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ABSTRACT: Aniline has been found to have frequent environmental occurrence and 

high toxicity. However, little study has been performed on its environmental fate. 

Here, we employed Grand Canonical Monte Carlo simulations (GCMC) to investigate 

the adsorption behavior of aniline on hexagonal ice surface at 200 K using our 

modified force field of aniline and TIP5P force field of water. The results indicate that 

the adsorption isotherm of aniline exhibits a “monolayer saturation plateau”, starting 

with a rapid increase, then a plateau, and finally a condensed phase. Under very low 

surface coverage, the adsorption isotherm apparently follows Langmuir type 

adsorption isotherm although anilines can be adsorbed to various sites. Within the 

range of the apparent Langmuir-type adsorption isotherm, adsorbed anilines are 

independent from each other and most anilines are almost parallel to the ice surface 

and form two N−H•••O hydrogen bonds. With the increase of coverage, the adsorbed 

anilines can interact with each other, resulting in the deviation from the apparent 
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Langmuir-type adsorption isotherm. In addition, the adsorption energy from GCMC 

simulation (-65.91 kJ mol
-1

) is well consistent that from our validating quantum 

chemistry calculation (-69.34 kJ mol
-1

), further confirming the reliability of our 

GCMC simulation results. 

Keywords: Adsorption; Monte Carlo simulation; Aniline; Ice Surface; Atmospheric 

chemistry. 

1. INTRODUCTION 

Ice particles are critically important environmental components in cirrus clouds, 

formed in the upper troposphere, and earth surface at high latitudes and high 

mountains.[1-3] They can effectively capture atmospheric pollutants through 

chemical or physical interactions.[1, 2, 4-9] These chemical/physical interactions on 

the air−ice interface can change the electronic structure characteristics of adsorbates 

and therefore modify their chemical activity, ultimately affecting the fate of pollutants 

from the atmosphere.[4, 6, 8-16] Therefore, it is necessary to investigate the 

adsorption of atmospheric pollutants on the ice surface for evaluating their 

environmental risk. 

Atmospheric organic NHx-containing compounds (x = 1, 2) are one kind of 

pollutants with potential environmental risk. Currently, about 160 organic NHx-

containing compounds have been detected in the atmosphere.[17] Many studies have 

been performed to concern their atmospheric fate.[18-22] However, little study has 

been done on their adsorption on ice surface. In principle, organic NHx-containing 

compounds can form N−H•••O and N•••H−O hydrogen bonds with the ice surface, 

which can cause their adsorption on the ice surface in a similar way as the O•••H−O 

hydrogen bonds and O−H•••π bonds driving the adsorption of benzaldehyde[23] and 

aromatic molecules,[24] respectively. As the first case for adsorption of these 
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compounds on ice surface, Szentirmai et al[25] found that methylamine, the simplest 

NHx-containing compound, can be adsorbed effectively on the ice surface by the 

interplay of N−H•••O and N•••H−O hydrogen bonds between methylamine and 

surface water molecules as well as the dipolar interactions between neighboring 

adsorbed methylamines. Among detected atmospheric NHx-containing compounds, 

various functional groups are attached to the −NHx group. The functional groups 

could interact with the ice surface themselves or affect the interactions between −NHx 

group and the ice surface via changing the N•••H−O or N−H•••O hydrogen bonds 

strength, which lead various adsorption mechanisms of NHx-containing compounds 

on the ice surface. Therefore, it is essential to investigate the adsorption of other NHx-

containing compounds, especially those with unique structures, to further understand 

the adsorption of NHx-containing compounds on the ice surface.  

Aniline (AN) is one kind of organic NHx-containing compounds. As an important 

intermediate or precursor for many industrial chemicals such as rubbers, polymers, 

dyes, pesticides, pharmaceuticals and explosives, it can be inevitably released into the 

environment in the process of its production, usage and transportation.[26-29] In 

addition, automobile vehicle exhaust is another main source for aniline since it is 

usually used as gasoline antiknock agents.[29] Aniline has been listed as a hazardous 

organic compound by the US Environmental Protection Agency[26] and a priority 

pollutant in China because of its high toxicity, chemical and biochemical stability.[29] 

The concentration of aniline was found to be up to tens of pptv in the urban 

atmosphere.[17, 30-32] However, it is surprising that little study has been performed 

to concern its fate in the environment although its toxicological effect and (potential) 

environmental occurrence.[26, 33, 34] In view of electronic structure, aniline includes 

two functional groups, phenyl and –NH2, which both can interact with the ice surface. 
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The phenyl group can interact with the ice surface via O−H•••π bonds, and –NH2 can 

interact with the ice surface as both a H-bond donor and acceptor. The various 

possible interactions between aniline and the ice surface make it difficult to guess 

which interactions drive adsorption of aniline on the ice surface. Therefore, in order to 

understand the atmospheric fate of aniline and extend current knowledge of 

adsorption of organic NHx-containing compounds on the ice surface, the information 

about the adsorption of aniline on the ice surface is crucial. 

In this paper, we used Grand Canonical Monte Carlo (GCMC) simulations to 

investigate the adsorption behaviors of aniline on the surface of ice. As it is known, 

selecting reliable force fields is the key of the success for GCMC simulations. Here, 

TIP5P water model,[35] which can well describe the water interaction, was selected 

as force field of ice. For aniline, a modified force field based on OPLS-AA were used. 

Based on the simulation results, we calculated and analyzed the adsorption isotherm 

of aniline and probed the properties of the adsorbed aniline at diverse coverages in 

terms of the orientations of the aniline molecules, hydrogen bonding interactions and 

energetics of adsorption. The results are of significance for understanding the 

adsorption mechanism of aniline itself on the surface of ice, also other aromatics 

containing NHx group. 

2. COMPUTATIONAL DETAILS 

2.1 Ice surface model and GCMC simulation. The adsorption of aniline on the ice 

surface has been investigated by performing a series of GCMC simulations at the 

tropospheric temperature T = 200 K. Here, we chose the 0001 surface of a perfect 

hexagonal ice (Ih) as the ice surface model. The 0001 surface of a perfect Ih ice is 

considered to well simulate the actual surface of atmospheric ice[36-38] and has been 

successfully used to investigate the adsorption of (semi)volatile organic compounds 
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((S)VOCs) on the ice surface.[9, 23-25, 39-46] The setup of simulation box was the 

same as that in our recent study on the adsorption of nitrobenzene on the ice 

surface.[39] Specifically, the simulation box was rectangular, with the X, Y, and Z 

edges being 100, 35.926, and 38.891 Å. The ice phase consisted of 18 molecular 

layers of proton disordered Ih ice, a total of 2880 water molecules arranged along X 

axis (the surface normal) in the middle of the basic box with 3D periodic boundary 

conditions. To obtain the adsorption isotherm of aniline, 29 independent GCMC 

simulations were performed. The chemical potential (μ) of aniline for a given GCMC 

simulation varied from -65.04 to -56.56 kJ mol
-1

, which covers the cases of adsorption 

from those with no adsorbed aniline molecules to those with the basic box all filled. 

The adsorption isotherm was directly calculated by the average number of adsorbed 

aniline molecules ⟨N⟩ as a function of μ values. 

The GCMC simulations were performed with the MMC program developed by 

Mezei.[47-49] The five-site TIP5P potential model[35] and our modified OPLS-AA 

force field (detailed in the following section) were used to simulate water molecules 

of ice phase and aniline, respectively. Although the TIP5P water model does not 

perfectly simulate all behaviors of aqueous phases at low temperature,[50, 51] the 

TIP5P model is considered to be one of the good water models with better 

performance for predicting the melting point of Ih ice[35, 51, 52] and the experimental 

liquid-liquid phase transitions than other models.[53] More importantly, previous 

studies found that the adsorption for methanol,[15] formic acid,[54] 

benzaldehyde,[23] acetaldehyde[55] on ice surface with TIP5P model can well agree 

with the experimental observation. Water and aniline molecules were rigid in the 

simulation system. The employed geometry of aniline was listed in the support 

information (SI). The interaction of the molecule pair was computed as the sum of 
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Coulomb electrostatic and Lennard-Jones (LJ) interactions between all pairs of their 

interaction sites. Here, we did not consider the long-range correction of the 

electrostatic interaction since it was found to have a negligible effect on the 

adsorption isotherm for the systems similar to ours.[56, 57] The total potential 

energies of the simulation systems were computed as the sum of the interaction 

energy of every molecular pair within a center−center cutoff distance of 12.5 Å. In the 

GCMC simulation, the insertion/remove and particle displacement steps are 

performed in an alternating manner. In an insertion/remove step, the aniline molecules 

are inserted into or removed from the simulation box with the same possibility using 

the cavity biased algorithm of Mezei.[48, 49] For the particle displacement, randomly 

selected water or aniline molecule moves no more than 0.25 Å and rotates no more 

than 15° around a randomly selected coordinate axis. We have to mention that the 

insertion was only attempted to enter the cavity with a radius of at least 2.9 Å. In 

principle, the choice of cavity radius can only affect the sampling efficiency, not the 

final result. In addition, we noted that with the same cavity radius, calculated 

adsorption isotherm of benzaldehyde[23] on ice surface at relative short simulation 

time is well consistent with experimental one. Since the molecular size of aniline is 

similar to that of benzaldehyde, the selection of cavity radius for the insertion 

attempts of aniline should be reasonable. Totally, 6 × 10
8
 Monte Carlo simulation 

steps were performed in each GCMC simulation. The first 4 × 10
8
 steps are taken as 

an equilibrium run, the other 2 × 10
8
 steps as a production run. During the production 

run, one configuration was saved for every 10
5
 GCMC steps (totally 2000 sample 

configurations) for further analysis at selected μ values. 

2.2 Force field parameter modification for aniline. Similar to our recent study on 

the adsorption of nitrobenzene on ice surface,[39] the scheme “changing atomic 
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charges and keeping LJ parameters” has been applied to determine appropriate aniline 

force field.[58, 59] Here, the LJ parameters of aniline come from the OPLS-AA force 

field.[60] The choice of partial charges for a new molecule is challenging. The state-

to-art technology is still to fit the simulation results with adjusting initial charges to 

the experimental ones for some physical quantities, e.g. the partial charges of aniline 

in the original OPLS force field was determined by arbitrarily adjusting initial charges 

to fit experimental quantity.[60] Herein, the criterion for selecting the atomic charges 

of aniline is that the simulations with adjusted atomic charges and TIP5P water force 

field can repeat the experimental hydration free energy at T = 298.15 K, a widely used 

scheme for determining the atomic charges of small molecules for the simulation in 

the aqueous phase.[58, 59, 61] The atomic charges of aniline were adjusted by 

multiplying its initial charges by a scaling factor. In principle, the initial charges for 

the adjustment can come from empirical and physical values (e.g. initial charges of 

aniline was obtained by a simple combination of the charge parameters of benzene 

and methylamine[60]) and quantum chemistry calculations in gaseous phase.[62, 63] 

The charges of aniline from natural bond orbital (NBO) analysis at the B3LYP/6-

31G(d) level within Gaussian09 program[64] were taken as its initial values for the 

force field modification. It deserves mentioning that the RESP charge of nitrobenzene 

was taken as its initial values for the force field modification of nitrobenzene in our 

recent study.[39] However, the calculated RESP charge for –NH2 of aniline is -0.185 

e. As an electron-donating group, it could be too negative.  

The potential of mean force (PMF) calculation for the aniline transfer through 

water liquid phase was employed to obtain the hydration free energy (ΔG*) of aniline. 

PMF calculation utilizing the umbrella sampling technology was performed in 

GROMACS 4.5.5 package.[65] The details for PMF calculation setup are similar to 
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our recent study on the adsorption of nitrobenzene on ice surface and were presented 

in SI.[39] 

 

Fig. 1. PMF (potential of mean force) profiles for moving aniline through a water slab 

with different charge parameters. “PMF 1” represents the PMF of aniline with the 

original OPLS-AA charges, “PMF 2”, “PMF 3”, “PMF 4” and “PMF 5” represent the 

PMF of aniline with NBO charges × scaling factor, 0.7, 0.8, 0.9 and 1.0, respectively. 

The orange dotted line presents the benchmark hydration free energy derived from 

three experimental Henry’s law constants. 

3. RESULTS AND DISCUSSION 

3.1 Force field parameters modification for aniline 

The free energy profiles for one aniline molecule across the water slab are 

presented in Fig. 1. With three different experimental Henry’s law constants (5.2, 6.0 

and 4.6 mol cm
-3

 Pa
-1

) at 298 K,[66, 67] the ΔG* values were calculated to be -23.40, 

-23.76 and -23.10 kJ mol
-1

, respectively, according to eq. S2 (SI). Their average value 

was shown in the orange dotted line in Fig. 1. The ΔG* value, predicted by the force 

field of aniline containing NBO charges × 0.80 and OPLS-AA LJ parameters (see 

PMF 3 in Fig. 1), is well consistent with the experimental average value. Other aniline 

force fields either underestimate or overestimate the ΔG* values. Therefore, our 

modified force field for aniline consists of OPLS-AA LJ parameters and NBO charges 

× 0.80, detailed in Table 1.  
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Table 1. Modified force field parameter of aniline and atomic charges of aniline from 

original OPLS-AA force field  

molecule atom σ (nm) 
ε (kcal 

mol
-1

) 

OPLS-AA 

q (e) 

NBO × 0.80 

q (e) 

 

Cipso 0.355 0.070 0.100 0.133 

Cortho 0.355 0.070 -0.115 -0.226 

Cmeta 0.355 0.070 -0.115 -0.173 

Cpara 0.355 0.070 -0.115 -0.218 

Hortho 0.242 0.030 0.115 0.182 

Hmeta 0.242 0.030 0.115 0.187 

Hpara 0.242 0.030 0.115 0.186 

NS 0.325 0.170 -0.900 -0.667 

HS 0.000 0.000 0.400 0.313 

To further verify the modified aniline force field, we compared some 

experimental physical properties of aniline with corresponding values calculated by 

our modified force field. Here, the dipole moment, density, evaporation enthalpy and 

heat capacity of aniline that are relevant to the intermolecular interaction among 

aniline molecules (see SI for computational details) were selected as target physical 

properties for the comparison. Due to the shortage of experimental physical properties 

at 200 K, the same temperature as that of GCMC simulation, the comparison for the 

temperature-dependent physical properties such as density, evaporation enthalpy and 

heat capacity of aniline was made at 298.15 K. Hopefully, the conclusion for such 

verification at 298.15 K can still work at 200 K. The computed dipole moment, 

density, evaporation enthalpy and heat capacity of aniline with modified force field 

and corresponding experimental values and literature values[60] with original OPLS-

AA force field are presented in Table 2. As can be seen in Table 2, the computed 

evaporation enthalpy and density from the simulation based on the original OPLS-AA 
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force field are closer to experimental values than those based on modified force field. 

However, the calculated dipole moment and heat capacity based on our modified 

force filed are closer to the experimental value than those from the original OPLS-AA 

force field. On the whole, the calculated density, evaporation enthalpy, heat capacity 

and dipole moment with our modified force field are generally comparable to the 

experimental ones and within an acceptable error of around 5%. In addition, the 

structural parameters from modified OPLS force field including bond length and 

angle are well consistent with available experimental values (as shown in Table S2). 

More importantly, our modified force filed is much better than OPLS-AA force field 

for describing the interactions between aniline and TIP5P water (deduced from the 

consistency of predicted ΔG* values and experimental value). Therefore, the 

combination of our modified aniline force field and TIP5P water force field could 

well predict the adsorption process of aniline molecules on the surface of ice.  

Table 2. Calculated dipole moment (D), density (g mL
-1

), evaporation enthalpy (kcal 

mol
-1

) and heat capacity (cal mol
-1

 K
-1

) of aniline with two force fields and 

corresponding experimental values for aniline. 

Parameters 
Modified 

force field 

OPLS-AA 

force field 
Experiment 

Dipole moment 1.63 1.35 1.53 

Density 1.072 ± 0.004 1.036 ± 0.002 1.018 

Evaporation enthalpy 14.04 ± 0.31 13.6 ± 0.02 13.34 

Heat capacity 43.26 ± 0.16 37.2 ± 1.2 45.7 

3.2. Adsorption Isotherm 

The adsorption isotherm of aniline, in the form of the average number ⟨N⟩ vs μ 

values, is presented in Fig. 2A, and the corresponding detailed data are summarized in 

Table 3. As shown in Fig. 2A, up to about μ = -60.50 kJ mol
-1

, the isotherm shows a 

rapid increase, corresponding to the building up of the adsorption layer. In the region 
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from μ = -60.50 kJ mol
-1

 to -58.22 kJ mol
-1

, 2.28 kJ mol
-1 

change in μ value only 

results in a rather small change in ⟨N⟩, presenting a plateau region. Then, the isotherm 

suddenly jumps to the condense phase, where the simulation box could be filled with 

solid aniline as discussed in SI. Therefore, the calculated ⟨N⟩-μ isotherm for the 

adsorption of aniline on the ice surface is featured by a plateau mode. Similar cases 

have also been found in the adsorption of methanol,[15] formic acid,[54] 

methylamine[25] and benzaldehyde[23] on the ice surface. In addition, the 

condensation point with the same μ value in the vapor and condensation phase is 

somewhere between the μ=-58.22 and μ=-57.89 kJ mol
-1

. 

 

Fig. 2. Adsorption isotherms of aniline (AN) in two forms. (A) average number of 

anilines ⟨N⟩ as a function of μ values; (B) surface density as a function of the relative 

pressure. The inset of Fig. 2B shows the Langmuir fitting at low surface coverage. 

Table 3. Data corresponding to the adsorption isotherm of aniline in Fig. 2 from 

GCMC simulations. 

μ (kJ mol
-1

) ⟨N⟩ p/p0 Γ (μmol∙m
-2

) 

-65.04 0.776 1.36×10
-2

 0.046 

-64.88 0.949 1.66×10
-2

 0.056 

-64.54 1.106 2.02×10
-2

 0.066 

-64.21 1.385 2.47×10
-2

 0.082 

-63.88 1.649 3.02×10
-2

 0.098 

-63.55 1.935 3.69×10
-2

 0.115 
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-63.21
a
 2.360 4.50×10

-2
 0.140 

-62.88 2.657 5.50×10
-2

 0.158 

-62.71 2.777 6.08×10
-2

 0.165 

-62.55 2.912 6.72×10
-2

 0.173 

-62.38 3.139 7.43×10
-2

 0.187 

-62.22 4.194 8.21×10
-2

 0.249 

-61.88
b
 6.710 0.100 0.399 

-61.55 10.624 0.122 0.632 

-61.22 31.870 0.150 1.895 

-60.89 54.241 0.183 3.224 

-60.55 78.469 0.223 4.665 

-60.22 83.839 0.273 4.984 

-59.89 83.712 0.333 4.976 

-59.56 87.492 0.407 5.201 

-59.22
c
 88.615 0.497 5.268 

-58.89 91.876 0.607 5.462 

-58.56 96.458 0.741 5.734 

-58.22 99.491 0.905 5.914 

-57.89
d
 323.679   

-57.56 326.362   

-57.23 326.649   

-56.89 326.133   

-56.56 326.297   
a
System AN I, 

b
System AN II, 

c
System AN III, 

d
System AN IV 

We employed the Γ−prel isotherm to further explore the adsorption mechanism of 

aniline in the other view, where prel is the relative pressure and Γ is the surface density 

of aniline. In fact, the Γ−prel isotherm can be converted directly from ⟨N⟩−μ isotherm. 

Γ is simply calculated by dividing ⟨N⟩ by the ice surface area in the GCMC simulation 

box, which is a linear transformation; prel is calculated by normalizing the pressure (p) 

of the vapor phase by the pressure (p0) of the condensation point, which is an 

exponential transformation. The prel value is related to μ through eq. 1,[15] 

B

0 0 B

exp( / )

exp( / )
rel

k Tp
p

p k T




                                                  (1) 
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where kB is Boltzmann constant, T is temperature and μ0 is a chemical potential 

corresponding to the adsorption point where the condensation of aniline occurs. Here, 

we selected μ0 = -58.06 kJ mol
-1

, corresponding to the midpoint of the μ=-58.22 and 

μ=-57.89 kJ mol
-1

. Actually, μ0 could be one value in the condensation range. Many 

previous studies [24, 25, 56] selected the midpoint of the condensation range as μ0 

value since it is difficult for the current simulation technology to accurately determine 

the condensation point. In the form of Γ−prel isotherm, maximum of prel  is 1.[24] The 

Γ−prel adsorption isotherm of aniline is presented in Fig. 2B, and the corresponding 

data are presented in Table 3. 

As can be seen in Fig. 2B, the slope of isotherm decreases slightly with prel in the 

prel range from 0 to 0.08. However, the slope increases greatly in the prel range from 

0.08 to 0.25. Above prel =0.25, the slope of the isotherm turns to a small positive 

value, indicating the Γ value increases very slowly with prel. We also fit the Γ−prel 

isotherm of aniline with the Langmuir model (eq. 2) to probe the adsorption character 

of aniline.[68]  

 
AN

max

AN 1

rel

rel

p K

p K
  


                                                    (2) 

Where Γmax is the surface density of monomolecular adsorption saturation, and KAN is 

the partition coefficient. However, the isotherm of aniline shows a non-Langmuir 

character in the whole considered pressure range as shown in Fig. S3. The failure of 

the Langmuir fitting probably originates from violation at least one of basic 

assumptions of the Langmuir isotherm.[24] Further energetic analysis (in section 

3.3.4) indicates that the failure results from the existence of nonnegligible lateral 

interactions between adsorbed aniline at high prel. Nevertheless, as shown in the inset 

of Fig. 2B, the isotherm shows Langmuir-like character only when prel < 0.08. Within 
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the region of Langmuir-like adsorption isotherm, the fitted KAN is 7.19 ± 0.78 and 

Γmax is 0.55 ± 0.04 μmol∙m
-2

. In this prel range, anilines are adsorbed independently 

from each other to the sites where they can strongly interact with the ice surface. It 

deserves mentioning that anilines are adsorbed to various kinds of adsorption sites 

with similar adsorption energies (see Section 3.3.3), but not one kind of adsorption 

site. Although the various adsorption sites at the prel < 0.08 range should result in that 

the adsorption isotherm of aniline can not be fitted well by the Langmuir model, the 

similar adsorption energies on these sites make the isotherm apparently present 

Langmuir-like character.  

 

Fig. 3. The simulated adsorption isotherms of aniline fitted by (A) the Langmuir-

Freundlich model  and (B) the Fowler-Guggenheim model. 

In addition, we employed various isotherm models, such as Langmuir-Freundlich 

(L-F, eq. 3),[69] Fowler-Guggenheim (F-G, eq. 4),[70] extended Langmuir (eq. 

S6)[69] and Brunauer-Emmett-Teller (BET, eq. S7)[54] model to fit the simulated 

isotherm of aniline over a larger prel range.  

1/

max 1/1

n

rel

n

rel

p K

p K
  


                                                  (3) 
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max
max

max

exp( )

1 exp( )

rel

rel

p K

p K








  





                                         (4) 

where K is the partition coefficient, Γmax is the surface density of the saturated 

monomolecular system, prel is the relative pressure, n is Freundlich constant and α is a 

constant that describes interactions between target molecules in the adsorbed layer. It 

was found that the simulated isotherm only can be fitted well by L-F and F-G model. 

The fitting results from L-F and F-G model are shown in Fig. 3 and others were 

presented in SI. For the L-F model, the fitted K value is 12724.78 ± 1399.67, n is 0.19 

± 0.02 and Γmax is 5.38 ± 0.08 μmol∙m
-2

. The R
2
 (0.988) for this fitting is close to 1. 

Although the absolute value of the uncertainty of the K value is large, the relative 

error (11%) of the uncertainty could be acceptable. For the F-G model, the R
2
 for the 

fitting is 0.957, and the fitted K is 1.09 ± 0.32, α is 2.84 ± 0.40 and Γmax is 6.32 ± 0.07 

μmol∙m
-2

. Therefore, the simulated isotherm fitted by F-G model is not bad. Γmax 

values from the L-F model (5.38 μmol∙m
-2

) and F-G model (6.32 μmol∙m
-2

) are 

comparable with the calculated average surface density (5.28 μmol∙m
-2

 ) of aniline in 

the first layer from GCMC simulation, indicating that the adsorption layer on the 

plateau is probably monolayer saturation. In addition, The L-F model is one of the 

most important multisite adsorption isotherm models for rough surfaces. The F-G 

model is one of the simplest models taking into account the lateral interactions. The 

adsorption isotherm of aniline on the ice surface can be well fitted by the L-F and L-G 

models, implying there are various adsorption sites on the ice surface and non-

negligible interactions between adsorbates.  

3.3. Characterization of the Adsorption Layer 

We have selected four μ values of aniline representing different stages of the 
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adsorption isotherm (Fig. 2) to analyze the characteristics of adsorbed aniline in 

detail. They are denoted as AN I (μ = -63.21 kJ mol
-1

), AN II (μ = -61.88 kJ mol
-1

), 

AN III (μ = -59.22 kJ mol
-1

) and AN IV (μ = -57.89 kJ mol
-1

), and marked in Fig. 2 

and Table 3. The top and side view of one random equilibrium snapshot for AN I~IV 

are shown in Fig. 4.  

 

Fig. 4. The top and side view of instantaneous equilibrium snapshots for the 

adsorption layer of aniline on the ice surface at selected μ values. Red = O atom, cyan 

= C atom, blue = N atom and white = H atom. 

3.3.1 Density Profiles.  

To characterize the aniline adsorption layer in detail, we also obtained the density 

profiles (Fig. 5) of the ipso carbon atom (Cipso) of aniline for selected systems (AN 

I~IV). As can be seen from Fig. 5, AN II has a higher density profile than AN I, and 

its density peak position is wider and slightly extends to a larger X value than that of 

AN I (a higher X value indicates that the Cipso atom of aniline is farther from the ice 

surface). More importantly, some of the adsorbed aniline molecules in AN II could be 

aligned differently from those in AN I, which is further confirmed by the following 

orientation analysis. When moving from AN II to AN III, a tail (X≈38 ~ 40 Å) 

appears at the outer side of the main density peak of AN III (Fig. 5). This tail presents 
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Cipso and NH2 group away from the ice surface, which is consistent with the results 

from the following orientation analysis (Section 3.3.2). In system AN IV, there are 

several peaks, indicating several adsorption layers were formed and therefore aniline 

is already into the condensed phase. 

 

Fig. 5. The density profiles of the ipso carbon atom of the adsorbed anilines in 

systems AN I~IV along the surface normal axis X. The density profile of oxygen 

atoms corresponding to the outmost layer of ice is also shown (dash dot pink line). 

Inset Figure shows the density profile of oxygen atoms of water molecules obtained in 

system AN I.  

In the following parts, we analyzed the adsorption orientation, hydrogen bonding 

interactions and adsorption energy of aniline on the ice surface. Similar to previous 

studies,[25, 39, 44, 46, 71, 72] the first minimum position (see the vertical short 

dotted line in Fig. 5) in the density profile of AN IV was defined as the boundary of 

the first adsorption layer. For the other non-condensed systems AN I~III, all aniline 

molecules adsorbed on the ice surface were selected as the first adsorption layer.  

3.3.2 Orientation of the Adsorbed Molecules. 

Previous studies[23, 25, 46, 71] indicated that polar angles, ν and φ, in cartesian 

coordinate system fixed to adsorbates can be employed to describe orientation of 
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adsorbate relative to the ice surface. Here, to get information about the favorable 

orientations of the adsorbed aniline molecules, the normal vector X of the ice surface 

is defined by the ice surface pointing to the air, while cartesian coordinate system 

fixed to aniline molecules is defined as follows: starting from the N atom (origin of 

the coordinate), x axis is perpendicular to the phenyl plane of aniline, y axis is parallel 

to the line connecting two hydrogen atoms on the amino group, and the N−Cipso bond 

is selected as z axis (see Fig. 6). Accordingly, ν is the angle between X and the z axis, 

and φ is the angle between the projection of the normal vector X in the xy plane and 

the x axis. 

 

Fig. 6. Cartesian coordinate system definition for orientational analysis of aniline 

molecule on the ice surface. ν and φ are polar angles, and X is surface normal vector 

of ice. 

The P(cosν, φ) orientational maps for AN I~IV systems are shown in Fig. 7. As 

can be seen, orientations corresponding to cosν values in the range of -0.5 ~ 0.5 occur 

with high probability in AN I~IV systems. Therefore, in these orientations, the 

inclination angle of the N−Cipso bond to the ice surface is between 0 ~ 30°. In AN I 

system, the most favorable orientation (marked here as orientation A in Fig. 7) 

corresponds to a φ value of 180° and cosν value of approximate 0.25, i.e. the two H-

atoms of NH2 equally point toward the ice surface (making the lone pair electrons of 
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N-atom point outward from ice surface), the angle between N−Cipso bond and the ice 

surface is about 15°. We noted that there is a small proportion of the orientation 

(marked as orientation A1 in Fig. 7) which φ value become smaller relative to 

orientation A. Thus, the two H-atoms of NH2 can not equally point toward the ice 

surface, which could make orientation A1 form only one N-H•••O hydrogen bond. 

Another favorable orientation (marked as orientation B in Fig. 7) that exists in AN I 

corresponds to a φ value near 0° and cosν value of near 0, i.e. the two H-atoms of 

NH2 are equally away from the ice surface (making the lone pair electrons of N-atom 

point toward ice surface) and N−Cipso bond is parallel to the ice surface. With the 

increasing number of adsorbed aniline, relative occurring probability for orientation A 

is progressively decreased. However, the orientation B is progressively increased. In 

addition, from AN I to AN II~IV, the orientation with a small tilt of the molecule 

away from the most favorable orientation A and B gradually takes some population, 

e.g. A1, A2, B1 and B2 in Fig 7. Specially for AN IV, orientation with a φ value close 

to 90° (marked as C1 (φ < 90°) and C2 (φ > 90°) in Fig. 7), corresponding the line 

connecting the two H-atoms of the NH2 group almost perpendicular to ice surface. It 

deserves mentioning that the orientations C1 and C2 only occur in AN IV system. 
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Fig. 7. Orientational maps of aniline molecules for AN I~IV (upper part). The 

orientation distribution of aniline is described by red contours. The dense areas of the 

contours for the favorable aniline orientations are marked with A, A1, A2, B, B1, B2, 

C1 and C2 and corresponding configurations are presented in lower part.  

3.3.3 Hydrogen-bonding type of −NH2 of aniline with the ice surface 

Based on above analysis of the orientational maps, the hydrogen bonds formed 

between −NH2 group of aniline and ice surface could play an important role in the 

interactions of aniline with ice surface. According to identified orientations of aniline, 

the −NH2 group of aniline could form four types of hydrogen bonds with ice surface. 

The possible configurations with four types of hydrogen bonds are presented in Fig. 8, 

where Config 1 corresponds to the orientation A1/A2 and part of C1/C2, Config 2 to 

orientation A, Config 3 to B/B1/B2 and Config 4 to part of C1/C2 in Fig. 7. To further 

confirm the formation of these hydrogen bonds and identify the main hydrogen-

bonding type of aniline −NH2 with the ice surface, we statistically analyzed the 

formation probability of these four types of hydrogen bonds. Here, the hydrogen bond 

is uniquely defined by two distance criteria: the distance between two heavy atoms in 

hydrogen acceptor and the donor < 3.5 Å, and the distance between the bonding H 

and acceptor N or O atom < 2.45 Å.[73, 74] Histograms for the probability of four 

types of hydrogen bonds and non-hydrogen bonds are presented in Fig. 9.  
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Fig. 8. Four types of hydrogen bonds formed between –NH2 of aniline and ice 

surface. The corresponding configurations (Config 1-4) of the formed four types of 

hydrogen bonds are consistent with the orientational maps of the aniline in Fig. 7.  

As can be seen from Fig. 9, the probability of Config 2 is the highest, followed by 

Config 1 for AN I. However, Config 3 and NONE (configurations without hydrogen 

bonds) is pretty small. Therefore, at a low adsorbate coverage, aniline dominantly 

interacts with the ice surface by N-H1•••O and N-H2•••O hydrogen bonds, followed 

by N-H1/H2•••O and N•••H−O hydrogen bond. This also indicates that there are 

several adsorption sites in AN I, not only one. With increased coverage from AN I to 

AN IV, the probability of Config 2 is gradually decreased, while the probability of 

Config 3 is increased. For AN III and AN IV, the probability of Config 3 becomes 

higher than that of Config 2. This could indicate that when the number of adsorbed 

aniline increases, aniline tends to spare more sites to interact with other adsorbed 

anilines to achieve lower adsorption energies, agreeing well with the decreased the 

interaction energy of aniline molecules themselves
 
with increased coverage (Section 

for Energetics of Adsorption). Moreover, the probability of Config 4 is zero, 

indicating no double hydrogen bonds with N−H•••O and N•••H−O are formed 

between –NH2 and ice surface. A qualitatively consistent conclusion was found when 

the hydrogen bond is defined by a loose distance and angular criterion (SI). However, 

the definition of hydrogen bond can influence quantitative comparison of occurring 

probability of various configuration, e.g. the probability of Config 1 is lower than that 

of the probability of Config 3 with loose hydrogen bond definition. We also noted that 

the results for occurring probability ranking of various configurations under a normal 

distance and angular criterion are different from that under a loose distance and 

angular criterion, especially for Config 1 and Config 2 in AN I. The change in 
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occurring probability ranking of Config 1 and Config 2 from loose to normal distance 

and angular criterion indicates that one or two N−H•••O hydrogen bonds are distorted 

(details in SI). In addition, it deserves mentioning that the hydrogen-bonding type of 

−NH2 of aniline with ice surface is different from that for methylamine where the 

dominant adsorption configuration involves simultaneous formation of N•••H−O and 

N-H1•••O hydrogen bonds (like Config 4 in Fig. 8) at low coverage. The difference 

could result from the preference of the phenyl ring to lay parallel with the surface, 

which restricts the orientation of the NH2 group.  

 

Fig. 9. Histograms of probability of four types of hydrogen bonds formed between 

−NH2 of aniline and the ice surface and non-hydrogen bonds. The hydrogen bond is 

uniquely defined by two distance criteria: the distance between two heavy atoms in 

hydrogen acceptor and the donor < 3.5 Å, and the distance between the bonding H 

and acceptor N or O atom < 2.45 Å. The symbols “Config 1”, “Config 2”, “Config 3” 

and “Config 4” correspond the configurations in Fig. 8 and NONE corresponds to 

configuration without hydrogen bonds.  

3.3.4 Energetics of Adsorption 

Interaction energies of the adsorbed anilines with the ice phase Ub
ice

, with the 

other adsorbed anilines Ub
lat

 and total binding energies of adsorbed anilines (Ub = 

Ub
ice 

+ Ub
lat

) are calculated to probe the energetic features of the adsorption. The Fig. 
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10 presented the distributions of Ub
ice

, Ub
lat

 and Ub for systems AN I~IV. As can be 

seen in Fig. 10, the distribution of Ub
lat

 presents a high and sharp peak at around 0 kJ 

mol
-1

 for AN I with a low surface coverage, indicating the aniline molecules are 

adsorbed independently from each other. Therefore, the Ub
ice

 is dominant contributor 

to Ub for AN I. The distribution of Ub
ice

 is broad, which could be caused by an uneven 

adsorption of aniline on ice surface (detailed in SI). The mean value of Ub
ice

 is 

calculated to be -65.91 ± 0.22 kJ mol
-1

 (error corresponds to the 95% confidence 

level). As discussed in Section 3.3.3, there are several configurations in AN I. Here, 

we analyzed the energetic information of two typical configurations Config 2 and 

Config 3. Config 2 and Config 3 are randomly selected from adsorption 

configurations of AN I. It was found that Ub
ice

 of Config 2 and Config 3 are close 

although the Config 2 is a little bit higher in magnitude than Config 3. Interestingly, it 

was found that calculated interaction energy (-36.02 kJ/mol) between the phenyl ring 

and the ice surface contributes more to Ub
ice

 than N•••H−O bond (-27.09kJ/mol) for 

Config 3, with an approximate method (detailed in SI). However, the interaction 

energy (-28.91 kJ/mol) between the phenyl ring and the ice surface contributes less to 

Ub
ice

 than two N-H•••O bonds (-35.74 kJ/mol) for Config 2. Obviously, the interaction 

energy of phenyl ring and –NH2 moiety of aniline with ice surface varies with specific 

adsorption configuration. Therefore, the low energy for specific adsorption 

configuration should be reached by compromising interaction between phenyl ring-ice 

and –NH2–ice to make aniline better adapt to ice surface.  

In the system AN II, the peaks of distribution of Ub
lat

 and Ub shift to lower energy 

regions, while the peak of Ub
ice 

 shifts to higher energy regions, compared with the 

corresponding peak in AN I. Specially, increase in Ub
lat

 and decrease in Ub
ice

 in AN II 

indicate that attractive interaction among the adsorbed aniline molecules makes a part 
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of the aniline molecules be adsorbed onto sites which could not lead to the strongest 

interaction between ice and aniline. This is also the reason for the deviation from 

Langmuir-like adsorption isotherm at high prel (Fig. 2B). When moving from AN II to 

AN III and AN IV, the peaks of P(Ub) and P(Ub
lat

) are gradually shifted to lower 

energy regions and the peaks of P(Ub
ice

) to higher energy regions. The Ub
lat

 values are 

approximately -17 and -28 kJ/mol for AN II and AN III, respectively, indicating there 

is a strong interaction between two adsorbed aniline molecules. By randomly 

checking adsorption configuration, it was found that N-H•••N and N-H•••π bonds can 

be formed between two adsorbates. Overall, with the increased number of adsorbed 

anilines, Ub
lat

 and Ub decrease while Ub
ice

 increases. 

 

Fig. 10. Distribution of the total binding energy of aniline molecules (Ub) on the 
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surface of ice, the interaction energy among adsorbed aniline molecules (Ub
lat

) and 

aniline molecules with the ice surface (Ub
ice

) in AN I~IV. 

3.5. Quantum Chemistry Calculations. 

Similar to our previous study on the adsorption of nitrobenzene on ice surface, we 

also calculate Ub
ice

 using quantum chemistry calculation to further test the reliability 

of the modified force field of aniline and adsorption results. Quantum chemistry 

calculation scheme including ice surface model and calculation method for Ub
ice

 is 

identical with our previous study on nitrobenzene.[39] More details can be found in 

SI. In short, the calculations were performed in Gaussian 09 software package.[64] 

The geometry optimizations and single-point energy calculations were performed at 

the M062X/6-31+G(d,p) level and M062X/6-311++G(3df,2pd), respectively. The 

H2O-48 cluster consisting of two layers was selected as ice surface model. It deserves 

mentioning that we did not consider the configuration involving the interaction of 

aniline with boundary O-atoms due to possible artificial boundary condition in the 

H2O-48 cluster model. The configuration with the lowest Gibbs free energy was 

determined as the most stable adsorption configuration (Fig. 11) among the 18 initial 

structures. The Gibbs free energy was calculated by adding the electronic energy into 

the thermal energies and entropic contributions obtained via the molecular partition 

functions. All Gibbs free energy calculations are performed at 200K, which is 

consistent with the temperature of the GCMC simulations. As shown in Fig. 11, the 

aniline is almost parallel to the surface of ice, where the H-atoms of phenyl group 

point toward O-atom of H2O and two H-atoms of the –NH2 group simultaneously 

form hydrogen bonds with two different H2O molecules on the surface of ice. The 

stable adsorption configuration of aniline computed by the quantum chemistry method 

is consistent with Config 2 in AN I (Fig. 8) from GCMC results. Moreover, Ub
ice

 from 
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quantum chemistry calculations (-69.34 kJ mol
-1

) agrees well with that in AN I from 

GCMC simulations (-65.91 ± 0.22 kJ mol
-1

). We noted that Config 2 is dominant one 

in AN I and Ub
ice

 of other adsorption configurations in AN I should be similar to 

Config 2 since AN I is one point among all points that follow the Langmuir isotherm. 

Therefore, although Ub
ice

 for AN I is statistically average in the GCMC simulation, it 

can be compared with that from quantum chemistry calculations. The good agreement 

between two methods further confirms the rationality of our modified force field of 

aniline and the GCMC simulations. 

 

Fig. 11. The top view and side views of the most stable configuration of aniline 

absorbed on the surface of ice obtained from quantum chemistry calculation.  

3.6 Comparison with other Adsorbates on the Surface of Ice  

To further probe the substitution effect on the adsorption of benzene on ice 

surface, we compare the adsorption mechanism of aniline with benzene,[24] 

nitrobenzene[39] and benzaldehyde[23] on the ice surface. The adsorption isotherms 

of aniline is quite different from that found for benzene and nitrobenzene, which 

present simple adsorption isotherms, i.e., the number of adsorbates increase with 

relative pressure before a condensed point.[39] However, similar adsorption isotherm 

has been found for benzaldehyde[23] that presents a “saturation plateau”. However, 
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different from benzaldehyde, it is monomolecular adsorption for aniline in the 

saturation plateau. Therefore, it is anticipated that the different adsorption 

mechanisms of substituted benzene on the surface of ice depends on the substituents. 

By comparing Ub
lat

 and Ub
ice 

values among these four aromatics, we found the Ub
lat

 

values for adsorbates with different adsorption isotherm differ greatly, i.e. Ub
lat

 values 

for benzene (-18 kJ∙mol
-1

) and nitrobenzene (-10 kJ∙mol
-1

) with simple adsorption 

isotherm are lower in magnitude than those of benzaldehyde (-30 kJ∙mol
-1

) and aniline 

(-28 kJ∙mol
-1

) with a “saturation plateau”. Although there is no statistical significance, 

this could give a hint that the difference in Ub
lat

 for these four adsorbates could be one 

reason for their different adsorption mechanisms. 

It is intertesting to compare the Ub
ice

 of aniline with those of acidic, base, and 

neutral molecules investigated by previous studies.[15, 25, 54-57] The order of Ub
ice

 

at low surface coverage follows nitrobenzene (-76 kJ/mol) < aniline (-66 kJ/mol) < 

formic acid (-63 kJ/mol) < benzaldehyde (-59 kJ/mol) < methylamine (-55 kJ/mol) < 

methanol (-54 kJ/mol) < acetone (-53 kJ/mol) < acetaldehyde (-35 kJ/mol) < 

formaldehyde (-30 kJ/mol). Although no strict relationship between the structure of 

adsorbates and Ub
ice 

was found, the ability of a functional group to interact with ice 

surface, dipole moment and the number of the functional group which can interact 

with ice surface greatly affect Ub
ice

. This is the reason that nitrobenzene and aniline 

owns the lower Ub
ice

 since aniline includes –NH2 group, a strong hydrogen bond 

donor and acceptor, and –C6H5 group, being able to form O−H•••π bond with ice 

surface and nitrobenzene has high polarity besides –C6H5 group.  

4. CONCLUSIONS 

In this study, we investigated the adsorption of aniline, one kind of NHx-

containing compound, on the surface of ice under tropospheric conditions. The 
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GCMC simulation was performed with the modified force field of aniline and TIP5P 

water force field. We found that the adsorption isotherm of aniline presented a 

“monolayer saturation plateau” starting with a steep increase, then a plateau, and 

finally a condensation phase. The adsorption isotherm of aniline is similar to that of 

benzaldehyde adsorption on the ice surface, however, quite different from the cases of 

benzene and nitrobenzene. Under very low surface coverage, the adsorption isotherm 

follows an apparent Langmuir type. Within the range of the apparent Langmuir-type 

adsorption isotherm, adsorbed anilines are strongly attached to various adsorption 

sites, where most anilines are almost parallel to the surface of ice and form two 

N−H•••O hydrogen bonds. With the increase of coverage, some of the adsorbed 

aniline molecules fail to take adsorption sites which could lead to the strongest 

interaction between ice and aniline due to the attractive interaction between the 

adsorbates, resulting in a deviation from the apparent Langmuir type adsorption 

isotherm. In addition, the adsorption energy of aniline agrees well with the value 

obtained by validating quantum chemistry method, which further verified the 

rationality of our modified force field of aniline and reliability of the GCMC 

simulation. 
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Highlights: 

 The modified aniline force field is better than original Jorgensen’s OPLS-AA. 

 Under very low surface coverage, the adsorption isotherm apparently follows 

Langmuir type adsorption isotherm. 

 Most anilines are almost parallel to the ice surface and form two N−H•••O 

hydrogen bonds. 

 The adsorption energy from GCMC simulation is well consistent with that from 

our validating quantum chemistry calculation. 
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