Figure 7 as obtained in systems IA¥.is seen,
the distributions obtained in systems II-IV all sha peak at cgs= 1, indicating the clear
preference of the neighboring HCN molecules forappalr (head-to-tail) alignment in these
systems. This orientational preference is cleartyated by the dipole-dipole interaction. A
HCN pair of such relative orientation is also shawirig. 5. However, in the case of system |
relative orientations of the neighbors correspogdim a cog value above 0.2 seem to be
equally probable. Although the correspondP@os)) curve is rather noisy (due to the few
neighboring HCN pairs present at such low surfamesiy) the difference of this distribution
from those in systems II-1V is apparent.

To further investigate this point we have recated theP(cos)) distribution in
system | with a stricter definition of neighborimgolecules, i.e., using the C-C cut-off
distance of 3.75 A. (This value corresponds, orrame to one nearest neighbor molecule in
the saturated layer.) The obtained distributioshiswn in the inset of Fig. 7. As is seen, now
the distribution has a clear peak between 0.25@58, i.e., in the angular range of about
55° < y< 75, whereas the preference of the molecules for #grallel alignment completely
disappeared. In other words, although first stebrial HCN neighbors generally prefer the
parallel relative alignment, the closest HCN pairsfer tilted relative orientations, since they
can be hydrogen bonded to each other and bothindridowater molecules in the same time.
The alignment of such a near neighbor HCN paitss ahown in Fig. 5.

3.4. Energetic Background of the Adsorption.To characterize the energetic
background of the adsorption we have calculatedli$teibution of the binding energy, of
the HCN molecules at the ice surfatk.is simply the sum of the total potential energy an
adsorbed HCN molecule experiences at the ice syriacother words, the energy cost of
bringing this molecule to infinite distance. Sirtbe potential energy of the system has been
pairwise additive in the simulationg), can simply be calculated as the sum of the pair

interaction energies between the given HCN moleeaud all the other molecules in the
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system. Besides the total binding enetgy;, the distribution of its contributions coming from

the ice phasey g"at, and from the other HCN moleculds,';CN, (i.e., the sum of the pair

interaction energies between the given HCN moleenlié the water molecules, and all the

other HCN molecules, respectively) have also bedrutated.

TheP(Uyp), P(U g"at) andP(U't;'CN) distributions are shown in Figure 8 as obtaimed i

the first molecular layer of HCN in systems I-IVh@P(U g"at) distribution exhibits a sharp

and clear peak at -39 kJ/mol in system |. The mosif this peak indicates that at low surface
coverage HCN molecules can rather strongly be bowoitige ice surface. Considering the fact
that the pair interaction energy of a hydrogen leah@IP5P water pair is below -20 kJ/mol,
['61] we can conclude that this strong binding msséd on one single but rather strong
O-H""N type hydrogen bond the HCN molecule can form whi ice phase. This finding is
also in a clear accordance with the observed atiemal preference of the HCN molecules in
this system (see Fig. 4). The position of this patk39 kJ/mol can also serve as an estimate
of the heat of adsorption at infinite dilution, alamtity that could also be measured
experimentally. However, as it was already mentbadove, we are not aware of any
experimental investigation of this system, and kenc such comparison of our value with
any experimental data can be done at the moment.

It is also seen that with increasing surface cotmaéon the peak ofP(U g"at)

gradually shifts to higher (i.e., less negativegrgres. Thus, the position of the peak is at
-32 kJ/mol in system Il and around -22 kJ/mol isteyns Ill and 1V, i.e., when the ice surface
is already saturated. This shift reflects the iasmeg competition of the adsorbed HCN
molecules at the surface, evidenced also in theastng preference of a tilted orientation in
which the H rather than the N atom of the HCN molegoints toward the ice surface (see
Fig. 4). This change in the orientational prefeeen¢ the HCN molecules upon saturation
indicates the increasing dominance of the weak, @Hype hydrogen bonds between the
adsorbed molecules and the ice surface. The inogepeeference of these weak C-1@ type
hydrogen bonds instead of the strong OMitype ones is reflected in the gradual shift & th

P(U |‘3Nat) peak to higher energies upon saturation.

The P(UE'CN) distribution exhibits a bimodal structure in thesaturated systems |

and Il. A trivial peak of these distributions ocswat zero energy, reflecting the presence of
HCN molecules that are isolated from the other andke adsorption layer. The other peak

12



around -13 kJ/mol is given by HCN molecules havingear HCN neighbor. Surprisingly,
this peak is rather high even in system I; intagraup to the minimum between the two
peaks at -5 kJ/mol reveals that about 15% of thé&lHiblecules give rise to this peak and
only the other 85% are isolated from the other dusib molecules. This finding indicates that
even at very low surface density the adsorbed HGMNeonles have a tendency of self-
association. The rise, broadening and extensiomdovabout -40 kJ/mol of this peak in (the
still unsaturated) system |l clearly indicates thatspite of the observed Langmuir shape of
the isotherm (see the inset of Fig. 1) the adsamptif the individual HCN molecules is not
independent of each other, instead, HCN molecude® la preference for being adsorbed in
the vicinity of each other. The energetic drivirngce of this preference, as evidenced by the

peak position of theP(Ul')"CN) distribution and also by the preferred parallegd-to-tail)

alignment of the neighboring HCN molecules (see Fjgs the possibility of the formation of
a C-H"N type hydrogen bond between two neighboring HCNewwes. The fact that is
system Il the distribution extends well below thmublle of this peak position also suggests
the possibility that some of the HCN molecules eaen participate in two of such hydrogen
bonds (once as the H-acceptor and once as the éi-gartner).

Upon saturation, the distribution gets broader ahdts to even lower energies,
reflecting the appearance of a large number ofosading HCN molecules around each

other. Finally, condensation leads to a furtheft abfi the P(UE'CN) distribution to lower

energies due to the interaction with the large nemab non-first layer HCN molecules in the
system.

The evolution of the total binding energy disttiba, P(Uy), with increasing surface
density reflects the interplay of the observed tpposite effects, i.e., the weakening of the
interaction with the ice phase and the increagbefateral interactions. Thus, in system | the
P(Up) distribution has its peak at -40 kJ/mol, jusgistly below the peak position of the

P(U I‘a"’at) distribution of -39 kJ/mol. Although in systemthe P(Up) peak appears at about

the same energy value as in system |, the distoibutlearly broadens to lower energies.
Finally, saturation of the surface leads to a clgaift of the entire distribution to lower
energies; its peak in system lll, i.e., in the cabéhe saturated adsorption layer occurs at -
39.34 kJ/mol. These results indicate that the gniergs of the adsorbed HCN molecules due
to the weaker interaction with the ice phase (alge to the increasing dominance of the
C-H0O instead of O-H'N type hydrogen bonds) upon saturation is well cospensated

13



by the increasing lateral interaction of the adedrimolecules (e.g., by the increasing number
of C-H N type hydrogen bonds between the neighboring H@Mcules). All these findings
clearly point out that, in spite of the Langmuirapk of the adsorption isotherm, lateral

interactions play a key role in the adsorption @NHmolecules at the ice surface.

4. Summary and Conclusions

In this paper we have presented a detailed asabfsihe adsorption of HCN at the
surface of | ice under tropospheric conditions on the basia sét of grand canonical Monte
Carlo simulations. Although we have calculate rsmeeral quantities, such as the adsorption
isotherm itself, the Langmuir partition coefficierthe surface density of the saturated
adsorption layer, and the heat of adsorption atitef dilution, that are easily accessible also
by experimental methods, and hence could be usedilidate the results of the present
simulations, in the lack of existing experimentatalsuch a validation cannot be done right
now. Nevertheless, this fact clearly stresses tigent need of relevant experiments in this
field.

We have found that the adsorption isotherm is aindmuir shape and,
correspondingly, the saturated adsorption layepractically monomolecular. However, in
spite of the Langmuir shape of the isotherm, latetaractions are found to play an important
role in the adsorption. Thus, HCN molecules ardepeatially adsorbed in the vicinity of
each other, even at low surface coverages. Sirteeagtion energy of HCN-HCN (-19.21
kJ/mol) and HCN-HO (-20.34 kJ/mol) are comparable, [!72] the thergmainic driving
force of this lateral self-association is the egeggin accompanying the formation of weak,
C-HN type hydrogen bonds between the neighboring HGNecules. Correspondingly,
neighboring HCN molecules are found to prefer pakalhead-to-tail type relative
arrangement. However, a different relative orieatetl preference is found among the closest
neighbors, in particular, at low surface coverage, a strongly tilted arrangement in which
the axes of the two molecules form an angle G{AS.

It is also found that the adsorbed HCN moleculefep slightly tilted orientations
relative to the ice surface. At low surface covesathe preferred alignment is such that the N
atom of the molecule points toward the ice surfadgle in the saturated adsorption layer an
opposite alignment with a slightly outward orientdd atom is found to be preferred.
Considering also the orientational preferencesefsurface water molecules [!36] the former

HCN alignment allows the formation of a strong, O-N type, whilst the latter one that of a
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weak, C-H O type hydrogen bond with a water molecule at tdeesurface. The preference
of the latter orientation at high surface coverage be explained by the smaller surface area
occupied by a contact H than a N atom, and thegetierloss corresponding to the formation
of a weak C-H'O type hydrogen bond instead of a strong OMH type one is
overcompensated by the relatively strong laterractions, in particular, the formation of
C-HN type hydrogen bonds between the large numbedsiraed HCN molecules.

Finally, the implications of the obtained resudtgh on atmospheric processes and on
the possible abiotic formation of adenine haveddaliscussed. The heat of adsorption of HCN
at infinitely low surface coverage has turned to ddmout -39 kJ/mol. This value is
considerably lower than what was previously fouad dther adsorbates that can also form
one single hydrogen bond with the ice surface, agliormaldehyde (-27 kd/mol) [!37] or
acetaldehyde (-34 kJ/mol), ['41] indicating alse tbarticular strength of the O-FN type
hydrogen bond formed by an adsorbed HCN and auxiater molecule. Considering also
the relative abundance of HCN at the troposphedeth@ good solubility of HCN in water,
implying that once the ice grain containing HCNitatsurface gets melt it dissolves these
HCN molecules, the atmospheric importance of tsogption process cannot be neglected.

From the point of view of the possible formatidniminoacetonitrile, i.e., a precursor
molecule of adenine in interstellar conditions, tleev surface coverage states are of
relevance. It has been found that at low surfacerages the HCN molecules prefer such
orientations in which the surface water moleculas provide them a proton through an
O-H"N type hydrogen bond. Proton catalysis is knowrsubstantially lower the energy
barrier of the dimerization reaction of HCN to imacetonitrile. Further, in spite of the low
surface coverage the HCN molecules are found tevsihdendency of self-association in
certain (head-to-tail and tilted) preferred relatierientations. All these findings emphasize
the possibility of HCN dimerization at the surfaaface grains at low surface coverages under
interstellar conditions. Theoretical verificatioh this possibility, however, still requiresb
initio calculations of the system of specifically arrashd#CN dimers with proton provider
water molecules. Relevant arrangements of theseaulels for such calculations are readily

provided by the present study. Work in this dir@ctis currently in progress.
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Table 1. Interaction Parameters of the Molecular Malels Used.

molecule site al (ekg)/K g/e
@) 3.12 80.6 0.0
water H 0.00 0.00 0.241
L® 0.00 0.00 -0.241
H 0.00 0.00 0.15
HCN C 3.63 77.0 0.28
N 3.20 88.0 -0.43

#Non-atomic interaction site.

Table 2. Geometry Parameters of the Molecular Model Used.

molecule bond bond length (A) angle bond angleXdeg
O-H 0.9572
O-L 0.7000
water H-O-H 104.5
L-O-H 109.5
L-O-L 110.7
H-C 1.0680
HCN C=N 1.1570
H-C=N 180.0
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Table 3. Data of the Adsorption Isotherm of HCN onlce, as Obtained From our

Simulations.

Lnen | kJ mott <Npen> Prel /1 umol m
-51.81 0.070 3.72x10 0.004
-50.98 0.124 6.13x10 0.007
-50.15 0.230 1.01x1D 0.014
-49.32 0.338 1.67x1d 0.020
-48.49 0.540 2.75x1D 0.032
-47.66 0.886 4.53x1H 0.053
-46.83 1.47 7.47x1H 0.088
-45.99 2.14 1.23x1d 0.127
-45.16 3.07 2.03x1d 0.183
-44.33 4.62 3.35x18 0.275
-43.50 6.19 5.52x19 0.368
-42.97 9.93 9.10x1d 0.591
-41.84 13.6 0.0150 0.809
-41.01 19.3 0.0247 1.146
-40.17 26.6 0.0408 1.583
-39.34 36.3 0.0672 2.160
-38.51 47.3 0.111 2.815
-37.68 66.6 0.183 3.962
-36.85 93.2 0.301 5.546
-36.02 118 0.497 7.060
-35.19 148 0.819 8.780
-35.02 154 0.905 9.191
-34.85 579
-34.69 903
-34.36 907
-33.52 928

System|  “system Il  ‘system Il %system IV
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Figure legends

Figure 1. Adsorption isotherm of HCN on ice, as obtained froor simulations. The inset
shows the same isotherm in the more conventiabsertiensity vs. relative pressure form.
Error bars are only shown when larger than the systhemselves. The solid black line
connecting the data points is just a guide to tfee €he red dashed line in the inset shows the
Langmuir isotherm (eq. 3) fitted to the simulatedad Arrows indicate the systems that have

been considered for detailed analyses.

Figure 2. Equilibrium snapshot of the adsorbed HCN molecatdabe ice surface as taken out
from the simulations in top view (top row) and smdew (bottom row). Water oxygens are
shown by red sticks; the H, C and N atoms of théN\H@blecules are shown by white, black

and blue spheres, respectively. Water hydrogensraitéed for clarity.

Figure 3. Number density profile of the HCN molecules aldhg surface normal axis X as
obtained in systems | (blue down triangles), llafae up triangles), Il (red circles), and IV
(black squares). Water number density profile isvsh by a dashed black line. The inset
shows the number density profile of the water maex in the entire basic simulation box in
system I. All the profiles shown are averaged dhertwo ice surfaces present in the basic

box. The dotted vertical line shows the outer ba@upaf the first molecular layer of HCN.

Figure 4. Cosine distribution of the angk formed by theHN vector of an adsorbed HCN
molecule and the surface normal vectquointing away from the ice phase, in systemsu€bl
down triangles), Il (orange up triangles), lll (reitcles), and IV (black squares). The
definition of the angle? is also illustrated (color coding of the HCN ator®ghe same as in

Figure 2).
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Figure 5.

Figure 6. Two dimensional radial distribution function ofettHCN molecules in the first
molecular layer at the ice surface (calculated icemgg the distance of the projections of
their C atoms to th&'Z plane) as obtained in systems | (solid blue linkejdashed orange
line), Il (dash-dotted red line), and IV (dash-dimitted black line). The dotted vertical line
shows the boundary of the first (lateral) neigh&ioell.

Figure 7. Cosine distribution of the angle formed by theHN vector of two neighboring
adsorbed HCN molecules (i.e., the C atoms of whiehcloser to each other in tH& plane
than 6 A, see the text) in systems | (solid blme)i Il (dashed orange line), Ill (dash-dotted
red line), and IV (dash-dot-dotted black line). Theset shows the same distribution
considering only the nearest neighbor HCN molec(iles for which the C-C distance in the
YZplane is less than 3.75 A) in system |. The dgfiniof the angle/is also illustrated (color

coding of the HCN atoms is the same as in Figure 2)

Figure 8. Distribution of the total binding energy of an adssd HCN moleculely, (i.e., the

energy of its interaction with the rest of the syst bottom panel), and its contributions
coming from the interaction with the other HCN rrtmjkes,UE'CN, (middle panel) and with

the ice phasd) g"at, (top panel), as obtained in systems | (solid tihes), 1l (dashed orange

lines), Il (dash-dotted red lines), and IV (dasidt-dotted black lines).
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Figure 1.

Sz6ri and Jedlovszky
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Figure 2.

Szri and Jedlovszky
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Figure 3.

Sz6ri and Jedlovszky
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P(cosY)

Figure 4.
Sz6ri and Jedlovszky
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(b)

Figure 5.
Sz6ri and Jedlovszky

-y
Water A '

-
|i Water A

‘Ii Water B

Vi

4’ Water D

®

32



Figure 6.
Sz6ri and Jedlovszky
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Figure 7.
Sz6ri and Jedlovszky
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Figure 8.

Sz6ri and Jedlovszky
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