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Abstract: 

 

 The adsorption of formamide is studied both at the surface of crystalline (Ih) ice at 

200 K and at the surface of low density amorphous (LDA) ice in the temperature range of 

50-200 K by grand canonical Monte Carlo (GCMC) simulation. These systems are 

characteristic to the upper troposphere and to the interstellar medium (ISM), respectively. Our 

results reveal that, while no considerable amount of formamide is dissolved in the bulk ice 

phase in any case, the adsorption of formamide at the ice surface under these conditions is a 

very strongly preferred process, which has to be taken into account when studying the chemical 

reactivity in these environments. The adsorption is found to lead to the formation of 

multimolecular adsorption layer, the occurrence of which somewhat precedes the saturation of 

the first molecular layer. Due to the strong lateral interaction acting between the adsorbed 

formamide molecules, the adsorption isotherm does not follow the Langmuir shape. 

Adsorption is found to be slightly stronger on LDA than Ih ice under identical thermodynamic 

conditions, due to the larger surface area exposed to the adsorption. Indeed, the monomolecular 

adsorption capacity of the LDA and Ih ice surfaces is found to be 10.5 ± 0.7 mol/m
2
 and 

9.4 mol/m
2
, respectively. The first layer formamide molecules are very strongly bound to the 

ice surface, forming typically four hydrogen bonds with each other and the surface water 

molecules. The heat of adsorption at infinitely low surface coverage is found to be 

-105.6 kJ/mol on Ih ice at 200 K.  
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1. Introduction 

 

 Formamide, the smallest molecule containing a peptide bond, is present in abundance 

both on Earth, including its atmosphere, and also in the space. Thus, amides are emitted 

directly to the Earth atmosphere from biological sources as well as from industrial processes 

(e.g. formamide can serve as a solvent, plasticizer, or as a substance associated with a blowing 

agent used in the creation of foam).
1
 Large amount of amides can also form directly in the 

atmosphere via oxidation of amines available. In particular, methylamine, the smallest alkyl 

amine, the oxidation of which can lead to formamide, has a global emission of 

24 ± 15 Gg N yr
-1

.
2
 Atmospheric level of amides is in the range of pptv, and they have been 

detected in ambient particles, biomass burning aerosols and fogwater, as well.
3-5

 Carbon 

capture and storage (CCS) technology may represent a significant source of amides to ambient 

air in the future, since formamide was detected from an industrial scale carbon capture.
6
 

However, up to now only a few investigations have been carried out to understand the 

atmospheric fate of amides.
7
 Photolysis can be a negligible sink for amides, as indicated by a 

study of cross-section measurement.
8
 On the other hand, oxidation can be a relevant process 

concerning the atmospheric loss of formamide. Barnes et al. determined rate coefficients for 

the reaction of OH∙, Cl, NO3 and O3 with formamide at room temperature by means of in situ 

FTIR spectrometry.
9
 The established rate constant of the formamide + OH∙ reaction was also 

confirmed using proton transfer reaction−mass spectrometry (PTR-MS) detection by two 

independent research groups.
7,10

 The corresponding atmospheric lifetime of formamide was 

estimated to be a few days.
9
 Due to the high affinity of formamide to water, uptake and 

subsequent deposition is proposed to be as another important sink,
11,12

 although, to the best of 

our knowledge, it was never investigated. In the troposphere, such an uptake might 

predominantly involve adsorption at the surface of ice grains. 

 Further, besides its presence in the atmosphere of the present day Earth, formamide is 

generally thought to be present at Earth also in the prebiotic time. Indeed, an increasing body 

of both experimental
13-15

 and theoretical
16-18

 evidences point to formamide as a possible hub in 

the complex network of prebiotic chemical reactions leading from simple precursors, such as 

H2, H2O, N2, NH3, CO, and CO2, to key biological molecules. The one-pot formamide-based 

chemistry affords the synthesis of nucleobases (i.e., adenine, guanine, uracil, and isocytosine) 
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without isolation and/or purification of specific intermediates, along with a variety of organic 

compounds including carbohydrates, amino acids and carboxylic acids with reasonably good 

yield.
19

 The ‘HCN World‘ hypothesis
20,21

 is also strongly related to prebiotic formamide 

chemistry,
22,23

 since the hydrolysis of HCN to formamide prevails over HCN polymerization at 

low enough (i.e., below 0.01mol/dm
3
) HCN concentrations.

24
 High enough (above 1 mol/dm

3
) 

HCN concentrations, needed to promote the polymerization route towards nucleobases, only 

plausibly occurred locally, at interfaces. Indeed, a previous molecular dynamics simulation 

showed interfacial abundance and lateral self-association of HCN molecules, exhibiting also 

enhanced dynamical stability at the surface of their aqueous solutions.
25

 Lateral self-

association of the adsorbed HCN molecules was also shown to be present at the surface of 

ice.
26

 These floating HCN patches might well provide spots for HCN polymerization.
25

 

Although these simulation studies support the freeze-concentration model,
27

 the competition 

between HCN polymerization and hydrolysis to formamide still has to be considered.
28,29

 

 Formamide has also been detected in galactic centers,
30,31

 star-forming regions of dense 

molecular clouds,
32

 high-mass young stellar objects,
33

 the interstellar medium,
34

 comets,
35-37

 

and satellites.
38

 Although its formation, whether on the surfaces of the interstellar grains or in 

the gas phase, is currently under debate, recent quantum chemical calculation of two 

competitive reaction channels (i.e., NH2 + ·HCO and ·CN + H2O) suggested plausible 

formamide formation routes in presence of amorphous ice (mimicked by 33 water 

molecules).
39

 Since the temperature of the interstellar medium (ISM) is supposed to be below 

110 K, eutectic aqueous mixture of formamide cannot play important role at the interstellar 

conditions (as the eutectic temperature, corresponding to 60 mol% formamide, is 227.85 K).
40

 

High energy particles (e.g., cosmic ray, solar wind), heat, electromagnetic radiation, and 

radioactive decay continuously interact with simple chemical precursors, such as formamide, to 

yield new complex derivatives. If the activated molecule can interact with the proper reactant, 

then amino acids, nucleobases, sugars, lipids, and carboxylic acids can emerge as very easily 

synthesizable molecules.
41

 However, under the extremely low densities present in the ISM, 

sufficient formamide chemistry requires strong local enhancement of the formamide 

concentration. Such sites of locally high formamide concentration can again be expected at the 

surfaces of icy objects, such as cometary
42

 or interstellar
43

 dust grains that are frequently 

covered by low density amorphous ice (LDA). Finally, it is important to note that if formamide 



 5 

is formed on solid surfaces, its gas-phase detection and the subsequent (photo)chemistry 

processes would thus strongly depend on the formamide interaction with water molecules.
44,45

 

 Thus, while a detailed understanding of the adsorption of formamide at the surface of 

crystalline (Ih) ice at tropospheric temperatures (i.e., around 200 K) is important from the point 

of view of atmospheric chemistry, its adsorption on amorphous ice (LDA) under interstellar 

conditions, i.e., at temperatures below 110 K, is a process of relevance in astrochemistry, with 

a special importance also in the field of prebiotic evolution. However, due to the extreme 

conditions, experimental investigation of these problems is far from being straightforward. 

Computer simulation methods,
46

 on the other hand, offer a very powerful tool to complement 

experimental investigations, as they can provide a full, three-dimensional insight into the 

structure of a suitably chosen model of the system of interest in atomistic resolution. In 

particular, adsorption processes can easily be studied in detail by grand canonical Monte Carlo 

(GCMC) simulation,
46,47

 in which the chemical potential rather than the number of adsorbate 

molecules is controlled. Thus, by systematically varying the chemical potential and 

determining the number of adsorbed molecules as its function, the adsorption isotherm can 

easily be calculated. Indeed, the GCMC method has successfully been used to simulate the 

adsorption of various small molecules at the surface of, among others, clay minerals (e.g., 

kaolinite),
48,49

 zeolites,
50-56

 various metal oxides,
57-60

 crystalline
26,61-69

 as well as amorphous 

ice,
70

 various carbonaceous materials,
71-77

 self-assembled aerosol monolayers,
78,79

 and covalent 

organic frameworks,
80-82

 as well as inside protein crystals
83

 and clathrate cages.
84-91

  

 In this paper, we investigate in detail the adsorption of formamide both at the surface of 

Ih ice (at 200 K) and at the surface of LDA ice (at 200 K, 100 K, and 50 K). Although the 

adsorption on LDA at 200 K has relevance neither in atmospheric chemistry nor in 

astrochemistry, we included this system in the present investigation for reference purposes. 

Namely, this way the dependence of the adsorption both on the phase of the adsorbent (i.e., 

crystalline vs. amorphous) and on the temperature (for LDA ice) can also be addressed. The 

results are discussed in terms of the adsorption isotherms, density profile of the adsorption 

layer, as well as binding energy and surface orientation of the adsorbed molecules that belong 

to the first molecular layer (i.e., that are in direct contact with the ice phase). This information 

can provide interesting support for the interpretation of experimental and observational data. 

Indeed, thermal desorption experiments
45,92

 as well as simplified chemical models
44

 indicate 

that the binding energy of formamide on water ice is larger than the interaction between water 
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ice molecules, which is easily checkable in our GCMC simulations. In addition, the detailed 

analysis of the molecular orientations in the simulations can give important information on the 

orientation and surrounding of the C=O bond, which corresponds to an intense spectral feature 

usually easily identifiable in infrared observations.
92

 

 The paper is organized as follows. In section 2, details of the calculations performed, 

including the GCMC simulations and the identification of the first layer adsorbed molecules 

are given. The obtained results are discussed in detail in section 3, while in section 4 the 

conclusions of this study are summarized. 

 

2. Methods 

 

 2.1. Grand Canonical Monte Carlo Simulations. The adsorption of formamide at the 

surface of both crystalline (Ih) and amorphous (LDA) ice has been simulated on the grand 

canonical (,V,T) ensemble by the GCMC
46,47

 method. Simulations involving amorphous ice 

have been performed at the temperatures of 50 K, 100 K, and 200 K, while adsorption on Ih ice 

has only been simulated at 200 K. The number of the water molecules in the basic box has 

been fixed to 2880 in every simulation. To obtain the adsorption isotherms, with each 

adsorbent and every temperature a set of GCMC simulations have been performed, in which 

the chemical potential, , of formamide has been systematically varied from values 

corresponding to practically no formamide molecule to those at which formamide fills the 

available space in the basic box. The number of the adsorbed formamide molecules has then 

been determined as a function of the chemical potential. The formamide chemical potential 

values considered in the different systems are collected in Tables 1-4. The X, Y, and Z edges of 

the rectangular basic simulation box have been 100 Å, 35.926 Å, and 38.891 Å, respectively, 

axis X being perpendicular to the macroscopic plane of the ice surface.  

 Water and formamide molecules have been described by the three-site SPC/E 

potential
93

 and by the CHARMM27 force field,
94

 respectively, since this model combination 

was previously found to best reproduce the mixing properties of water and formamide.
95

 In 

both of these potential models, interactions are centered at the individual atoms. Thus, the 

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

charge Coulomb contributions of their individual atom pairs, while the total energy of the 
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system is calculated as the sum of the interaction energies of all molecule pairs. In the 

simulations, all molecules have been treated as rigid bodies, and all interactions have been 

truncated to zero beyond the center-center cut-off distance of 12.5 Å. 

 The simulations have been performed using the program MMC.
96

 In every Monte Carlo 

step either a randomly chosen molecule has been randomly translated by no more than 0.25 Å 

and randomly rotated around a randomly chosen space-fixed axis by no more than 15
o
, or a 

formamide molecule has been tried to be either inserted to, or deleted from the system. Particle 

displacement and insertion/deletion attempts as well as formamide insertion and deletion 

attempts have been done with equal probabilities. Insertion and deletion attempts have been 

done according to the cavity biased scheme of Mezei,
97,98

 thus, insertions have only been 

attempted into pre-existing empty cavities of the radius of at least 2.5 Å. Such cavities have 

been searched for in the basic box along a 100×100×100 grid, regenerated after every 10
6
 

Monte Carlo steps. Insertion and deletion attempts have been accepted or rejected according to 

the cavity biased scheme.
97,98

 The probability of finding a suitable cavity, Pcav, occurring in 

these acceptance criteria, has simply been estimated as the ratio of the number of suitable 

cavities found and grid points tested in configurations consisting of exactly N formamide 

molecules.
97,98

 Acceptance of the particle displacement trials have been decided according to 

the standard Metropolis criterion.
46,99

 The fraction of the successful particle displacement and 

insertion/deletion trials have turned out to be about 5% and 0.0001%, respectively, at the 

lowest temperatures. 

 In preparing the Ih phase of ice, the water molecules have been arranged in 18 layers, 

consisting of 160 molecules each, along the interface normal axis, X, in such a way that the two 

surfaces correspond to the (0001) surface of Ih ice. The LDA phase has been created by 

thermalizing the Ih phase at 300 K in a 10
8
 Monte Carlo steps long run, followed by a 2×10

8
 

Monte Carlo steps long run at 350 K, and another 10
8
 Monte Carlo steps long run again at 

300 K. Finally, the system has been quenched to 200 K, and equilibrated for 10
8
 Monte Carlo 

steps at this temperature. At the beginning of each simulation, two formamide molecules have 

been placed in the basic box far from the ice phase. The systems have been equilibrated for 

1.5×10
9
 - 2×10

10
 Monte Carlo steps, until both the number of the formamide molecules present 

in the basic box and the total energy of the system stopped showing even traces of a 

tendentious change. The need for such an unusually long equilibration period came from the 

unusually small acceptance rate of the trial moves, in particular, that of the insertion/deletion 
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attempts, at low temperatures. The number of the formamide molecules present in the basic 

box has then been averaged over a subsequent, 10
9
 Monte Carlo steps long equilibrium run. 

Finally, at selected chemical potential values, indicated also in Tables 1-4, 5000 equilibrium 

sample configurations per system, separated from each other by 5×10
5
 Monte Carlo steps, have 

been dumped for detailed analyses from 2.5×10
9
 Monte Carlo steps long production runs. 

Equilibrium snapshots of the 50 K system, simulated at these four selected chemical potential 

values, covering the adsorption range from only a few adsorbed formamide molecules to 

multilayer adsorption, are shown in Figure 1.  

 

 2.2. Identification of the First Layer Adsorbed Molecules. Since the surface of the 

amorphous ice phase, unlike that of crystalline ice, is corrugated, on the molecular length scale, 

by capillary waves, the adsorbed formamide molecules that belong to the first molecular layer 

(i.e., that are in direct contact with the amorphous ice phase) cannot be identified as simply as 

in the case of crystalline ice. Thus, while in the latter case the first adsorbed molecular layer is 

conventionally defined through the first minimum of the adsorbate density profile,
26,61-69

 at the 

surface of amorphous ice these molecules have to be identified by means of an appropriate 

intrinsic surface analyzing method. Several such methods have been proposed in the past 15 

years,
100-106

 among which the Identification of the Truly Interfacial Molecules (ITIM)
103

 turned 

out to be an excellent compromise between accuracy and computational cost.
104

 Therefore, 

here we have identified the first layer formamide molecules adsorbed at the surface of 

amorphous ice using the ITIM method.  

 In an ITIM analysis, probe spheres of a given radius are moved towards the phase of 

interest from the bulk opposite phase (in our case, towards the adsorption layer from the 

middle of the ice phase) along test lines perpendicular to the macroscopic plane of the 

interface. Formamide molecules that are first touched by the moving probe along any test line 

(i.e., that are “seen” by the probe from the ice phase) are then considered as belonging to the 

first molecular layer, while formamides that are never touched by the probe belong to one of 

the subsequent layers. In accordance with earlier findings concerning the optimal performance 

of the ITIM method for systems of small molecules,
103,104

 here we used a probe sphere of the 

radius of 1.5 Å and a grid spacing of 0.4 Å along both the Y and Z axes. In deciding whether a 

formamide molecule is touched by the probe, its atoms have been represented by spheres with 

the diameter equal to the corresponding Lennard-Jones distance parameter, . Since practically 
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no formamide molecules have been found either to be dissolved in the bulk ice phase, or in the 

vapor phase, to be isolated from the adsorption layer in any case, no modification of the 

original ITIM algorithm had to be made. The first layer formamide molecules identified this 

way are also indicated in Fig. 1.  

 

3. Results and Discussion 

 

 3.1. Adsorption Isotherms and Density Profiles. 3.1.1. Adsorption Isotherms. The 

adsorption isotherms obtained from the simulations are shown in Figure 2 in the form of 

number of adsorbed formamide molecules as a function of their chemical potential. Since 

negligible fraction of the formamide molecules are either dissolved in the bulk ice phase or 

stay isolated from the adsorption layer in the vapor phase in every case, we simply took the 

total number of formamide molecules in the basic box as the number of the adsorbed 

molecules. As is seen, the isotherm obtained on Ih ice rises continuously up to the chemical 

potential value of about -60 kJ/mol. This rising part is followed by a plateau in the  range of 

about -60 – -57 kJ/mol, corresponding to an adsorption monolayer. This monolayer is rather 

stable, as evidenced by the fact that it exists in an about 3 kJ/mol wide range of chemical 

potentials. The plateau is followed by a very steeply rising part of the isotherm, corresponding 

to multilayer adsorption. This steeply rising part of the isotherm ends at the chemical potential 

value of about -57 kJ/mol, where the basic box becomes filled with formamide molecules. 

 The isotherm obtained at 200 K on LDA ice is very similar to that corresponding to 

crystalline ice, with two notable differences. First, the plateau observed between -60 and 

-56 kJ/mol on Ih ice is missing on LDA ice, instead, the isotherm rises continuously even in 

this  range, exceeding the isotherm corresponding to Ih ice. This finding suggests that the 

corrugated geometry of the LDA surface, resulting also in corrugations of the first adsorption 

layer, promotes multilayer adsorption. As a consequence, multilayer adsorption on LDA starts 

at  values at which the adsorbed monolayer is still stable on Ih ice. Second, the basic box can 

host considerably more formamide molecules in the presence of LDA than Ih ice. This 

difference simply reflects that the density of LDA ice is higher than that of Ih ice. The shape of 

the <N>() isotherm does not change noticeably with the temperature, it is simply shifted to 

higher chemical potential values as the temperature decreases.  
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 An important feature of the obtained isotherms is that they also have a point on their 

very sharply rising part, preceding immediately the filling of the basic box, in most of the 

cases. Usually this very sharp rise of the isotherm is interpreted as the condensation of the 

adsorbate. Our present finding indicates, however, that condensation is preceded by the 

occurrence of a thick, multimolecular adsorption layer. Therefore, the possibility that the 

thickness of the adsorption layer of formamide can be comparable with the width of the slab 

between the two ice surfaces in the basic box (being about 30 Å), or might even well exceed it, 

cannot be excluded. If this is indeed the case, the filling of the basic box simply indicates the 

point at which the adsorption layer gets as thick as this slab rather than the point of 

condensation of formamide. To check this possibility, and determine the real point of 

condensation without the above finite size effect error, we have performed a set of GCMC 

simulations of neat formamide (i.e., in the absence of the ice phase) in the same basic box at 

each of the three temperatures considered. Since the point of condensation is a value 

characteristic to the adsorbate itself, being independent from the type and even from the 

presence or absence of any adsorbent, its value can unambiguously be determined in the lack 

of the ice phase. Indeed, we observed a very sharp transition from a practically empty to a 

filled basic box at a given chemical potential value at every temperature considered. Thus, the 

chemical potential value corresponding to the point of condensation, 0, has turned out to be 

-41.521 kJ/mol at 200 K, -22.947 kJ/mol at 100 K, and -11.432 kJ/mol at 50 K, indeed well 

above the  values corresponding to the sharply rising part of the isotherms. The temperature 

dependence of the obtained 0 values is shown in the inset of Fig. 2. As is seen, the 0(T) 

points are laying along a straight line. Considering the fact that, for a one component system, 

the chemical potential is equivalent with the molar free energy, and hence, apart from a minus 

sign, its temperature derivative with the molar entropy, S
m

 (i.e., S
m

 = -(∂/∂T)), our result 

suggests that the molar entropy of formamide is constant (i.e., temperature independent) at the 

point of condensation, being 198.5 ± 11.0 J/mol
 
K. 

 In order to further analyze the adsorption isotherms, we have converted them to the 

more conventional  vs. prel form, where  is the surface density of formamide, calculated as  

 

YZ

N
Γ

2


 ,      (1) 
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In this equation, the factor 2 in the denominator reflects the presence of two ice surfaces in the 

basic box. Further, prel is the relative pressure of the vapor phase (i.e., its pressure, p, 

normalized by that of the saturated vapor, p0). The value of prel can be calculated from that of 

, using also the chemical potential value corresponding to the point of condensation, 0, as
59

  

 

)/exp(

)/exp(

B0

B

0
rel

Tk

Tk

p

p
p




 ,      (2) 

where kB stands for the Boltzmann factor. It should be noted that in converting the <N>() 

isotherms to the (prel) form, we have omitted the points corresponding to filled basic box (as 

they are affected by finite size effect error).  

 The obtained (prel) isotherms are shown in Figure 3. As is seen, at 200 K, the 

isotherms start rising almost linearly, this rise gradually decreases turning into a plateau, and 

the plateau part is followed by a second, steeply rising part of the isotherms. The first rising 

part corresponds to the gradual building up of the first molecular layer; the plateau reflects the 

presence of a more or less saturated monolayer, while the second, steeply rising part 

corresponds to multilayer adsorption. At lower temperatures, the plateau of the isotherm gets 

progressively shorter and occurs at lower surface densities, suggesting that multilayer 

adsorption starts before the complete saturation of the first molecular layer. Thus, the obtained 

isotherms represent a transition between type II and type III isotherms (both describing 

multilayer adsorption) according to the IUPAC convention. Considering that type II isotherms 

correspond to systems where the adsorbate-adsorbent interaction is considerably stronger, 

while type III isotherms correspond to systems where it is considerably weaker than the lateral 

interaction between the adsorbed molecules, this result is in a clear accordance with earlier 

claims that the mixing of water and formamide is nearly ideal,
95,107,108

 and hence there is no 

marked difference between the interactions of the like and unlike molecules. Furthermore, it is 

also seen that the steepness of the first rising part of the isotherm, corresponding to the building 

up of the first molecular layer, increases very strongly with decreasing temperature, which 

results in a very sharp rise of the low temperature isotherms even at extremely low prel values. 

 We tried to fit the (prel) data up to their plateau region by the Langmuir isotherm,
109,110

 

i.e., 
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Kp

Kp
ΓΓ

rel

rel
max

1
 ,      (3) 

where the parameters max and K are the surface density of the saturated monolayer and the 

Langmuir partition coefficient, measuring the partitioning of the adsorbate molecules between 

the adsorption layer and the vapor phase, respectively. However, we could not get a reasonable 

fit in any case (see Fig. 3), suggesting that there might well be strong lateral interaction 

between the adsorbed formamide molecules. This point will be investigated in detail in a 

subsequent part of this paper. Nevertheless, the Langmuir function can still be fitted to the 

nearly linearly rising, very low prel points (i.e., the ones corresponding to considerably smaller 

 values than that corresponding to the plateau region) in the simulated data sets. Although the 

max values resulting from these fits are meaningless, as they are affected by far too large 

numerical error, the K values can still serve at least as rough estimates of the formamide 

partitioning between the adsorption layer and the vapor phase. This way, the value of K has 

turned out to be about 5  10
4
 at 200 K, 6  10

18
 at 100 K, and 10

43
 at 50 K. Although these 

values are still affected by large error bars, their very high orders of magnitude indicate 

strongly increasing affinity of formamide to the LDA surface with decreasing temperatures.  

 Based on the behavior of the obtained isotherms, we have selected four chemical 

potential values in each system, at which sample configurations have been collected for 

detailed analyses. The lowest of these chemical potential (referred to here as state I) always 

corresponds to only a few adsorbed molecules per surface. At the second value chosen (state 

II), formamide molecules form an unsaturated monolayer, but cannot be isolated from each 

other, while the third  value (state III) they form a more or less saturated monolayer. Finally, 

the largest of the chosen chemical potential values (state IV) corresponds to multilayer 

adsorption (i.e., when the basic box is already filled with formamide molecules) in every case. 

The chemical potential values corresponding to these states are indicated in Tables I-IV as well 

as in Fig. 2. 

 

 3.1.2. Density Profiles. The mass density profiles of all formamide molecules as well as 

only those forming the first molecular layer at the ice surface along the surface normal axis, X, 

are shown in Figure 4, as calculated in states I-IV in the various systems considered. The 

obtained profiles clearly confirm our earlier claim that no substantial amount of formamide is 
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located in the vapor and in the bulk ice phase. For reference, the mass density profile 

corresponding to the outmost portion of the ice phase is also indicated, while the inset of the 

figure shows the comparison of the density profiles of the Ih and LDA ice phases at 200 K. As 

is seen, while the density profile of Ih ice shows the clear separation of the subsequent 

molecular layers in the ice crystal, that of LDA is practically constant inside the bulk phase. It 

is also seen that the ordered structure of Ih ice implies also a clear layering of the adsorbed 

formamide molecules in the case of multilayer adsorption, while this layering is effectively 

screened by the corrugated surface of LDA ice. 

 The comparison of the profiles corresponding to all formamide molecules and to only 

those belonging to the first molecular layer reveals that not even traces of multilayer adsorption 

occur in states I-III. Further, since the saturated adsorption monolayer can be very well 

estimated by the first molecular layer in state IV, it is also evident that the adsorption 

monolayer in state III is clearly not yet saturated in any case (see also Fig. 1). Since state III 

has always been chosen as the point immediately preceding the sharp rise of the isotherm, this 

finding is in a clear accordance with our earlier claim that multilayer adsorption starts before 

the first monolayer gets saturated. 

 Integration of the density profiles of the first layer formamide molecules in state IV 

provides the average number of first layer adsorbed molecules, and hence also the surface 

density of the saturated monolayer, max. Assuming that the surface area of the LDA phase is 

independent from the temperature, the value of max turns out to be 10.5 ± 0.7 mol/m
2
 for 

LDA, and 9.4 mol/m
2
 for Ih ice. The fact that the value of max is significantly larger for LDA 

than for Ih ice reflects that considerably more adsorbed molecules can be accommodated at the 

corrugated surface of amorphous ice than at the flat surface of crystalline ice. Similar results 

were obtained earlier concerning the adsorption of methylamine at LDA and Ih ice surfaces.
70

 

Further, the fact that the obtained max values are considerably larger than the surface densities 

corresponding to the plateau region of the (prel) isotherms, scattering between about 6 and 

8 mol/m
2
 (see Fig. 3) stresses again that multilayer adsorption precedes the saturation of the 

first molecular layer at formamide at the surface of both amorphous and crystalline ice. 

 Finally, having the max values estimated, we can attempt to establish a relation 

between the calculated isotherms and the possible adsorption of formamide on LDA under 

interstellar, and on Ih ice under tropospheric conditions. For this, the p0 values corresponding to 
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the temperatures considered are needed to be, at least, estimated. Such estimation can be given 

by the Antoine equation:
111

  

CT

B
Ap


0ln ,       (4) 

 

where A, B, and C are the Antoine parameters. Unfortunately, the only Antoine parameter set 

for formamide we are aware of, i. e., A = 5.9526, B = 8937.035 K, and C = 27.655 K, 

corresponding to the p0 value in Pa units, is supposed to provide reliable results only in the 

temperature range between 343.7 K and 483.7 K,
112,113

 well above the temperature range of our 

interest. Nevertheless, using the p0 value corresponding to the lower boundary of this range of 

343.7 K as a very crude but certainly upper estimate of the p0 value at the temperatures 

considered in this study, and converting the pressure values to bulk vapor phase concentration 

using the ideal gas law, the vapor phase concentration of formamide being in equilibrium with 

the saturated adsorption monolayer (i.e.,  being 10.5 mol/m
2
 for LDA and 9.4 mol/m

2
 for Ih

 

ice) can be estimated as 10
-17

 molecules/dm
3
 at 50 K, 10

5
 molecules/dm

3
 at 100 K, and 

10
15

 molecules/dm
3
 at 200 K. Considering that the concentration of formamide is thought to be 

about 10
-1

 – 10
-2

 molecules/dm
3
 at least in some parts of the ISM,

32
 we can clearly conclude 

that its adsorption at the LDA surface is strongly preferred at 50 K. Further, given the 

crudeness of the estimation of p0 we could make, being several orders of magnitude too high at 

the temperatures considered here, it is also quite possible that this preference of formamide for 

adsorption still prevails up to 100 K under interstellar conditions. Further, since the 

concentration of formamide in the atmosphere is thought to be about 

2.5  10
13

 molecules/dm
3
,
114

 and taking into account again that our above estimate of 

10
15

 molecules/dm
3
 is very probably deviating several orders of magnitude up from the real 

value, our results strongly suggest that the adsorption of formamide on Ih ice under 

tropospheric conditions is also a strongly preferred process.  

 

 3.2. Orientation of the First Layer Formamide Molecules. Since the orientation of a 

rigid molecule relative to an external direction (or plane) can be described by two independent 

orientational variables, their orientational statistics can only be fully characterized by the 

bivariate joint distribution of these two variables.
115,116

 We showed previously that the angular 

polar coordinates  and  of the external vector (in our case, the macroscopic surface normal 
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vector, X, pointing, by out convention, away from the ice phase) in a local Cartesian frame 

fixed to the individual molecules is a suitable choice for such a pair of independent 

orientational variables.
115,116

 Here we define this local Cartesian frame in the following way. Its 

origin coincides with the N atom of the formamide molecule, axis x points along the N-C bond 

from the N to the C atom, axis z is perpendicular to the plane of the molecule, while axis y is 

perpendicular to both axes x and z, and it is oriented in such a way that the y coordinate of the 

O atom is positive. Thus, the polar angle  is the angle between the macroscopic surface 

normal axis, X (i.e., edge X of the basic box) and the molecule normal, while angle  is the 

angle between the projection of X to the molecular plane and the vector pointing from the N to 

the C atom of the formamide molecule. The definition of this local Cartesian frame as well as 

that of the polar angles  and  is illustrated in Figure 5a. It should be noted that, due to the 

planar symmetry of the formamide molecule, this local frame can always be chosen in such a 

way that the polar angle  does not exceed 90
o
, and thus 0 ≤ cos ≤ 1. Finally, since  is an 

angle formed by two general spatial vectors, but is formed by two vectors that stay, by 

definition, within a given plane (i.e., the molecular plane), uncorrelated orientation of the 

molecules with the surface results in a uniform distribution only if cos and  are chosen to be 

the orientational variables.
116

 

 The P(cos,) orientational maps of the first layer formamide molecules are shown in 

Figure 6 as obtained from our simulations. As is seen, there are two preferred orientations of 

these molecules. The first one, occurring at the cos value of 1, corresponds to the parallel 

alignment of the molecule with the macroscopic plane of the ice surface (i.e., the YZ plane of 

the basic box). This orientation is denoted here as IFA. (It should be noted that in the case of 

cos = 1, the projection of X to the xy plane of the local frame becomes a single point, see Fig. 

5a, thus angle  loses its meaning, and hence all points of the P(cos,) orientational map 

laying along the cos = 1 line are equivalent.) The peak corresponding to the second preferred 

orientation, marked here as IIFA, is located at  values close to 360
o
, and it extends largely 

along the cos axis of the map. This peak corresponds to a tilted orientation of the formamide 

molecule in such a way that the molecular plane is not twisted substantially with respect to the 

surface plane, and the NH2 group points toward, while the CHO group away from the ice 

phase. Since the tilt angle in this alignment is right the polar angle , the extension of the IIFA 

peak along the cos axis of the map indicates that various, differently tilted alignments of the 
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formamide molecule are all preferred. The preferred alignments IFA and IIFA of the formamide 

molecules are illustrated in Figure 5b. Similar orientational preferences were obtained earlier at 

the liquid-vapor interface of water-formamide mixtures.
117

 

 The preference of the formamide molecules for these orientations can be understood by 

considering the possible hydrogen bonds they can form with each other as well as with the 

surface water molecules in these alignments. Since all the H-bonding directions of the 

formamide molecule lay also within the molecular plane, formamide molecules of alignment 

IFA can easily hydrogen bond to each other; a formamide molecule of orientation IFA can form 

up to four such H-bonds with its formamide neighbors. Further, since the surface of LDA ice is 

corrugated on the molecular length scale, two neighboring surface formamide molecules of 

alignment IIFA, located at different depths along the macroscopic surface normal axis, X, can 

also form a H-bond with each other in such a way that the molecule being farther from the bulk 

ice phase along this external axis is the H-donor, while the one being closer to the bulk ice 

phase is the H-acceptor partner. These possible hydrogen bonds between two surface 

formamide molecules, both aligned in one of their preferred orientations, are illustrated in 

Figure 5c. 

 Water molecules prefer four distinct orientations at the surface of Ih ice, in each of 

which one H-bonding direction (i.e., an O-H bond or a lone pair) is staying perpendicular to the 

surface plane.
70

 At the surface of LDA ice, these preferences are much less sharp, the 

corresponding peaks of the orientational map are strongly merged, indicating that surface 

waters can rather largely deviate from these orientations. As a consequence, the co-planar 

alignment with the macroscopic plane of the surface is also preferred here.
70

 A formamide 

molecule of orientation IFA, laying also parallel with this plane, can thus easily form up to 4 H-

bonds also with surface waters of this alignment. Moreover, even at the surface of Ih ice, a 

slight deviation from the alignment IFA as well as from a preferred water orientation and/or a 

slight distortion of the linearity of the H-bond can also lead to the formation of several H-

bonds between surface waters and IFA aligned formamides. Furthermore, a formamide 

molecule of alignment IIFA, being tilted from the surface plane, can easily donate both of its 

NH2 hydrogen atoms to surface water molecules aligned in two of their preferred orientations. 

These possible H-bonding patterns between surface water and first layer formamide molecules 

are also illustrated in Fig. 5c. The possible hydrogen bonding of the first layer formamide 

molecules is further investigated in the subsequent sub-section. 
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 3.3. Energetics of the Adsorption. To characterize the energetic background of the 

adsorption, we have calculated the Ub binding energy (i.e., the total interaction energy with the 

rest of the system) of the first layer formamide molecules. Further, besides Ub, its contributions 

coming from the interaction with the ice phase, and with the other formamide molecules, 

denoted here as ice
b

U  and lat
b

U , respectively, have also been calculated. The binding energy 

distributions obtained at 200 K, 100 K, and 50 K are shown in panels a, b, and c, respectively, 

of Figure 7.  

 The distributions obtained on Ih and LDA ices (Fig. 7a) are rather similar to each other, 

with the only notable difference that they are somewhat broader in the case of amorphous than 

crystalline ice, and this broadening is such that the P( ice
b

U ) distributions extend to lower, while 

the P( lat
b

U ) ones to higher energies in the case of LDA ice. This increased importance of the 

formamide-water interaction at the surface of amorphous ice can be well explained by the 

higher orientational flexibility of the water molecules as well as the by the larger amount of 

accessible H-bond donor and acceptor water partners at this surface than at that of Ih ice.
70

 The 

opposite effects of the ice phase on the P( ice
b

U ) and P(
lat
b

U ) distributions largely cancel each 

other, resulting in almost identical P(Ub) distributions at the surface of the two ice phases, 

indicating again that the exchange of the H-bonded water and formamide neighbors of a 

formamide molecule has a negligible energetic consequence.  

 In state I, the P( ice
b

U ) distribution of the 200 K systems exhibits a single peak around 

-100 kJ/mol. With increasing chemical potential (i.e., increasing surface coverage), this peak 

shifts to higher energies, often being splitted to two distinct peaks or, at least, exhibiting a 

shoulder. These peaks and shoulders typically occur around the energy values of about 

-75 kJ/mol, -50 kJ/mol, and -25 kJ/mol; in the case of state IV and Ih ice even a small peak of 

P(
ice
b

U ) around zero energy is seen. Considering that the energy of a hydrogen bond is roughly 

-25 kJ/mol, this finding indicates that in state I (i.e., at the lowest surface density considered), 

first layer formamide molecules typically form four H-bonds with the ice phase, and the 

number of their H-bonded water neighbors gradually decreases with increasing surface density.  



 18 

 On the other hand, the P( lat
b

U ) distribution exhibits a very high and narrow peak at 

zero energy in state I; this peak is still clearly seen in state II and traces of it exist even in state 

III. This peak corresponds to the adsorbed formamide molecules that are isolated from each 

other. Interestingly, this distribution also shows a peak at around -25 kJ/mol even in state I on 

LDA ice, indicating that adsorbed molecules are not completely isolated from each other even 

in this state of very low surface density (i.e., when less than 5 formamides are attached, on 

average, to each of the two ice surfaces in the basic box, see Table 3). This behavior is in a 

clear contrast with our previous observation concerning the adsorption of methylamine on 

LDA ice,
70

 and stresses the strong lateral interaction between the adsorbed formamide 

molecules. It should be noted that, by contrast with the LDA ice, no such peak is seen on 

P( lat
b

U ) in state I of Ih ice, indicating that in this case the adsorbed molecules are indeed 

isolated from each other. The increase of the chemical potential, and hence that of the surface 

density shifts the P( lat
b

U ) distribution to lower energies, reflecting the fact that adsorbed 

molecules are increasingly surrounded by each other. Thus, in LDA ice, the peak of the 

distribution occurs around -25 kJ/mol, -55 kJ/mol, and -80 kJ/mol in states II, III, and IV, 

respectively, indicating the ability of the adsorbed formamide molecules to form up to three H-

bonds with each other.  

 The distribution of the total binding energy, P(Ub), exhibits a single peak around 

-100 kJ/mol in states I-III, reflecting the compensation of the decrease of its ice, and increase 

of its lateral component (in magnitude) with increasing chemical potential, and indicating that 

adsorbed formamide molecules always prefer to form four hydrogen bonds with their 

neighbors, irrespectively of whether they are waters or formamides. Interestingly, in state IV 

the P(Ub) peak occurs around -120 kJ/mol. Since a formamide molecule cannot form more than 

4 hydrogen bonds, this deep binding energy reflects also the strong but non-hydrogen bonding 

interaction of the first layer formamide molecules with those forming the subsequent, outer 

molecular layers of the adsorption layer. Considering that first layer formamides already 

complete their four possible H-bonds with surface waters and in-layer formamides in the lack 

of outer adsorbed molecular layers, as seen from the P(Ub) distributions in states I-III, we can 

conclude that their interaction with the subsequent layers in state IV most likely involves 
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strong dipolar interactions, as without that the additional, roughly -20 kJ/mol of the binding 

energy could not be explained. 

 The distributions obtained at lower temperatures (Figs. 7b and 7c) exhibit similar 

features, although they are affected by considerably larger noise with decreasing temperature 

due to the decreased mobility of the molecules. The most important difference from the 200 K 

data is that in state I the peak of the P( ice
b

U ) distribution occurs around -80 kJ/mol (rather than 

-100 kJ/mol) at 100 K, and it is splitted to two peaks, being at about -80 kJ/mol and -60 kJ/mol 

at 50 K. Correspondingly, at 100 K the P( lat
b

U ) distribution exhibits a much larger peak 

around -25 kJ/mol than at 200 K, and a rather small peak occurs also close to -50 kJ/mol. 

Further, at 50 K, the peak around -25 kJ/mol completely vanishes, and that at -50 kJ/mol 

becomes very large. These findings indicate that at these low temperatures adsorbed 

formamide molecules are not at all isolated from each other even at very low surface densities 

(state I corresponds, on average, to 3.5 and 1.5 formamide molecules per surface at 100 K and 

50 K, respectively, see Tables 1 and 2), instead, they are very strongly interacting with each 

other even at such low surface densities. This extremely strong affinity of the formamide 

molecules for lateral interaction is in a clear accordance with the observed non-Langmuir 

nature of the adsorption isotherms, as discussed previously in this paper.  

 Finally, the heat of adsorption at infinitely low surface coverage, an experimentally 

accessible quantity can, in principle, be well estimated from the mean value of the P( ice
b

U ) 

distribution at low enough surface density, i.e., when the adsorbed molecules are completely 

isolated from each other. However, in the present case we can calculate its value only in the 

case of Ih ice, when, in state I, the adsorbed molecules are indeed isolated from each other (see 

the middle panel of Fig. 7.a). For this system, the heat of adsorption at infinitely low surface 

density turns out to be -105.6 kJ/mol. Unfortunately, we are not aware of any experiment 

concerning this quantity yet. However, its measurement in the future can provide a further test 

of the reliability of the present results. In the case of LDA, on the other hand, we do not have 

the situation of completely isolated adsorbed molecules even at the lowest surface density 

considered, and hence the mean value of P( ice
b

U ) in state I, turned out to be -99 kJ/mol, 

-80 kJ/mol, and -68 kJ/mol at 200 K, 100 K, and 50 K, respectively, can only serve as an upper 
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estimate of the heat of adsorption at infinite dilution, which becomes increasingly crude with 

decreasing temperature.  

 

4. Summary and Conclusions 

 

 In this paper, we have investigated the adsorption of formamide at the surface of Ih and 

LDA ices under both interstellar and tropospheric conditions by computer simulation methods. 

The obtained adsorption isotherms revealed the ability of formamide to form multimolecular 

adsorption layer, the thickness of which might well (i.e., orders of magnitude) exceed the size 

of the simulation box. The isotherms turned out to be between types II and III according to 

IUPAC convention. Thus, preceding multilayer adsorption, the (prel) isotherms exhibit a 

plateau corresponding to a rather stable adsorption layer, the range of which is getting 

progressively narrower with decreasing temperature. This stable layer is, however, still an 

unsaturated monolayer, and the building up of the outer molecular layers starts somewhat 

before the first layer becomes saturated. This finding indicates, in accordance with earlier 

results,
95,107,108

 that the adsorbate-adsorbent and lateral interactions are of roughly the same 

magnitude. Thus, adsorbed formamide molecules are not isolated from each other even at very 

low surface densities, and this effect is more marked at lower temperatures. As a consequence, 

the isotherms exhibit non-Langmuir shape even in the pressure range that precedes multilayer 

adsorption. However, in spite of this non-Langmuir shape, we could estimate both the partition 

coefficient of formamide between the adsorption layer and the vapor phase, K (from the fit of 

the very low pressure part of the data), and the surface density of the saturated monolayer, max 

(from the density profile of the first layer molecules in the case of strongly multilayer 

adsorption). Thus, the value of K turned out to be in the order of 5  10
4
, 6  10

18
, and 10

43
 at 

200 K, 100 K, and 50 K, respectively, while max was found to be 10.5 ± 0.7 mol/m
2
 on LDA 

and 9.4 mol/m
2
 on Ih ice. Due to the strong lateral association of the formamide molecules, 

we could only estimate the heat of adsorption at infinitely low surface coverage on Ih ice at 

200 K, where it turned out to be -105.6 kJ/mol. On LDA, on the other hand, only an upper 

estimate of this value (being cruder at lower temperatures) was obtained, being -99 kJ/mol at 

200 K, -80 kJ/mol at 100 K, and -68 kJ/mol at 50 K. 
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 The analysis of the first molecular layer revealed that at the ice surface formamide 

molecules typically form four hydrogen bonds with their neighbors, and only the ratio of the 

water and formamide molecules among these H-bonded neighbors depend on the temperature, 

ice type and surface coverage. To maximize their hydrogen bonding both with surface waters 

and other formamides, the adsorbed formamide molecules in the first molecular layer prefer 

parallel as well as tilted but not twisted alignments relative to the ice surface. 

 In the lack of Antoine parameters that are reliable in the temperature range studied, we 

could only give a very crude estimate of the pressure that corresponds to a more or less 

saturated monolayer, however, this crude estimate is at least certainly (much) higher than the 

real value. Based on this (over)estimation, we found that the adsorption of formamide on LDA 

ice in the temperature range characteristic to the interstellar medium, and also on Ih ice at the 

tropospheric temperature of 200 K is a strongly preferred process, which certainly has to be 

taken into account in studying chemical reactivity in these environments. 
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Tables 

 

 

Table 1. Data of the Adsorption Isotherm of Formamide on LDA Ice at 50 K, as Obtained 

from the Simulations. The  Value Corresponding to the Point of Condensation Is Also 

Indicated (Bold Characters). 

/kJ mol
-1 <N> p/p0 /mol m

-2 

  
-63.54

a 
3.020 3.66  10

-55
 0.178 

-62.29 9.017 7.35  10
-54

 0.535 

-61.46 11.03 5.43  10
-53

 0.654 

-60.21 13.20 1.09  10
-51

 0.773 

-58.13 32.52 1.62  10
-49

 1.90 

-56.06 37.34 2.40  10
-47

 2.20 
  
-53.98

b 
60.28 3.57  10

-45
 3.58 

-51.90 68.07 5.29  10
-43

 4.04 

-49.82 81.12 7.85  10
-41

 4.81 
  
-48.99

c 
115.4 5.80  10

-40
 6.83 

-48.57 515.2 1.58  10
-39

 30.6 

-48.16 896.6 4.29  10
-39

 53.3 
  
-47.74

d 
907.8 1.17  10

-38
 54.0 

-46.91 910.2 8.61  10
-38

 54.1 

-46.08 912.1 6.36  10
-37

 54.2 

-45.25 906.0 4.70  10
-36

 53.8 

-11.432  1.000  

a
state I 

b
state II 

c
state III 

d
state IV 
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Table 2. Data of the Adsorption Isotherm of Formamide on LDA Ice at 100 K, as 

Obtained from the Simulations. The  Value Corresponding to the Point of Condensation 

Is Also Indicated (Bold Characters). 

/kJ mol
-1 <N> p/p0 /mol m

-2 

  
-69.74

a 
7.011 3.60  10

-25
 0.416 

-67.25 7.548 7.22  10
-24

 0.449 

-65.59 9.103 5.34  10
-23

 0.535 

-63.92 10.40 3.94  10
-22

 0.618 

-63.09 17.01 1.07  10
-22

 1.01 

-61.43 25.02 7.92  10
-21

 1.49 

-60.18 28.01 3.55  10
-20

 1.66 

-58.93 37.95 1.59  10
-19

 2.26 
  
-57.27

b 
57.86 1.18  10

-18
 3.44 

-56.02 75.13 5.27  10
-18

 4.46 

-54.78 86.83 2.36  10
-17

 5.16 
  
-53.95

c 
104.1 6.42  10

-17
 6.18 

-53.11 221.9 1.74  10
-16

 13.2 
  
-51.45

d 
894.0 1.29  10

-15
 53.1 

-49.79 895.1 9.52  10
-15

 53.2 

-48.54 896.5 4.27  10
-14

 53.3 

-47.29 898.2 1.91  10
-13

 53.4 

-22.947  1.000  

a
state I 

b
state II 

c
state III 

d
state IV 
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Table 3. Data of the Adsorption Isotherm of Formamide on LDA Ice at 200 K, as 

Obtained from the Simulations. The  Value Corresponding to the Point of Condensation 

Is Also Indicated (Bold Characters).  

/kJ mol
-1 <N> p/p0 /mol m

-2 

-76.36 0.0021 7.93 10
-10

 1.25  10
-4

 

-73.04 0.0443 5.86 10
-9

 2.63 10
-3

 

-70.21 1.028 3.21 10
-8

 6.11 10
-2

 

-68.05 2.086 1.18 10
-7

 0.124 
  
-64.73

a 
9.434 8.70 10

-7
 0.561 

-62.73 24.10 2.89 10
-6

 1.43 

-61.90 41.68 4.76 10
-6

 2.48 
  
-61.40

b 
50.22 6.43 10

-6
 2.98 

-60.57 57.58 1.06 10
-5

 3.42 

-59.74 93.25 1.75 10
-5

 5.54 
  
-58.91

c 
118.29 2.88 10

-5
 7.03 

-58.07 338.19 4.75 10
-5

 20.1 

-57.24 872.0 7.83  10
-5

 51.8 
  
-56.41

d 
878.0 1.29  10

-4
 52.2 

-54.75 896.1 3.51  10
-4

 53.2 

-53.09 901.6 9.54  10
-4

 53.6 

-41.521  1.000  
a
state I 

b
state II 

c
state III 

d
state IV 
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Table 4. Data of the Adsorption Isotherm of Formamide on Ih Ice at 200 K, as Obtained 

from the Simulations. The  Value Corresponding to the Point of Condensation Is Also 

Indicated (Bold Characters).  

/kJ mol
-1 <N> p/p0 /mol m

-2 

-78.03 0.0002 2.92  10
-10

 1.19  10
-5

 

-76.36 0.0008 7.93  10
-10

 4.75  10
-5

 

-73.04 0.0075 5.86  10
-9

 4.46  10
-4

 

-69.71 0.0679 4.33  10
-8

 4.03  10
-3

 

-67.22 1.322 1.94  10
-7

 7.86  10
-2

 

-66.39 2.307 3.20  10
-7

 0.137 
  
-64.73

a 
5.635 8.70  10

-7
 0.335 

-63.06 11.09 2.36  10
-6

 0.659 
  
-61.40

b 
42.57 6.43  10

-6
 2.53 

-60.57 54.67 1.06  10
-5

 3.25 

-59.74 112.3 1.75  10
-5

 6.67 
  
-58.91

c 
119.8 2.88  10

-5
 7.12 

-58.07 127.6 4.75  10
-5

 7.58 

-57.41 136.6 7.08  10
-5

 8.12 

-56.74 771.0 1.06  10
-4

 45.8 
  
-56.41

d 
748.1 1.29  10

-4
 44.5 

-55.91 761.4 1.74  10
-4

 45.2 

-55.25 768.0 2.60  10
-4

 45.6 

-54.75 770.9 3.51  10
-4

 45.8 

-41.521  1.000  
a
state I 

b
state II 

c
state III 

d
state IV 
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Figure Legend 

 

Figure 1. Equilibrium snapshots of the system at 50K, both from top (left column) and side 

(right column) view, as obtained at four different chemical potential values from our 

simulations. Water O atoms are shown by red spheres, first layer formamide molecules (as 

determined by the ITIM method) are shown by blue, while outer formamide molecules by 

yellow color, respectively. 

 

Figure 2. Adsorption isotherms of formamide, in the form of number of adsorbed molecules 

vs. chemical potential, at the surface of Ih ice at 200 K (black open symbols) as well as at the 

surface of LDA ice (full symbols) at 200 K (black), 100 K (red), and 50 K (green), as obtained 

from our simulations. The lines connecting the points are just guides to the eye. The state 

points at which sample configurations have been dumped for detailed analyses are marked by 

the arrows (see the text). The inset shows the temperature dependence of the chemical potential 

corresponding to the point of condensation. Black circles: simulation results, red line: straight 

line fitted to these data.  

 

Figure 3. Adsorption isotherms of formamide, in the form of surface density vs. relative 

pressure, at the surface of Ih ice at 200 K (bottom panel, open symbols) as well as at the surface 

of LDA ice (full symbols) at 200 K (bottom panel), 100 K (middle panel), and 50 K (top 

panel), as obtained from our simulations. The insets show these data up to the point where the 

adsorption layer is still monomolecular (symbols), together with their best Langmuir fits 

(dashed curves). 

 

Figure 4. Mass density profile of the adsorbed formamide molecules (solid lines) as well as 

solely of their first molecular layer (circles) in states I (red), II (green), III (blue), and IV 

(orange), as obtained at the surface of LDA ice at 50 K (top panel), 100 K (second panel), and 

200 K (third panel) as well as at the surface of Ih ice at 200 K (bottom panel). The mass density 

profile of the surface portion of the ice phase is also indicated, for reference (black dashed 

lines). The inset shows the comparison of the mass density profiles of the Ih (black dashed line) 

and LDA (red solid line) ice phases along their surface normal axis, X, is state I at 200 K.   
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Figure 5. (a) Definition of the local Cartesian frame fixed to the individual formamide 

molecules, and of the polar angles  and  describing the orientation of the molecule relative to 

the ice surface (see the text). (b) Preferred orientations of the formamide molecules at the 

surface of Ih and LDA ices. (c) Possible H-bonding arrangements of the surface formamide 

molecules with their formamide neighbors as well as with surface water molecules, when all 

molecules are aligned in one of their preferred surface orientations. Red, blue, grey, and white 

balls represent O, N, C, and H atoms, respectively, the dashed lines denote hydrogen bonding, 

and X is the macroscopic surface normal vector, pointing, to our convention, away from the ice 

phase.  

 

Figure 6. Orientational maps of the first layer formamide molecules, as obtained on LDA ice 

at 50 K (top row), 100 K (second row), and 200 K (third row) as well as on Ih ice at 200 K 

(bottom row) in states I (first column), II (second column), III (third column), and IV (fourth 

column). Lighter shades of grey correspond to higher probabilities. The peaks corresponding to 

the preferred orientations of the surface formamide molecules (IFA and IIFA, see the text) are 

also marked. 

 

Figure 7. Distribution of the total binding energy (Ub) of the first layer formamide molecules 

(bottom panels) as well as its contribution coming from the other formamide molecules in the 

system (middle panels) and from the ice phase (top panels), as obtained (a) at 200 K, (b) at 

100 K, and (c) at 50 K at the surface of Ih (full circles) and LDA (solid lines) ices in states I 

(black), II (red), III (green), and IV (blue). For the definition of the binding energy and its 

contributions, see the text. 
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Figure 2 

Kiss et al. 
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Figure 3 

Kiss et al. 
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Figure 4 

Kiss et al. 
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Figure 5 

Kiss et al. 
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Figure 6 

Kiss et al. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

0.0 0.5 1.0
0

180

360

II
FA

I
FA


 /  d

eg


 /  d
eg

cos


 /  d

eg


 /  d

eg

coscoscos


 /  d

eg

II
FA

II
FA

I
FA

 

 

II
FA I

FA

 

 

II
FA

200
 
K

crystalline ice

200
 
K

100
 
K

50
 
K

state IVstate I state IIIstate II

 

 

I
FA

 

 

II
FA

I
FA

I
FA


 /  d

eg


 /  d

eg


 /  d
eg


 /  d

eg
 

 

II
FA I

FA


 /  d

eg
 

 

II
FA I

FA

cos

 

 

II
FA I

FA

 

 

II
FA I

FA

 

 

II
FA I

FA

 

 


 /  d

eg


 /  d
eg


 /  d

eg


 /  d
eg

cos

 

 

II
FA

I
FA

cos cos cos

coscoscos

cos

 

 

II
FA I

FA


 /  d

eg


 /  d

eg

cos 

 

II
FA

I
FA

 

 

II
FA

I
FA

cos cos 
 



 45 

Figure 7a 

Kiss et al. 
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Figure 7b 

Kiss et al. 
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Figure 7c 

Kiss et al. 
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