
This document is the Pre-refereeing Manuscript version of a Published Work that appeared in 
final form in Journal of Physical Chemistry C, copyright © American Chemical Society after 
peer review and technical editing by the publisher. To access the final edited and published 
work see http://pubs.acs.org/doi/pdf/10.1021/jp4110954. 
 

 

Adsorption of HCN at the Surface of Ice. A Grand 

Canonical Monte Carlo Simulation Study  

 

 

Milán Szőri1 and Pál Jedlovszky2,3,4 

 

 
1Department of Chemical Informatics, Faculty of Education, University of 

Szeged, Boldogasszony sgt. 6. H-6725 Szeged, Hungary 

 
2Laboratory of Interfaces and Nanosize Systems, Institute of Chemistry, 

Eötvös Loránd University, Pázmány P. Stny 1/A, H-1117 Budapest, 

Hungary  

 
3MTA-BME Research Group of Technical Analytical Chemistry, Szt. 

Gellért tér 4, H-1111 Budapest, Hungary 

 
4EKF Department of Chemistry, Leányka utca 6, H-3300 Eger, Hungary 

 

 

Running title:  HCN Adsorption on Ice 

 

 

e-mail: milan@jgypk.u-szeged.hu (M.Sz.), pali@chem.elte.hu (P.J.)  

 
 



 2 

Abstract 

 

 The adsorption of HCN molecules at the surface of hexagonal (Ih) ice is studied under 

tropospheric conditions by a set of grand canonical Monte Carlo simulations. Although the 

adsorption isotherm is of Langmuir shape and the saturated adsorption layer is practically 

monomolecular, lateral interactions are found to have a non-negligible effect on the 

adsorption. The shape of the isotherm can be rationalized by the fact that the interaction 

energy for HCN-water and HCN-HCN pairs is so close to each other and therefore 

monomolecular adsorption with lateral interaction, turns into a special case. At low surface 

coverages the HCN molecules prefer a tilted orientation, pointing by the N atom flatly toward 

the ice surface, in which they can form a strong O-H….N type hydrogen bond with the surface 

water molecules. At high surface coverages, an opposite tilted orientation is preferred, in 

which the H atom points toward the ice phase and the HCN molecule can form only a weak 

C-H….O type hydrogen bond with a surface water molecule. This orientational change is 

dictated by the smaller surface area occupied by a H than a N atom, and the corresponding 

energy loss is (over) compensated by the formation of C-H….N type hydrogen bonds between 

neighboring HCN molecules. The obtained results have several consequences both on the 

atmospheric effect of HCN and also on the possible prebiotic formation of precursor 

molecules of adenine. These consequences are also discussed in the paper. 
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1. Introduction 

 

 Hydrogen cyanide (HCN) is a highly water soluble but weak acid (pKa = 9.2) and its 

effect on life is manifold. First of all, tissue disruption of cyanogenic glycosides and 

cyanolipids synthesizing plant species (including many economically important food plants) 

causes liberating the respiratory poison hydrogen cyanide. This phenomenon of cyanogenesis 

accounts for numerous cases of acute and chronic cyanide poisoning of animals and man. [!1] 

Despite its known toxicity, large quantity of HCN (ca. 0.40 Tg(N)/yr) is manufactured for 

applications as fumigants and chemical intermediates, [!2] and its direct anthropogenic release 

is stringently controlled. However, biomass burning has been identified as the main source of 

atmospheric organic nitrogen in the form of HCN. The emission estimate of HCN from 

biomass burning flux is in the range of 0.6-3.2 Tg(N)/yr. [!3] Hydrogen cyanide degrades 

very slowly in the atmosphere via reaction with photochemically generated hydroxyl radicals 

and it is expected to be resistant to direct photolysis. Its estimated half-life is 334 days. Since 

HCN is very soluble, its wet deposition is the most probable removal mechanism and then 

biologically consumed. [!4,5] While HCN is a tracer of biomass burning pollution, its 

atmospheric and biogeochemical cycles are poorly understood. [!2] Therefore, there is a need 

to better quantify its global budget. In wet deposition, HCN can be captured by droplets or 

cloud ice crystals through collision. The effectiveness of the collision is controlled by the 

adsorption of HCN on either aqueous or icy surface, despite their importance, to our best 

knowledge, adsorption properties has not been characterized yet. 

 Besides its environmental importance, HCN is also considered as a key component in 

abiotic formation of simple organic compounds containing nitrogen which are essential 

building blocks of living cells. [!6] For instance, synthesis of adenine by the condensed or gas 

phase oligomerization of HCN is of particular interest because adenine is essential nucleobase 

and formally the pentamer of HCN. [!7-9] The spread presence of HCN and its tautomer form 

hydrogen isocyanide (HNC) in interstellar clouds [!10] also may suggest the possibility of the 

gas-phase synthesis of adenine in those clouds. Besides nucleobases, amino acids or peptides 

can also be synthesized through the oligomerization of HCN followed by hydrolysis, [!11] but 

its thermodynamics interpretation needs further investigation. [!12] Several mechanisms have 

been proposed for the oligomerization of HCN and the structures of stable intermediate 

oligomers have been sought. In particular, HCN dimers have been the focus of previous 

experimental and theoretical studies. [!13-15] It is believed that the dimerization represents 
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the initial step in the formation of primitive nucleobases or amino acids. Although, theoretical 

and kinetic results predict that the thermal formation of covalently bounded HCN dimer, 

iminoacetonitrile (HN=CHCN), cannot occur efficiently under interstellar conditions even 

though proton catalysis substantially lowers reaction barriers. [!16] Another issue is that 

adenine was detected as a reaction product in aqueous solutions only when concentrated HCN 

(1-11 M) was used. [!17,18] However, in aqueous solutions in which the cyanide 

concentration is 0.01 M or less HCN does not form oligomers, instead it hydrolyzes in a 

stepwise fashion to yield formamide and formic acid. [!7,19] Based on these evidences, it is 

less plausible that prebiotic formation of the biomolecular building blocks via the 

oligomerization could happen in the bulk or gas phase. Alternatively, a possible enrichment of 

the HCN can occur at interfaces such as air/ice interface. Indeed, Bada intimates the idea of 

an ice world-based origin of biomolecular building blocks. [!20] The experiments performed 

demonstrated that the synthesis of aromatic hydrocarbons, purines and pyrimidines and other 

nitrogen heterocycles of potential prebiotic interest is favored in the ice matrix by classical 

HCN pathways following a freezing-concentration model. [!21] However, role of the local 

HCN enrichment is unknown at molecular level. Furthermore, structure of the interfacial 

HCN clusters can be served as a springboard for their polymerization and the preferred 

orientations of HCN are also important properties since they can be highly affected the 

polymerization mechanism. 

 The goal of the present paper is thus to examine the interaction of HCN with the ice 

surface at 200 K (i.e., a temperature which is relevant for both the upper troposphere and 

probably also for prebiotic evolution of the biomolecular building blocks), on the basis of 

grand canonical ensemble Monte Carlo (GCMC) simulations. [!22,23] The main advantage of 

using the GCMC method is that it not only allows the analysis of the energy and surface 

orientation of the adsorbed molecules at various surface coverages, but it is capable of 

determining the adsorption isotherm from extremely low pressures up to and above the point 

of condensation. The GCMC method has already successfully been applied for studying the 

adsorption of water and other small molecules at a number of different solid surfaces, such as 

on covalent organic frameworks, [!24-26] carbonaceous materials, [!27-35] ice, [!36-42] 

metal oxides, [!43-46] kaolinite, [!47-49] zeolites, [!50-57] self-assembled monolayers, 

[!58,59] and in protein crystals. [!60] Having the adsorption isotherm determined the structure 

of the adsorption layer, binding energy of the adsorbed molecules as well as the preferred 

orientations of the adsorbed HCN molecules both relative to the ice surface and to the 

neighboring HCN molecules are analyzed in detail at various surface coverages.  
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 The paper is organized as follows. Details of the simulations performed are given in 

sec. 2. The results are presented and discussed in detail in terms of the adsorption isotherm, 

density profile of the adsorption layer, as well as orientation and energetics of the adsorbed 

molecules in section 3. Finally, in section 4 the main conclusions of this study are 

summarized. 

 

2. Computer Simulations 

 

 To model the adsorption of HCN on Ih ice a set of 26 Monte Carlo simulations have 

been performed on the grand canonical (µ,V,T) ensemble at the tropospheric temperature of 

200 K. The chemical potential of HCN has been systematically varied from simulation to 

simulation, ranging from -51.81 to -33.52 kJ/mol. This chemical potential range covers the 

entire adsorption process from a few isolated HCN molecules being bound at the surface to 

condensation of HCN. Adsorption isotherm is simply obtained as the average number of HCN 

molecules in the basic box as a function of their chemical potential. The X, Y and Z axes of the 

rectangular basic simulation box have been 100.0, 35.926 and 38.891 Å long, respectively, X 

being the surface normal axis. The basic box has contained 2880 water molecules arranged in 

18 molecular layers in the middle of the basic box along its surface normal axis X according 

to the geometry of the hexagonal (Ih) ice crystal in such a way that the free surfaces of the ice 

phase correspond to the (0001) surface of Ih ice. 

 Water molecules have been modeled by the five-site TIP5P potential. [!61] The choice 

of this water model was dictated by the fact that it reproduces very well, within 1-3 K the 

melting point of Ih ice. [!62,63] HCN molecules have been described by the potential model 

proposed by Kotdawala et al., [!56] based on the OPLS force field. [!64,65] All molecular 

models used are rigid and pairwise additive, i.e., the total potential energy of the system is 

regarded to be simply the sum of the pair interaction energies of the molecules. The 

interaction energy of a molecule pair is described as the sum of the Lennard-Jones and 

charge-charge Coulomb interaction energies of the respective sites. The interaction and 

geometry parameters of the potential models used are summarized in Tables 1 and 2, 

respectively. All interactions have been truncated to zero at the center-center based cut-off 

distance of 12.5 Å. In accordance with the original parametrization of the potential models 

used [!61,64,65] no long-range correction of the electrostatic interaction has been employed. 

 The simulations have been done by the program MMC. [!66] In the simulations 

particle displacement and HCN insertion/deletion attempts have been made in an alternating 
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order. In a particle displacement step a randomly chosen molecule, either water or HCN, has 

been randomly displaced by no more than 0.25 Å and randomly rotated around a randomly 

chosen space-fixed axis by no more than 15o. HCN insertion and deletion attempts have been 

made with 50-50% probabilities. In these steps either a new HCN molecule was tried to be 

inserted into the system or a randomly chosen HCN molecule was attempted to be removed 

from the system. Insertion steps have been made according to the cavity biased insertion 

scheme of Mezei, [!67,68] i.e., particles have only been attempted to be inserted into empty 

cavities of the radius of at least 2.5 Å. Suitable cavities have been searched for along a 

100 × 100 × 100 grid. Particle displacement steps have been accepted or rejected according to 

the standard Metropolis criterion, [!23,69] whereas insertion/deletion attempts have been 

accepted according to the acceptance criteria of cavity biasing. [!67,68] In all the simulations 

at least 10% of the particle displacement and 0.5% of the HCN insertion/deletion attempts 

have been successful. 

 All simulations started from the perfect Ih ice arrangement of the water molecules with 

two HCN molecules randomly placed into the vapor phase. The system has been equilibrated 

by performing 108 Monte Carlo moves in every simulation. Then, in the production stage the 

number of the HCN molecules has been averaged over 2×108 equilibrium configurations. 

Finally, at selected chemical potential values 2500 sample configurations, separated by 2×105 

Monte Carlo steps each, have been dumped for further analyses. 

 

3. Results and Discussion 

 

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

of HCN molecules in the basic simulation box, <NHCN>, as a function of the HCN chemical 

potential, µHCN, is shown in Figure 1; the corresponding data are also collected in Table 3. 

The isotherm shows a continuous rise up to about -35.02 kJ/mol, where the number of HCN 

molecules sharply increases by almost an order of magnitude, indicating condensation of 

HCN. The simulation performed at µHCN = -34.85 kJ/mol has resulted in an intermediate 

average number of HCN molecules, the fluctuation of which being 10-20 times larger than 

that at any other µHCN value, indicating that at this state point both condensed and gas-like 

phases of HCN are present in the sampled configurations. Since this is a clear sign of the 

immediate vicinity of the point of condensation in a constant volume simulation, here we 

regard this chemical potential value as the point of condensation of HCN. 
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 Below the point of condensation, i.e., where a real adsorption layer of the HCN 

molecules is formed at the surface of ice (the total number of HCN molecules in the basic box 

have always been practically identical with those being attached to the ice surface) the 

isotherm shows no plateau-like region of nearly constant <NHCN> values. This behavior of 

HCN is similar to that of formaldehyde [!37] and aromatic hydrocarbons, [!42] but it is in a 

clear contrast with that of several adsorbate molecules having either hydrogen bonding ability 

or large dipole moment, such as methanol, [!36] formic acid, [!38] acetone [!39] or 

benzaldehyde. [!40] The lack of such a plateau indicates that no specifically strong adsorption 

layer of the HCN molecules can be formed at the ice surface, it also suggests that the 

adsorption layer is always monomolecular. This point is addressed further in the following 

subsection. 

 To present the adsorption isotherm also in a more convential form we converted the 

<NHCN> vs. µHCN data to the Γ vs. prel isotherm, where Γ is the surface density of the HCN 

molecules: 
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and prel = p/p0 is the relative pressure, p and p0 being the pressure of the system and that of the 
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where kB is the Boltzmann constant and µ0 = -34.85 kJ/mol is the chemical potential value 

corresponding to the point of condensation. Since the physical meaning of prel implies the 

vapor phase of HCN, the isotherm is only converted to the Γ(prel) form below the point of 

condensation. The Γ and prel values of the isotherm are also collected in Table 3, whereas the 

isotherm in its Γ(prel) form is shown in the inset of Fig. 1. 

 The obtained Γ(prel) isotherm can be very well fitted to the functional form of the 

Langmuir isotherm, i.e., [!70,71] 
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where the two parameters Γmax and K are the surface density of the saturated adsorption layer 

and the Langmuir partition coefficient, respectively. Fitting eq. 3 to the obtained data resulted 

in the values of Γmax = 12.7 ± 0.4 µmol/m2 and K = 2.7 ± 0.2. The Langmuir curve fitted to 

the simulated data is also shown in the inset of Fig.1. The Langmuir character of the 

adsorption isotherm stresses again the monomolecular character of the adsorption layer, and 

suggests that lateral interactions, i.e., those between two neighboring HCN molecules might 

not play a major role in determining the adsorption. This point is further investigated in the 

following sub-sections. 

 It should also be noted that the Γ(prel) isotherm is an experimentally easily accessible 

quantity, and hence it could, in principle, serve as a test of the validity of the present computer 

simulations. Unfortunately, however, we are not aware of any experimental study of the HCN 

adsorption on ice, and hence this validation of the simulation results cannot be done here. 

 Based on the behavior of the adsorption isotherm we have chosen four points at which 

2500 sample configurations have been dumped and analyzed in detail Thus, systems I and II 

at µHCN = -44.33 kJ/mol (prel = 3.35×10-3) and µHCN = -39.34 kJ/mol (prel = 6.72×10-2), 

respectively, correspond to unsaturated adsorption layers, whereas systems III and IV at 

µHCN = -35.02 kJ/mol (prel = 0.91) and µHCN = -34.69 kJ/mol are just below and above the 

point of condensation, respectively. An equilibrium snapshot of these systems, both in top and 

side views are shown in Figure 2 as taken out from the simulations.  

 

 3.2. Density Profiles. The number density profile of HCN molecules along the surface 

normal axis X is shown in Figure 3 as obtained in systems I-IV. For reference, the density 

profile of the water molecules in system I is also shown in the inset of the figure. For 

calculating these profiles the position of the HCN and water molecules have been 

approximated by that of their C and O atoms, respectively. The profiles are averaged over the 

two ice surfaces present in the basic simulation box.  

 As is seen, the adsorption layer is indeed monomolecular in systems I and II, and 

almost monomolecular even in system III, i.e., right below the point of condensation, where 

only a very small second peak of the profile is seen. Integration of this profile up to the 

minimum between the two peaks at |X| = 35.7 Å reveals that only about 8% of the HCN 

molecules give rise to the second peak, and hence belong to the second molecular layer above 

the ice surface. These findings confirm that the adsorption layer is indeed practically 

monomolecular in almost the entire existence range of the vapor phase of HCN, whereas the 
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appearance of a small trace of the second molecular layer before the point of condensation 

also stresses, in accordance with the shape of the <NHCN>(µHCN) adsorption isotherm (Fig. 1) 

the fact the adsorption layer does not show a particular stability even at the stage of a 

saturated monolayer.  

 The HCN density profile obtained in system IV, i.e., after the condensation of HCN 

shows pronounced oscillations across the entire basic box, exhibiting at least six marked 

layers of the HCN molecules above the ice surface. The broadness and overlap of these 

density peaks are clear signs of the disordered character of the condensed HCN phase, 

whereas the long-ranged layering structure reflects the low temperature of 200 K of the 

system. The fact that the position of both the first minimum and the second maximum of this 

profile coincides with those of the profile of system III clearly confirm that the second, small 

density peak in system III indeed reflects the appearance of traces of a second molecular layer 

of HCN above the ice surface. In the following analyses we always limit ourselves to the 

HCN molecules belonging to the first molecular layer, being in direct contact with the ice 

phase, i.e., located in the X range of |X| < 35.7 Å. 

 

 3.3. Orientation of the Adsorbed Molecules. 

 3.3.1. Orientation Relative to the Ice Surface. To characterize the preferred orientation 

of the adsorbed HCN molecules relative to the ice surface we have calculated the cosine 

distribution of the angle ϑ, formed by the vector pointing along the HCN molecule from its H 

to N atom (HN vector) and the surface normal vector X pointing away from the ice phase. The 

distribution of cosϑ is shown in Figure 4 as obtained in systems I-IV. The definition of the 

angle ϑ is also illustrated in this figure. 

 As is seen, in the unsaturated systems the P(cosϑ) distribution has a peak around the 

cosϑ value of -0.2, corresponding to ϑ ≈ 100o. Thus, the adsorbed HCN molecules prefer a 

nearly parallel alignment with the ice surface, tilted by only 10o from it, pointing by the N 

atom flatly toward the ice phase. Considering also the fact that in two of their four preferred 

orientations at the ice surface the water molecules point flatly, by about 15o away from the ice 

phase by one or both of their O-H bonds (see orientations A and D in Fig. 9 of Ref. [!36]), the 

observed preference of HCN orientation can be well explained by the possibility of forming a 

hydrogen bond between the O-H group of a surface water molecule of either of these two 

orientations and the N atom of the HCN molecule. Furthermore, the sticking out H of the 

orientation B is also easily accessible for the nitrogen of HCN. Such hydrogen bonded water-
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HCN pairs (I-III) are shown in Figure 5.a as taken out from equilibrium snapshots of the 

simulations.  

 The orientational preferences of the adsorbed HCN molecules change slightly upon 

saturation of the first molecular layer. Thus, in system III, although any alignment 

corresponding to a cosϑ value between -0.5 and 0.5 (i.e., to a tilt angle from the surface plane 

smaller than 30o) occurs with relatively high probability, the most probable orientation now 

corresponds to cos ϑ ≈ 0.2, i.e., ϑ ≈ 80o. In this orientation the H atom of the HCN molecule 

points flatly toward the ice surface, and hence the adsorbed HCN molecule can form a weak, 

C-H donated hydrogen bond with a surface water molecule pointing by one or both of its lone 

pair directions flatly away from bulk ice (see orientations A, C and D in Fig. 9 of Ref. [!36]). 

These type of hydrogen bonded water-HCN pairs (IV-VI) are also depicted in Fig. 5. 

 This change of the orientational preference of the adsorbed HCN molecules upon 

saturation can be explained by the interplay of energetic and steric effects. Thus, at low 

coverages when most of the HCN molecules can be adsorbed almost independently from each 

other the main driving force of the adsorption is to have as low potential energy of the 

adsorbed molecule as possible. Clearly, an O-H donated O-H….N type hydrogen bond is 

considerably stronger than a C-H….O type one, i.e., when the binding H atom belongs to a CH 

rather than an OH group, which explains the strong preference for the cos ϑ ≈ -0.2 in the 

unsaturated layer. On the other hand, the small H atom of the adsorbed HCN molecule 

occupies a considerable smaller surface area than its N atom, hence, as the adsorption layer 

gets increasingly more crowded the importance of the opposite, i.e., cos ϑ ≈ 0.2 alignment 

also increases, as witnessed by the gradual decrease of the former and increase of the latter 

peak upon going from system I to III. Finally, in the first molecular layer of the condensed 

system IV no clear orientational preference of the HCN molecules is seen. 

 

 3.3.2. Relative Orientation of the Neighboring HCN Molecules. To characterize also 

the preferred relative alignments of the neighboring adsorbed HCN molecules we have 

calculated the cosine distribution of the angle γ, formed by the HN vectors of two neighboring 

HCN molecules. To define when two adsorbed HCN molecules of the first molecular layer 

can be regarded as neighbors we have calculated the two-dimensional radial distribution 

function of the HCN molecules within the first molecular layer (i.e., the normalized lateral 

density of the HCN molecules around each other as a function of the distance of their C atoms 

within the YZ plane of the ice surface). The resulting g2D(r) functions are shown in Figure 6 
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for systems I-IV. As is seen, the sharp first peak of the g2D(r) function is followed by a clear 

minimum at 6 Å in every case. Therefore, here we regard two HCN molecules of the first 

molecular layer as neighbors if the distance of their C atoms in the YZ plane is less than 6 Å. 

It is also important to mention that the first high peak at 3.75 Å indicates a preference of the 

adsorbed HCN molecules being close vicinity even at low coverages.   

 The P(cosγ) distribution of the neighboring HCN molecules along with the illustration 

of the definition of the angle γ is shown in Figure 7 as obtained in systems I-IV. As is seen, 

the distributions obtained in systems II-IV all show a peak at cosγ = 1, indicating the clear 

preference of the neighboring HCN molecules for parallel (head-to-tail) alignment in these 

systems. This orientational preference is clearly dictated by the dipole-dipole interaction. A 

HCN pair of such relative orientation is also shown in Fig. 5. However, in the case of system I 

relative orientations of the neighbors corresponding to a cosγ value above 0.2 seem to be 

equally probable. Although the corresponding P(cosγ) curve is rather noisy (due to the few 

neighboring HCN pairs present at such low surface density) the difference of this distribution 

from those in systems II-IV is apparent.  

 To further investigate this point we have recalculated the P(cosγ) distribution in 

system I with a stricter definition of neighboring molecules, i.e., using the C-C cut-off 

distance of 3.75 Å. (This value corresponds, on average, to one nearest neighbor molecule in 

the saturated layer.) The obtained distribution is shown in the inset of Fig. 7. As is seen, now 

the distribution has a clear peak between 0.25 and 0.55, i.e., in the angular range of about 

55o < γ < 75o, whereas the preference of the molecules for the parallel alignment completely 

disappeared. In other words, although first shell lateral HCN neighbors generally prefer the 

parallel relative alignment, the closest HCN pairs prefer tilted relative orientations, since they 

can be hydrogen bonded to each other and both can bind to water molecules in the same time. 

The alignment of such a near neighbor HCN pair is also shown in Fig. 5.  

 

 3.4. Energetic Background of the Adsorption. To characterize the energetic 

background of the adsorption we have calculated the distribution of the binding energy, Ub, of 

the HCN molecules at the ice surface. Ub is simply the sum of the total potential energy an 

adsorbed HCN molecule experiences at the ice surface, in other words, the energy cost of 

bringing this molecule to infinite distance. Since the potential energy of the system has been 

pairwise additive in the simulations, Ub can simply be calculated as the sum of the pair 

interaction energies between the given HCN molecule and all the other molecules in the 
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system. Besides the total binding energy, Ub, the distribution of its contributions coming from 

the ice phase, wat
bU , and from the other HCN molecules, HCN

bU , (i.e., the sum of the pair 

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

other HCN molecules, respectively) have also been calculated.  

 The P(Ub), P( wat
bU ) and P( HCN

bU ) distributions are shown in Figure 8 as obtained in 

the first molecular layer of HCN in systems I-IV. The P( wat
bU ) distribution exhibits a sharp 

and clear peak at -39 kJ/mol in system I. The position of this peak indicates that at low surface 

coverage HCN molecules can rather strongly be bound to the ice surface. Considering the fact 

that the pair interaction energy of a hydrogen bonded TIP5P water pair is below -20 kJ/mol, 

[!61] we can conclude that this strong binding is based on one single but rather strong 

O-H….N type hydrogen bond the HCN molecule can form with the ice phase. This finding is 

also in a clear accordance with the observed orientational preference of the HCN molecules in 

this system (see Fig. 4). The position of this peak at -39 kJ/mol can also serve as an estimate 

of the heat of adsorption at infinite dilution, a quantity that could also be measured 

experimentally. However, as it was already mentioned above, we are not aware of any 

experimental investigation of this system, and hence no such comparison of our value with 

any experimental data can be done at the moment. 

 It is also seen that with increasing surface concentration the peak of P( wat
bU ) 

gradually shifts to higher (i.e., less negative) energies. Thus, the position of the peak is at 

-32 kJ/mol in system II and around -22 kJ/mol in systems III and IV, i.e., when the ice surface 

is already saturated. This shift reflects the increasing competition of the adsorbed HCN 

molecules at the surface, evidenced also in the increasing preference of a tilted orientation in 

which the H rather than the N atom of the HCN molecule points toward the ice surface (see 

Fig. 4). This change in the orientational preference of the HCN molecules upon saturation 

indicates the increasing dominance of the weak, C-H….O type hydrogen bonds between the 

adsorbed molecules and the ice surface. The increasing preference of these weak C-H….O type 

hydrogen bonds instead of the strong O-H….N type ones is reflected in the gradual shift of the 

P( wat
bU ) peak to higher energies upon saturation. 

 The P( HCN
bU ) distribution exhibits a bimodal structure in the unsaturated systems I 

and II. A trivial peak of these distributions occurs at zero energy, reflecting the presence of 

HCN molecules that are isolated from the other ones in the adsorption layer. The other peak 
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around -13 kJ/mol is given by HCN molecules having a near HCN neighbor. Surprisingly, 

this peak is rather high even in system I; integration up to the minimum between the two 

peaks at -5 kJ/mol reveals that about 15% of the HCN molecules give rise to this peak and 

only the other 85% are isolated from the other adsorbed molecules. This finding indicates that 

even at very low surface density the adsorbed HCN molecules have a tendency of self-

association. The rise, broadening and extension down to about -40 kJ/mol of this peak in (the 

still unsaturated) system II clearly indicates that, in spite of the observed Langmuir shape of 

the isotherm (see the inset of Fig. 1) the adsorption of the individual HCN molecules is not 

independent of each other, instead, HCN molecules have a preference for being adsorbed in 

the vicinity of each other. The energetic driving force of this preference, as evidenced by the 

peak position of the P( HCN
bU ) distribution and also by the preferred parallel (head-to-tail) 

alignment of the neighboring HCN molecules (see Fig. 7) is the possibility of the formation of 

a C-H….N type hydrogen bond between two neighboring HCN molecules. The fact that is 

system II the distribution extends well below the double of this peak position also suggests 

the possibility that some of the HCN molecules can even participate in two of such hydrogen 

bonds (once as the H-acceptor and once as the H-donor partner).  

 Upon saturation, the distribution gets broader and shifts to even lower energies, 

reflecting the appearance of a large number of surrounding HCN molecules around each 

other. Finally, condensation leads to a further shift of the P( HCN
bU ) distribution to lower 

energies due to the interaction with the large number of non-first layer HCN molecules in the 

system.  

 The evolution of the total binding energy distribution, P(Ub), with increasing surface 

density reflects the interplay of the observed two opposite effects, i.e., the weakening of the 

interaction with the ice phase and the increase of the lateral interactions. Thus, in system I the 

P(Ub) distribution has its peak at -40 kJ/mol, just slightly below the peak position of the 

P( wat
bU ) distribution of -39 kJ/mol. Although in system II the P(Ub) peak appears at about 

the same energy value as in system I, the distribution clearly broadens to lower energies. 

Finally, saturation of the surface leads to a clear shift of the entire distribution to lower 

energies; its peak in system III, i.e., in the case of the saturated adsorption layer occurs at -

39.34 kJ/mol. These results indicate that the energy loss of the adsorbed HCN molecules due 

to the weaker interaction with the ice phase (e.g., due to the increasing dominance of the 

C-H….O instead of O-H….N type hydrogen bonds) upon saturation is well overcompensated 
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by the increasing lateral interaction of the adsorbed molecules (e.g., by the increasing number 

of C-H….N type hydrogen bonds between the neighboring HCN molecules). All these findings 

clearly point out that, in spite of the Langmuir shape of the adsorption isotherm, lateral 

interactions play a key role in the adsorption of HCN molecules at the ice surface. 

 

 4. Summary and Conclusions 

 

 In this paper we have presented a detailed analysis of the adsorption of HCN at the 

surface of Ih ice under tropospheric conditions on the basis of a set of grand canonical Monte 

Carlo simulations. Although we have calculate here several quantities, such as the adsorption 

isotherm itself, the Langmuir partition coefficient, the surface density of the saturated 

adsorption layer, and the heat of adsorption at infinite dilution, that are easily accessible also 

by experimental methods, and hence could be used to validate the results of the present 

simulations, in the lack of existing experimental data such a validation cannot be done right 

now. Nevertheless, this fact clearly stresses the urgent need of relevant experiments in this 

field. 

 We have found that the adsorption isotherm is of Langmuir shape and, 

correspondingly, the saturated adsorption layer is practically monomolecular. However, in 

spite of the Langmuir shape of the isotherm, lateral interactions are found to play an important 

role in the adsorption. Thus, HCN molecules are preferentially adsorbed in the vicinity of 

each other, even at low surface coverages. Since interaction energy of HCN-HCN (-19.21 

kJ/mol) and HCN-H2O (-20.34 kJ/mol) are comparable, [!72] the thermodynamic driving 

force of this lateral self-association is the energy gain accompanying the formation of weak, 

C-H….N type hydrogen bonds between the neighboring HCN molecules. Correspondingly, 

neighboring HCN molecules are found to prefer parallel, head-to-tail type relative 

arrangement. However, a different relative orientational preference is found among the closest 

neighbors, in particular, at low surface coverage, i.e., a strongly tilted arrangement in which 

the axes of the two molecules form an angle of 55o-75o. 

 It is also found that the adsorbed HCN molecules prefer slightly tilted orientations 

relative to the ice surface. At low surface coverages the preferred alignment is such that the N 

atom of the molecule points toward the ice surface, while in the saturated adsorption layer an 

opposite alignment with a slightly outward oriented N atom is found to be preferred. 

Considering also the orientational preferences of the surface water molecules [!36] the former 

HCN alignment allows the formation of a strong, O-H….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 the ice surface. The preference 

of the latter orientation at high surface coverage can be explained by the smaller surface area 

occupied by a contact H than a N atom, and the energetic loss corresponding to the formation 

of a weak C-H….O type hydrogen bond instead of a strong O-H….N type one is 

overcompensated by the relatively strong lateral interactions, in particular, the formation of 

C-H….N type hydrogen bonds between the large number of adsorbed HCN molecules.  

 Finally, the implications of the obtained results both on atmospheric processes and on 

the possible abiotic formation of adenine have to be discussed. The heat of adsorption of HCN 

at infinitely low surface coverage has turned to be about -39 kJ/mol. This value is 

considerably lower than what was previously found for other adsorbates that can also form 

one single hydrogen bond with the ice surface, such as formaldehyde (-27 kJ/mol) [!37] or 

acetaldehyde (-34 kJ/mol), [!41] indicating also the particular strength of the O-H….N type 

hydrogen bond formed by an adsorbed HCN and a surface water molecule. Considering also 

the relative abundance of HCN at the troposphere and the good solubility of HCN in water, 

implying that once the ice grain containing HCN at its surface gets melt it dissolves these 

HCN molecules, the atmospheric importance of this adsorption process cannot be neglected. 

 From the point of view of the possible formation of iminoacetonitrile, i.e., a precursor 

molecule of adenine in interstellar conditions, the low surface coverage states are of 

relevance. It has been found that at low surface coverages the HCN molecules prefer such 

orientations in which the surface water molecules can provide them a proton through an 

O-H….N type hydrogen bond. Proton catalysis is known to substantially lower the energy 

barrier of the dimerization reaction of HCN to iminoacetonitrile. Further, in spite of the low 

surface coverage the HCN molecules are found to show a tendency of self-association in 

certain (head-to-tail and tilted) preferred relative orientations. All these findings emphasize 

the possibility of HCN dimerization at the surface of ice grains at low surface coverages under 

interstellar conditions. Theoretical verification of this possibility, however, still requires ab 

initio calculations of the system of specifically arranged HCN dimers with proton provider 

water molecules. Relevant arrangements of these molecules for such calculations are readily 

provided by the present study. Work in this direction is currently in progress.  
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Table 1. Interaction Parameters of the Molecular Models Used. 

molecule site σ/Å (ε/kB)/K q/e 

water 

O 3.12 80.6 0.0 

H 0.00 0.00  0.241 

La 0.00 0.00 -0.241 

     

HCN 

H 0.00 0.00  0.15 

C 3.63 77.0  0.28 

N 3.20 88.0 -0.43 
aNon-atomic interaction site. 

 

 

 

 

Table 2. Geometry Parameters of the Molecular Models Used. 

molecule bond bond length (Å) angle bond angle (deg) 

water 

O-H 0.9572   

O-L 0.7000   

  H-O-H 104.5 

  L-O-H 109.5 

  L-O-L 110.7 

     

HCN 

H-C 1.0680   

C≡N 1.1570   

  H-C≡N 180.0 
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Table 3. Data of the Adsorption Isotherm of HCN on Ice, as Obtained From our 

Simulations. 

 

µHCN / kJ mol-1 <NHCN> prel Γ / µmol m-2 

-51.81 0.070 3.72×10-5 0.004 

-50.98 0.124 6.13×10-5 0.007 

-50.15 0.230 1.01×10-4 0.014 

-49.32 0.338 1.67×10-4 0.020 

-48.49 0.540 2.75×10-4 0.032 

-47.66 0.886 4.53×10-4 0.053 

-46.83 1.47 7.47×10-4 0.088 

-45.99 2.14 1.23×10-3 0.127 

-45.16 3.07 2.03×10-3 0.183 

  -44.33a 4.62 3.35×10-3 0.275 

-43.50 6.19 5.52×10-3 0.368 

-42.97 9.93 9.10×10-3 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 

  -39.34b 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 

  -35.02c 154 0.905 9.191 

-34.85 579   

  -34.69d 903   

-34.36 907   

-33.52 928   

asystem I bsystem II csystem III dsystem IV 
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Figure legends 

 

Figure 1. Adsorption isotherm of HCN on ice, as obtained from our simulations. The inset 

shows the same isotherm in the more convential surface density vs. relative pressure form. 

Error bars are only shown when larger than the symbols themselves. The solid black line 

connecting the data points is just a guide to the eye. The red dashed line in the inset shows the 

Langmuir isotherm (eq. 3) fitted to the simulated data. Arrows indicate the systems that have 

been considered for detailed analyses. 

 

Figure 2. Equilibrium snapshot of the adsorbed HCN molecules at the ice surface as taken out 

from the simulations in top view (top row) and side view (bottom row). Water oxygens are 

shown by red sticks; the H, C and N atoms of the HCN molecules are shown by white, black 

and blue spheres, respectively. Water hydrogens are omitted for clarity.  

 

Figure 3. Number density profile of the HCN molecules along the surface normal axis X as 

obtained in systems I (blue down triangles), II (orange up triangles), III (red circles), and IV 

(black squares). Water number density profile is shown by a dashed black line. The inset 

shows the number density profile of the water molecules in the entire basic simulation box in 

system I. All the profiles shown are averaged over the two ice surfaces present in the basic 

box. The dotted vertical line shows the outer boundary of the first molecular layer of HCN.  

 

Figure 4. Cosine distribution of the angle ϑ, formed by the HN vector of an adsorbed HCN 

molecule and the surface normal vector X pointing away from the ice phase, in systems I (blue 

down triangles), II (orange up triangles), III (red circles), and IV (black squares). The 

definition of the angle ϑ is also illustrated (color coding of the HCN atoms is the same as in 

Figure 2). 
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Figure 5.   

 

Figure 6. Two dimensional radial distribution function of the HCN molecules in the first 

molecular layer at the ice surface (calculated considering the distance of the projections of 

their C atoms to the YZ plane) as obtained in systems I (solid blue line), II (dashed orange 

line), III (dash-dotted red line), and IV (dash-dot-dotted black line). The dotted vertical line 

shows the boundary of the first (lateral) neighbor shell.  

 

Figure 7. Cosine distribution of the angle γ, formed by the HN vector of two neighboring 

adsorbed HCN molecules (i.e., the C atoms of which are closer to each other in the YZ plane 

than 6 Å, see the text) in systems I (solid blue line), II (dashed orange line), III (dash-dotted 

red line), and IV (dash-dot-dotted black line). The inset shows the same distribution 

considering only the nearest neighbor HCN molecules (i.e., for which the C-C distance in the 

YZ plane is less than 3.75 Å) in system I. The definition of the angle γ 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 adsorbed HCN molecule, Ub (i.e., the 

energy of its interaction with the rest of the system, bottom panel), and its contributions 

coming from the interaction with the other HCN molecules, HCN
bU , (middle panel) and with 

the ice phase, wat
bU , (top panel), as obtained in systems I (solid blue lines), II (dashed orange 

lines), III (dash-dotted red lines), and IV (dash-dot-dotted black lines). 
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Figure 1. 

Szőri and Jedlovszky 

 

 

 

 

 

 

-52 -50 -48 -46 -44 -42 -40 -38 -36 -34

0

200

400

600

800

1000

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10
system IV

system III

system II
system I

 

 

<
N

H
C

N
>

µ
HCN

 / kJ mol-1

system I

system II
system III

 

 

Γ / µm
ol

 m
-2

p/p
0



 29 

Figure 2. 

Szőri and Jedlovszky 
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Figure 3. 

Szőri and Jedlovszky 
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Figure 4. 

Szőri and Jedlovszky 
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Figure 5. 

Szőri and Jedlovszky 
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Figure 6. 

Szőri and Jedlovszky 
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Figure 7. 

Szőri and Jedlovszky 
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Figure 8. 

Szőri and Jedlovszky 
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