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1 ABSTRACT 
 

Hematite (α-Fe2O3) is an important iron-containing mineral which is mined as natural iron ore. 

Nano-sized hematite mineral particles are associated with many processes in atmospheric and 

hydrospheric environments. Interactions, particularly those with liquid and vapor water, are important 

from natural and technological points of view. In this study we investigate the interactions between 

dominant the (001) and (012) crystallographic faces of hematite and water vapor using classical molecular 

dynamics (MD) simulations. Hydrogen bond formation among the various surface –OH groups and with 

water vapor has been monitored. The decrease of HBs on the surface OH groups suggest that there is 

strong affinity of the surface OH groups towards the water (vapor) molecules until the formation of 

monolayer on the surface and stays constant afterwards. Surface O-H bond frequencies have been 

computed by using hydrogen velocity autocorrelation function and the effect of water (vapor) molecules 

on the surface OH bond frequencies have been confirmed. Gradual attenuation of the vibrational intensity 

of the surface OH groups with respect to the increased vapor pressure on the surface confirms the 

formation of notable hydrogen bonds at the hematite/water interface. In addition, these theoretical power 

spectra also help to interpret and validate the experimental vibrational spectra collected on analogous 

systems. Another important aspect of this study is to find the adsorption sites on the hematite surface and 

the formation of thin film like monolayer of water might trigger the nucleation leading to produce rain.  

These studies suggest that the strong hydrophilic nature of the dust (hematite) nano-particles can be the 

nucleation center for humidity in the atmosphere.   
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2  INTRODUCTION 
 

 

 

Figure 1 Schematic representation of Hematite-water interactions at the (001) surface of 
hematite. Legend: Red= oxygen; green= Fe; blue= protons of OH groups of the hematite 

surface; white= protons in water. 

       

Mineral growth and dissolution, ion adsorption and electron transfer reactions at mineral-water 

interfaces play very important roles in biogeochemical and environmental processes. These interfacial 

reactions determine the fate, biogeochemical element cycles and composition of natural waters [1-8]. 

Aluminum and iron oxide mineral phases participate in many of these processes in sedimentary, soil and 

aquatic systems [9, 10]. In addition, these nano-to micron-sized mineral particles are capable of being 

mobilized from the Earth’s surface up to the atmosphere where they can take part in different processes 

including cloud [11] and rain droplet formation [12], ice nucleation [13-15], as well as natural 

photocatalytic reactions [16].  These mineral particles tend to participate in various water-evaporation-

condensation cycles and can be exposed to wide ranges of water vapor pressure, pH [17, 18] and salt 

aerosol content [19, 20]. Sea salt, aerosols and mineral dusts are omnipresent in tropospheric zones over 

oceans, which in turn represent 72% of the total Earth’s surface [19]. Furthermore, iron oxides are used as 

catalytic materials in a various technological processes, such as water splitting [21], hydrogen peroxide 

decomposition [22] and carbon monoxide oxidation [23]. Interactions between mineral particles and 

gaseous and liquid water play commanding roles in many of the aforementioned phenomena. A 

fundamental understanding of the intrinsic reaction mechanisms and the rates of the interfacial reactions 

require a molecular-level understanding adsorption reaction involving these important surfaces.  

The name hematite is derived from the Greek word haima, namely blood. It is isostructural with 

corundum. The unit cell has hexagonal shape consisting of six formula units per unit cell with a = 0.5034 

nm and c = 1.375 nm [24].  The structure of hematite consisting of hexagonal close-packed arrays of 
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oxygen ions stacked along the (001) direction, meaning that planes of anions are parallel to the (001) 

plane (Fig. 2, i). FeIII ions occupy two-thirds of the total sites and the ions are arranged regularly with two 

filled sites being followed by one empty site in the (001) plane. The spatial positions of the cations 

produce pairs of Fe(O)6 octahedra. Each of them shares edges with three neighboring octahedra in the 

same plane and one face with an octahedron in an adjacent plane. Face sharing happens along the c-axis 

(Fig. 2, ii). The distortion of the cation sublattice from the ideal packing happens because of face sharing. 

Fe atoms in the face-sharing octahedra are repelled along the direction normal to the (001) plane resulting 

the cations to shift closer to the unshared faces. The O-O distances along the unshared face of an 

octahedron are longer (0.3035 nm) than the distance along the shared edge (0.2669 nm) leading the 

trigonal distortion of the octahedron [25].     

 

Figure 2. Bulk structure of hematite. i) Hexagonal close packing of oxygens with cations 
distributed in the octahedral interstices. Unit cell also shown. ii) Octahedral arrangement and 
face sharing noted. 

 

Generally, the building unit of all ferric oxides and hydroxides have a FeO3(OH)3 octahedral 

construction, that is spatially organized in specifically different ways [25]. To provide charge balance, O2- 

may be partially replaced by OH- and accompanied by FeIII. They are called hydrohematite (hydroxyl-

hematite) or protohematite. This OH-containing hematite can also be expanded slightly from the ideal 

unit cell parameters and decrease the X-ray peak intensities which actually helps to determine the OH 

group content. Under ambient conditions and in aqueous systems, iron (oxyhydr)oxide surfaces are 

covered with different types of (hydr)oxo functional groups. These groups act as adsorption sites and 

reaction centers in various interfacial processes. The surface functional groups can be coordinated to one, 
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two or three underlying Fe atoms, namely singly (-OH), doubly (µ-OH) and triply (µ3-OH) coordinated 

groups respectively (Fig. 3) [26, 27]. These surface functional groups control proton affinities and the 

point zero charge for each iron oxyhydroxide surface ranging from as low as 7.4 in lepidocrocite to 9.8 in 

akaganéite by affecting the charge distribution because of different proton attraction abilities [28].  

Moreover, these surface sites show different types, distributions, densities and hydrogen bonding patterns 

on different crystal surfaces of each iron oxyhydroside structures. Since the bonding pattern of these -OH 

groups are different, their O-H bond stretching frequencies will be different and the HB (hydrogen bond) 

strength, distance, angles with water will also be different. O-H bond stretch frequencies can be 

monitored by Fourier Transform infrared (FTIR) spectroscopy. This technique is highly sensitive to the 

O-H bond strength and length, in the order of 150-175 cm-1 per pm [26, 29]. In this work, theoretically 

determined O-H bond frequencies obtained from the hydrogen velocity auto correlation function were 

also briefly compared to FTIR spectroscopic measurements of synthetic hematite particles. 

 

 
Figure 3. Surface OH groups coordinated with one, two and three Fe atoms. (Oxygen red, 

Fe brown and hydrogen black) 
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1.1    AIM OF THE DIPLOMA WORK 
 

Commonly occurring synthetic hematite particles can be platy, rounded or rhombohedral. The 

plates differ in thickness and can be hexagonal, rounded or of irregular shape. The shapes and the crystal 

morphologies vary in nature due to the different sources and temperatures. Two common crystallographic 

terminations in hematite include the (001) basal and the (012) planes. Their surface compositions also 

vary due to their spatial structural differences.  In the case of (001) plane there is only one type of surface 

functional -OH group; doubly coordinated (µ-OH) where as for (012) there are two surface functional 

groups, one is singly coordinated (-OH) and other is triply coordinated (µ3–OH)  (Fig. 4). There is 

difference in their population and densities of the OH groups between the two types of crystal planes. The 

reactions at the surface for both types are directly influenced by their positions and populations, for 

example the HB patterns at the surface (among the OH groups) and HBs with water/vapor including some 

other types of liquid/gas species. For the above mentioned reasons we choose these two types in this 

study to model the HB patters at the molecular level.    

  

 

Figure 4. Particle morphology, and structures of dominant planes of hematite (Fe= Green, O= 
red, H=white) 

 

Recent studies have revealed the ordering and structure of water at the hematite minerals (α-Fe2O3) in the 

presence of bulk water, a layer of adsorbed water was confirmed and in addition which actually extends 

above these surfaces ~1 nm into the bulk water [30-34]. The presence of these layers has been confirmed 

by the change of vibrational amplitudes of adsorbed water at the surface [35]. Due to experimental 
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limitations the position of the water hydrogen cannot be determined, so molecular dynamics (MD) 

simulations were carried out to further our knowledge on interfacial water structures, hydrogen bond 

(HB) populations and the pressure controlled water vapor adsorption on hematite surface. They also 

helped understand how vibrational frequencies of surface –OH groups change as a result of their 

interactions with adsorbed water molecules. Theoretical vibration spectra were computed from these 

simulations to predict the impact of these interactions and will be used as for comparison with future 

experimental vibration spectroscopic studies of water vapor interactions. The broader goal of this study is 

to find a way to describe the nucleation of vapor (humidity) at different atmospheric pressure at hematite 

particle surfaces. Since a huge hematite surface is exposed to soil and liquid water,  it will be important to 

understand the HB behavior at the hematite water interfaces which may help us to extend our knowledge 

further out of the aqueous (geo) chemistry of this important material.  

  

 

3  METHODS 

3.1 CALCULATION METHODS 
 

Classical Molecular dynamics simulations were carried on of the (001) and (012) planes of 

hematite (α-Fe2O3) cells having the crystallographic slabs which are exposed to water (H2O) molecules. 

These slabs consisted of about 3 nm thick with surface area of 13.87 nm2 for the (001) and 16.72 nm2 for 

the (012) planes. Two hematite super cells were terminated by the (001) and (012). The energies and the 

dipole moments were optimized for both the structures and then selected from the calculations. Dangling 

surface bonds were counterbalanced with surface oxygens (Os) or protons (H+) where necessary to 

produce charge neutral cells. These two oriented slabs were then connected with a ~5 nm thick void, 

which then filled with various numbers of single point charges (SPC) [36] water molecules by using the 

genbox program of GROMACS (v.4.5.3) [37]. These systems were solvated by the same program with 

respect to the van der Waals radii of available atoms present inside the box. The simulation cells are of 

the following composition: Fe1792O2496 (OsH)192 for the (001) and Fe2160 O3000 (OsH)120 for the (012) plane. 

The equilibrated crystal planes are shown in Fig. 5. For visualization, the program Visual Molecular 

Dynamics (VMD) program was used [38]. Both the cells were repeated infinitely in all three dimensions 

by using boundary conditions. All the simulations were carried out using the classical molecular 

dynamics (MD) with the CLAYFF [39] force field for both hematite systems. This force field takes into 

account the flexible SPC model for water [36].  
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Figure 5. Equilibrated hematite crystal planes (001) and (012) are shown respectively. All the atoms 
and molecules are represented as CPK representation mode in VMD visualization program. The white 
color represents the hydrogen atoms, the red oxygen, and the green iron atoms.  

3.2  DESCRIPTION OF FORCE FIELD MODEL AND PARAMETERS 
 

A working definition of classical molecular dynamics (MD) simulation can be considered as a 

technique by which the atomic trajectories of a system is generated consisting of N particles by 

integrating the Newton’s equations of motions numerically, for a specific interatomic potential, implying 

certain initial condition and boundary condition.  MD can often be treated as an experiment like the flow 

chart below [40]. 

 

 

 

 

 

The system can be fine-tuned until it reaches the desired condition (e.g., temperature, T and pressure, P) 

and then property average can be performed (e.g., bond distances, radial distribution function). Non-

equilibrium MD calculation can also be performed, during which the system is in a state of perturbation 

or large external forces and non-equilibrium response can be analyzed (e.g., mechanical deformation 

simulation). There are five main components of a MD simulation, which are initial condition, boundary 

condition, force calculation, integrator/ensemble, and property calculation.  

There are two main types of boundary condition exists, isolated boundary condition (IBC) and periodic 

boundary condition (PBC).  PBC is ideally suited for applying in bulk liquids and solids while IBC is 

suited for studying clusters and molecules.  There could be other mixed boundary conditions also. For 

    [system setup] 

Sample selection 

(Potential energy, N, 
initial condition, 
boundary condition) 

    [equilibration] 

Sample preparation 

    (achieve T, P) 

[simulation run] 

Property average 
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Data analysis 
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calculation) 
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example wire configurations where the system is assumed to be periodic in some directions but not in the 

other directions. 

Newton’s equations  

mi 
!!!!(!)
!!!  = fi ≡ - 

!!
!"!

 ,         i =1, ....., N                 .....................................            1 

of motion are second-order ordinary differential equations (ODE). Basically IC means X3N (t=0) and Ẋ 

(t=0), the initial particle positions and velocities respectively. To calculate the force of a system by using 

classical equation of motion there must be two approximations applied to describe the atoms. The first is 

the Born-Oppenheimer approximation by assuming that the electronic state couples adiabatically to 

nucleic motion. The second is that the nucleus motion is far removed from the Heisenberg uncertainty 

lower bound: ΔEΔt ˃˃ ħ/2. The equation (1) is the key relation between mutual potential energy and force 

of a specific system. The potential energy function depends on the positions of the interacting species. In 

other words, it is simply the function of distance or coordinates. The acceleration comes from the 

potential energy function between the two interacting species. The key step is the evaluation of the right 

side of equation (1) which actually consumes most of the computational time in MD simulation, therefore 

the efficiency of the calculation has to be taken care of.   

Equation (1) is a set of second-order ODEs, they can be strongly non-linear fashion. There exists 

Hamiltonian for systems which allow more accurate integration algorithm, predictor-corrector integrators 

are one of the prominent algorithm family. In statistical physics ensembles such as micro-canonical, 

canonical, and grand-canonical are concepts that refer to the distribution of initial conditions. Any 

ensemble can be chosen for a certain system and the ensemble is strictly supposed to follow the 

Hamiltonian equation of motion Eq. (1), with energy conserved. There are methods that can generate the 

required ensemble distribution via time integration [41, 42]. By using these methods, the equation (1) is 

modified to create a special dynamics whose trajectory over time forms a cloud in phase space having 

required distribution density. This is how the time-average of a single point operator can compute the 

thermodynamic average for a certain trajectory.  

For property calculation at the level of classical atoms, MD simulation is omnipotent. All properties that 

are well-defined in classical mechanics and statistical mechanics can be computed in principle. One has to 

take into account the accuracy and the efficiency of computation because there can be errors which 

arising from the potential function. The possible properties that can be computed by MD are structural 

characterization (e.g., radial distribution function, dynamic structure factor), equation of state (e.g., free 

energy function, phase diagrams, static response functions like thermal expansion coefficient), transport 

properties (e.g., viscosity, thermal conductivity, correlation function, diffusivity), non-equilibrium 

response (e.g., plastic deformation pattern formation).   
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Potential energy function was represented as the sum of bonded (bond stretch and bend) and non-bonded 

(Coulombic and van der Waals) interactions. Coulombic potential energy between two point charges is 

expressed as:  

                 ………………………           2 

Where f = 4πɛoɛpe-2, ɛo is the permittivity of vacuum, ɛp the relative dielectric constant and e elementary 

charge. Van der Waals interaction energy is expressed by the Lennard-Jones (12-6) function: 

   …….…………………..          3 

using Lorentz-Berthelot mixing rules: 

    ………………………….       4
 

      …………………………..      5 

Finally the bonded potential energies were represented by harmonic stretches  

    ……………………………     6 

for all hydroxyls (O-H), and harmonic bends 
 

   …………………………….    7 
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Table 1   Potential parameters for molecular dynamics α 

Atom α Description Q s e Source 
H H2O 0.410 

 

0 0 [39] 
HS OH surface 0.425 0 0 [39] 
HB OH bulk 0.425 0 0 [39] 
O H2O -0.820 0.31655 0.65019 [39] 
O O bulk -1.050 0.31655 0.65019 [39] 
OS OH surface -0.950 0.31655 0.65019 [39] 
OB OH bulk -0.950 0.31655 0.65019 [39] 
Fe Fe bulk 2.100 0.33020 7.7007×10-6 [43] 

      Bond ß  k ß B   

   O-H H2O 463700 0.100  [52-53] 

 
   O-H 

 

Hydroxyls 450630 0.100  [39] 

 

 

µ-O-H 

 

Hydroxyls 440830 0.100  [39] 

 

 

µ3-O-H 

 

Hydroxyls 448170 0.100  [39] 

 

 

Bend γ  kγ θ0   

H-O-H H2O 383 109.47  [52-53] 
Fe-OB-H Bulk 251 109.47  [39] 

      
α. q is charge (e), s (nm) is the finite distance at which the inter-particle Lennard-Jones potential is zero and e 

(kJ/mol) is the Lennard-Jones potential well. Values of s(nm) from Ro (Å) in CLAYFF (VLJ=e((Ro,ij/rij)1/12-

2(Ro,ij/rij)1/6) were obtained as s=Ro/10/21/6. Those are from CHARMM-compatible.  

ß. kb (kJ mol-1 nm-2) is the harmonic potential constant and b (nm) is the equilibrium bond length. 

γ. kγ (kJ mol-1 rad-2) is the harmonic angle potential and θ0 (deg) is the equilibrium angle. 

 

The parameter for iron was taken from Kerisit [43] since it provides relatively accurate predictions of 

bulk structures of hematite minerals than the original CLAYFF parameter. CLAYFF usually provides fast 

(typically < 20 ps) equilibration for the MD simulation of hydrated systems. The O-H bond frequencies 

were constrained to 450630 kJ/mole (3660 cm-1) for –OH, 440830 kJ/mole (3620 cm-1) for µ-OH and 

448170 kJ/mole (3650 cm-1) for µ3-OH sites based on previous work [44] as a first order estimate. All the 

combined parameters accurately model the hematite bulk and surface structure.   

 

 

 

 



           

  11 

4  COMPUTATIONAL STRATEGY 

4.1  SYSTEM SETUP  
 

A NPT (constant number of particles, constant pressure and constant temperature) ensemble and a 

time step of 0.5 fs were used with the Verlet algorithm [45] to integrate the equations of motions for all 

the atoms in the system. The temperature of the system (300K) was coupled to the Nosé-Hoover [46] 

velocity-rescale thermostat with a 0.1 ps relaxation time. The pressure (1 bar) was coupled by 

anisotropically scaling the simulation box with the Parrinello-Rahman [47] method. The system setup is 

shown in Fig. 6 where hematite crystal simulation box is saturated with water molecules.  

 

Figure 6. Equilibrated hematite crystal planes solvated in water. All the atoms and molecules 
are represented as CPK option in VMD visualization program. The white color represents the 
hydrogen atoms, the red oxygen, and the green iron atoms.  

 

The O-H bonds of all the hydroxyls and waters ware treated by the LINCS [48] algorithm whereas the 

SETTLE [49] algorithm was used to treat the geometry of the flexible water.  A 0.8 nm cutoff was used 

for non- bonded van der Waals interactions and the particle-mesh Ewald [50] method was used to treat 

long-range electrostatic interactions. Simulations cells were first energy-minimized (double precision) 

using a steepest descent algorithm, typically in less than 104 steps. The minimized structure was then 

equilibrated (single precision) using classical MD for 107 steps (5 ns). To guarantee thermodynamic 
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equilibrium, the total energy convergence and its components (potential and kinetic; Coulomb, non-

Coulomb, bonding, etc.) as well as temperature, density and atomic radial distribution functions were 

monitored with care during the equilibration period. Additional 5 ns simulations were then generated for 

production runs to monitor atomic positions and energies by calculating the vectorial water dipole 

moments as well as interfacial and two-dimensional atomic densities. Hydrogen bond (HB) analysis were 

carried out by recording donor-hydrogen-acceptor distances, angles and populations for all bonds with 

donor-acceptor distances below 0.3 nm and donor-hydrogen-acceptor angles below 30⁰ as criteria for 

bonding. This is a well-known geometric criterion although there is alternative criterion exists with 

respect to geometric and energetic parameters.  

In another set of calculations, the optimized structures were used to generate the power spectral 

densities of all the hematite surface species. These spectral densities were obtained from 60 ps 

simulations in which LINCS constraints on all hydroxyl (O-H) bonds were turned off. These simulations 

were performed with a 0.5 as (attosecond) time step with a total of 5 × 107 steps for each production run. 

Power spectral densities were then generated by Fourier transformation of the hydrogen velocity 

autocorrelation function, Rx(t) [53];  

Sx = x(t)e-2πift 

Numerically this equation was solved by employing a discrete Fourier transformation to Rx(t) using 

Matlab 7.0 ( The Mathwork. Inc.). All of the calculations have been carried out on the super computer 

cluster called ‘high performance computing center north (HPC2N)’ in Sweden.  
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5 RESULTS AND DISCUSSION 

5.1 HYDROXYL/WATER INTERACTIONS ON THE (001) PLANE 
 

The results of the simulations of (001) plane exposed to water vapor exhibit the coexistence of 

three predominant water layers. The first layer is about 0.2-0.3 nm from the surface –OH groups (Fig. 7, 

8) and consists of molecules with average orientations of about ~80⁰ (Fig. 9) from the normal with 

protons facing towards the hematite surface.  The first water layer reaches a maximum with 11 O/nm2 and 

forms concurrently with a second layer at about 0.5-0.6 nm from the surface –OH groups. The density 

maxima of these second H2O layer molecules decreased to the one fourth of that first water layer (Fig. 8). 

The orientations of the water molecules of the second layer generally facing in the opposite direction as 

those of the first water layer (Fig. 10). The third water layer formed at about 0.6-0.7 nm from the top –OH 

groups and the orientation of the water molecules is about 87⁰ (Fig. 10). These different results arise from 

the significant changes in the HB environment of the interfacial water molecules with different water 

loadings. 

 
Figure 7. Density profiles of the bulk termination (red and green lines) refined 

structure of the hematite (001)-water interface. 
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Figure 8. Water oxygen density profiles at the (001) hematite surface obtained from the MD 
simulations (300 K, NPT, 5 ns at 0.5 fs time step). The number of H2O/nm2 is shown inside 
the graph corresponding to different water loadings (number of H2O molecules per loading). 

 

Here the above density profile of the O tells that the gradual increase of the number of water molecules 

proportionally increases the peak intensity of the first peak. The area under the first peak (from 0 to 0.3 

nm distance) reveals that the total number of O atoms can be adsorbed in this surface. Eventually we can 

calculate the number of adsorption sites available for water molecules per unit area. The area under the 

peak was calculated with the trapezoid method of integration, which has been implemented in the Matlab 

program package. Another important thing is that the second water layer slowly starts to form before the 

first peak saturation (200 loading). The significance is that without increasing the pressure, probably 

monolayer adsorption cannot be possible for this system even though there are vacant places available. 

The reason might be the adhesion and cohesion force working at the interface. The cohesion force is 

greater than the adhesion force between the water molecules and the surface -OH groups. In another 

words the attraction force among the water molecules is greater than the attraction between the surface 

and the water molecules. The evidence is observed from the simulation that the water molecules form a 

kind of droplet on top of the surface rather than spreading throughout the surface spontaneously.   
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5.1.1 The position of the water hydrogen (Hw) at the interface 
 

 
Figure 9. Water hydrogen density profiles at the (001) hematite surface acquired from the 
MD simulations. The number of H2O/nm2 is shown corresponding to different water 
loadings inside the graph. 

 

In the above graph (Fig. 9) it is seen that there are two distinct peaks near at the surface from 0 to 

0.4 nm region.  The gradual increase of water loadings increases the peak intensities proportionally and 

the maximum reaches for the highest number of water, which is considered as the liquid water or the 

water molecules needed to saturate the simulation cell. The water molecules have a finite volume and the 

van der Waals interaction (potential energy) is there, so the water molecules rearrange themselves 

depending on the interactions inside the simulation cell.  The first peak is the consequence of the first 

water layer near at the surface and the second peak has the contribution from the first and second water 

layer. The second peak is getting contribution from both water layers, and consequently with a higher 

intensity than the first. The third peak is more far from the surface and that is not so intense than the other 

two peaks. This evidence tells that the hydrogen atoms (Fig. 9) are closer to the crystal surface than the 

water oxygen atoms (Fig. 8). In the case of (001) hematite surface, the position of the water oxygen atoms 

is above 0.2 nm where as the water hydrogen atoms come closer to the surface and it is about 1.5 nm from 

the surface –OH groups. One reason might be the formation of HBs at the surface and specifically the 

surface –O (oxide) groups can act as acceptors with the water hydrogen atom.  
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Figure 10. The average orientations of the water molecules at the (001) hematite surface and 
schematic representation of the angles they form with the normal of the surface also shown for 
different water loadings. The values are shown as a function of the distance from the top –OH 
groups. 

 

 

In Fig.10, it is observed that the average orientation of the water molecules have a range of angles they 

form with the normal of plane, suggesting that they are directional at the very near to the surface and the 

flexibility or the randomness starts increasing as the position of the water molecules vary from the surface 

in general. This evidence suggests that HB at the interface orients water molecules towards the surface. 

The extent of the orientation is distinct for the specific surface structure and the number of –OH groups 

per unit area. For this surface there is only one type of functional -OH group that is doubly coordinated 

(µ-OH) and the interaction between the water molecules and the OH groups only depend on that.  
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5.2 HYDROXYL / WATER INTERACTIONS ON THE (012) PLANE 
 

 
Figure 11. Density profiles of the bulk termination refined structure of the hematite 

(012)-water interface. 

 

From the MD simulation, it is seen that the first water layer is about 0.1-0.2 nm form the top –OH 

groups which is bit closer than that of the (001) plane (Fig. 11, 12). A second layer of water molecules is 

observed at around 0.2-0.3 nm for all loadings including the first loading (Fig-12). In addition, there is 

also another third layer of water molecules at around 0.4-0.5 nm from the hematite surface. The average 

orientation of the water molecules of the first layer is about 66⁰ (Fig. 14) and all the hydrogens facing 

towards the surface. This evidence is supported by the H-density profile shown in Fig-13. H-density 

peaks for all water loading are about 0.05 nm from the hematite surface –OH groups. The second water 

layer orientation is almost the opposite of the first water layer (Fig. 14). In addition, the third water layer 

is similar to that of the first water layer. This arrangement is also supported by the H-density profile for 

all the water loadings.   
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Figure 12. Water oxygen density profiles at the (012) hematite surface acquired from the 
MD simulations. The values shown inside the figure are the number of H2O/nm2 
corresponding to different water loadings. 

 

The above oxygen density profile (Fig. 12) of the water molecules on the hematite surface show that the 

peak near the surface is splitted into two for the first few water loadings. The reason might be the relative 

position of the surface –OH groups which interact with the water O from inner and outer plan of the 

crystal surface, so the adsorption takes place slightly in different distance with respect to the crystal 

surface plane. The density of the water oxygen increases as the increase of the water loadings 

proportionally.  Another interesting evidence from these results is the adsorption priority of the water 

oxygen with the µ3-OH group first then with the –OH (singly coordinated) group and vice versa.  In the 

first case water O act as an acceptor and the other one is water H act as a donor. Therefore one water 

molecule has got more than one possibility to form HB with the two different surface -OH groups in the 

same time.  
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Figure 13. Water hydrogen density profiles at the (012) hematite surface acquired from the 

MD simulations with different water loadings (number of H2O/nm2). 

 

The positions of the water hydrogen atoms are relatively closer to the surface for (012) than that of (001) 

surface. The reason might be the structural difference between the two surfaces. In (012) plane, the two 

different –OH groups are in different position with respect to the surface plane; singly coordinated –OH 

groups are bit outer side and the triply coordinated (µ3-OH) –OH groups are bit inside of the surface plane 

(Fig.  4). Therefore, the interactions here are different than that of the (001) hematite surface. In this case 

the surface density of the OH groups are also greater than the previous one. However both types of OH 

groups interact with the water molecules and form HBs at the surface. The interactions are more compact 

and the adsorption sites on the surface also allow water molecules to come closer. So the existence of the 

water layer is bit more closer is relevant.  HBs population also supports this evidence (sec 5. 3. 1. 2).  
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Figure 14. The average orientations of the water molecules at the (012) hematite surface and 
schematic representation of the angles they form with the normal of the surface also shown for 
different water loadings. The values are shown as a function of the distance from the top –OH 
groups. 
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5.3 ADSORPTION PHENOMENA ON THE HEMATITE SURFACE 

5.3.1 Adsorption site availability on the hematite surface 
 

 

 

Figure 15. Number of water molecules inclusion for each simulation verses the adsorption sites 
per square nano-meter. Here the sites /nm2 represent the number of water O atoms per square 
nano meter.   

  

The total required number of water molecule has been calculated from the water (oxygen) density 

plot (Fig. 4, 8) to form monolayer of oxygen at the both crystal surfaces (001) and (012) respectively. 

This has been done roughly by integrating the area under the peak for water oxygen near at the surface (0 

to ~0.3 nm) for every water loadings separately. The trapezoid method of integration has been chosen in 

this case which is implemented in the Matlab package. The number of oxygen per square nano meter 

represents the available adsorption sites for both surfaces. Form the above graph, the adsorption sites 

increases proportionally as the increase of water molecules in the simulation cells but this number reached 

a maximum value for each surfaces at liquid water condition. This number is ~10-11 atoms/nm2 for both 

surfaces at the liquid water condition. The liquid water condition means the number of maximum water 

molecules (~2000 H2O) needed to saturate the simulation cells.   
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5.3.1.1 Effect of water loadings on the surface HBs among the surface hydroxyl groups 
 

 
Figure 16. Population of the surface HBs among the OH groups for (001) and (012) surface. 

 

There are strong HBs among the surface –OH groups for both the surfaces. These HBs numbers 

depend on the character of the crystal surface because of the position and the bonding (Fig. 4) of –OH 

groups on the hematite surface. The formation of HB strongly depends on the distance between the donor 

and the acceptors. From the above graph (Fig. 16) shows the change of the HBs on the surface with 

respect to the water loadings (sites/nm2) and also shows that the number of HBs decreases as the increase 

of water loadings and stays constant after a certain value.  This change happens before forming the 

monolayer of water at the surface. These change of HBs might be related to the change of electron density 

of the surface O atoms (-OH, µ-OH, µ3-OH). The decrease of HBs is more for (012) surface than surface 

(001). The number of HBs at the dry condition (0 site / nm2) is higher for (012) surface than (001) surface. 

The reason might be the bonding nature of the doubly coordinated –OH groups at the (001) surface and 

they are not as flexible as the singly coordinating –OH groups at the (012) surface. In general the water 

loadings do not affect the HBs significantly but this change is evident before forming monolayer of water 

at the surface suggesting high affinity towards water vapor (humidity). This can be considered as the 

nucleation or condensation initiation at the hematite surface at a given temperature. The hematite dust at 

the atmosphere can act as a condensation center for the vapor (water). Once the nucleation process is done 

then the formation of droplets starts quickly and continues until they big enough to produce rain.  



           

  23 

5.3.1.2 Hydrogen bonds between the surface –OH and the H2O molecules 
 

 
Figure 17. Hydrogen bonding analysis for the (001) and (012) surfaces based on MD 
simulations (300K, NPT, 5 ns at 0.5 fs time step) with different water loadings (O/nm2). The 
numbers of HB with water molecules per µ-OH group of the (001) and (012) plane are 
shown.  

 

 
Figure 18. Hydrogen bonding population for the (012) surface with respect to the 

triply coordinated OH groups. 

  



           

  24 

HB data exhibit systematic arrangements formed between the various surface OH groups and 

water (Fig. 17, 18). The surface –OH groups are dominantly acceptors, reaching up to 40% of adsorption 

sites at high loading, where as a maximum of 30% of the adsorption sites are donors to water molecules 

in the case of (001) hematite surface (Fig. 17). For (012) surface, the HB acceptors, the singly coordinated 

(-OH) reach up to 110% sites and also the donor, singly coordinated (-OH) adsorption sites reach up to 

45% (Fig. 17) at high loading or at liquid water condition. On the other hand the triply coordinated (µ3-

OH) groups act as a donor and an acceptor in the same time with the same extent contributing around 

31% of the adsorption sites (Fig. 18).  One thing to be noted that there is no possibility for triply 

coordinated µ3-OH groups to form HB with themselves maybe because of their rigidity and relative 

positions on the surface. Whereas these triply coordinated groups can form HB with the singly 

coordinated OH groups very easily because the singly coordinated groups are flexible so that they can 

bend towards the neighboring triply coordinated groups.  

5.3.2 Intra-molecular HB at the (001) surface and vibrational frequencies 
 

 

Figure 19. Schematic representation of surface structure and the HBs (dashed lines) obtained 
from the MD simulation by removing the access OH groups and the bulk Fe, O. 
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In this figure (Fig. 19), it is seen that there is only one type of OH group (µ-OH) which is doubly 

coordinated and they form HBs among them. There are possibilities to have different combinations of the 

HBs on the surface. Some OH groups can form more than one HB and some can form two and some even 

more HBs.   Therefore the HBs environments on the surface are diversified. Power spectra generated from 

the simulations provide more clues on the impact of HB on the vibrational features of the hematite 

surface. Again, these features were simulated by assuming stretching frequencies of 3660 cm-1 for –OH, 

3620 cm-1 for µ-OH and 3650 cm-1 for µ3-OH. Effects of HB produce deviations from these nominal 

values to those to be discussed in this section.  

Since there is only one type of OH group, so we expect to have only one sharp peak at a certain frequency 

instead we can see a peak which is splitted into three distinct parts (depicted as a, b, c in Fig 20). This 

peak is centered at around 3637 cm-1 (part b) and in addition it has got two shoulders at around 3647 cm-1 

(part a) and 3627 cm-1 (part c) respectively. The difference in frequency is about 10 cm-1 which suggests 

that the O-H stretching frequencies are not the same and they have notable differences in energies. 

Further, the intensities are not the same suggesting the difference in population. In this case the HB 

formation criteria are the donor-acceptor bond distance must be less than 3.0 Å and the angle of the 

donor-acceptor must be less than 30⁰.  

 

 
Figure 20. Power spectra of the surface OH group (µ-OH) of the water free system by using the 

hydrogen velocity auto correlation function. a b, c represent the split due to different environment in 
the system 
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5.4 HYDROGEN BONDING AT (001) SURFACE WITH WATER 
 

In the presence of water molecules the signal spectral intensities start to decrease gradually due to 

the HBs of the water molecules with the surface OH groups in different magnitude. Water molecules form 

additional HB with the surface OH groups while some of the existent HB maybe disappear or not totally 

disappeared. Therefore the peak position shifted towards the red (lower frequency region) and the 

intensities decrease as the increase of the water loadings since the population is also decreasing (Fig. 22). 

On the other hand, the water molecules form new HBs with the surface µ-OH group proportionally as the 

pressure of the vapor increase (Fig. 22).  We have seen in the previous section that the increased water 

loadings increase the water density linearly until all the adsorption sites on the crystal plane get occupied. 

There is also possibility for the µ-OH groups which can be donor and at the higher loadings the water-

water interactions become important (Fig 16). It is evident that at the saturated situation there is a 

possibility of having HBs among the surface µ-OH, maybe because this type of interaction is stronger 

than the HB between the µ-OH and the water molecules (Fig. 17). 

 

 

Figure 21. Schematic representation of water adsorption on the (001) obtained by removing excess 
water molecules from the MD simulation snapshot. Black dashed lines represent the HBs. 
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Figure 22. Power spectra of the (001) plane exposed to various water loadings, denoted as 
number of water molecules/nm2 in the graph.  Results obtained by Fourier transformation of 
the hydrogen bond autocorrelation function from a 50Mstep simulation with a 1 attosecond 
time step (300 K, NPT, 50 ps) 

 

5.5 INTRA-MOLECULAR HB AT THE (012) SURFACE AND VIBRATIONAL FREQUENCIES OF 
THE SURFACE –OH GROUPS 

 

 

Figure 23. Schematic representation of the hematite surface (012) obtained from the 
MD simulation snapshot. Blue dashed lines represent the HBs 
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In the above picture (Fig. 23) it is seen that there are two types of –OH groups for (012) hematite 

surface and they form HBs with each other but certainly not with the same type. The reason might be the 

distance dependence among the same type. In other words they are far enough not to form HB but with 

the different type they form HBs. For example singly coordinated –OH group can form HB with the triply 

coordinated –OH group (µ3-OH). Both of them can be a donor and an acceptor vice versa. The HBs 

population also supports those phenomena (Fig.17, 18).  In the computed power spectra, we expect to 

have two peaks corresponding to different type of OH groups on the surface without the presence of water 

molecules. Since they form HBs with each other, spectral broadening occurs.     

 

 
Figure 24.  Power spectra of the surface OH groups; singly (-OH) and triply coordinated (µ3-
OH) groups respectively of the water free system by using the hydrogen velocity auto 
correlation function. a b,  represent the split due to different HB environment in the system 

 

In fact we can see from the above picture (Fig. 24) that both types of OH groups produce broad spectra in 

two different frequency levels, suggesting the difference in their bond strengths. The broadness of the 

peaks tell that the formation of HBs with each other almost same magnitude. The peak maxima can be 

considered for the pure OH group without any HBs associated for both types. Another thing is that the 
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singly coordinated OH group (-OH) provides stronger frequency at (3681 cm-1) than that (3654 cm-1) of 

the triply coordinated (µ3-OH) group which actually make sense from the theoretical point of view. Both 

the peaks sharing the common region (denoted as b inside the Fig. 24) suggesting the intimate interaction 

between the two groups.  Both of the peaks have shoulders at the lower frequency because of the presence 

of HBs with each other. 

5.5.1  Hydrogen bonding at the (012) surface with water 
 

 
Figure 25. Schematic representation of water adsorption on the (012) obtained by 
removing excess water molecules from the MD simulation snapshot. Blue dashed lines 
represent the HBs 
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Figure 26. Power spectra of the (012) plane exposed to various water loadings, denoted as 
number of water molecules/nm2 in the graph.  Results obtained by Fourier transformation of 
the hydrogen bond autocorrelation function from a  50Mstep simulation with a 1 attosecond 
time step (300 K, NPT, 50 ps) 

  

The power spectra for the (012) surface (Fig. 26) show that the band is attenuated with the water loadings. 

The band at 3650 cm-1 is disappearing faster than the other one at around 3680 cm-1. One explanation 

might be the HBs strength with water molecules at the different OH groups are not the same, so the 

stronger HBs form first then the weaker one at relatively low pressure. In this case µ3-OH groups are bit 

strongly interacted with water then singly coordinated (-OH) groups for this surface.  
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5.6 VIBRATIONAL SPECTROSCOPIC ANALYSIS OF THE SURFACE O-H BONDS 

5.6.1 FTIR spectroscopy Vs theoretical power spectra 
 

Molecular vibrational spectroscopy, along with infrared (FTIR) and Raman measurements plays a 

very important role in the molecular-level understanding of the structure and dynamics of clay-related 

materials [55]. The explanation of the experimental spectral features in relation with the inter layer and 

surface phenomena of these materials is often difficult because of complex composition, disorder in the 

structure and a wide range of low-frequency and complicated motions which contribute to the observed 

spectra as a whole. In addition, the intensity of the IR spectra depends on the population of different 

species of the materials which is almost always perturbed by the neighboring groups and the hydrogen 

bonding with the water molecules. The extent of the different interactions at the interface also depends on 

the position of the oxide and hydroxide groups corresponding to the different surface planes. To 

emphases the relative metal-oxygen (M-O) and O-H stretching, and M-O-M and H-O-H bending modes 

which are often dominant in the mid- and high-frequency region of hydrous oxides and hydroxides, most 

of the modes comes from the interlayer and surface species that are in fact intermolecular [56].  A 

combined spectroscopic and computational simulation is the most appropriate and simple way to 

understand and predict the surface behavior of the environmental metal oxides and hydroxides. 

 

 
Figure 27. Baseline-subtracted FTIR spectra of wet hematite nano-sized particles sequentially 
dried up under N2(g). The red curve represents the driest sample. Hematite surface –OH 
stretching regions are shown in the graph. Data collected by Baiqing Lu in the Boily laboratory 
(Umeå University). 
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The evaluation of the agreement between the computed power spectra (previous section) and the 

experimental FTIR spectra collected on colloidal hematite in the Boily (Umeå University) laboratory (Fig. 

27) reveal that the intensities and the exact positions of the spectral bands are not exactly yet comparable. 

The frequency of the entire surface –OH groups (-OH, µ-OH, µ3-OH)  are in between 3600 cm-1 to 3700 

cm-1 region and these broad peaks are not enough well separated to be assigned individually. We should 

keep in our mind that it is not appropriate to compare the relative intensities of the experimentally 

determined ones with the computed power spectra directly. In the computed power spectra (previous 

section), there is contribution from all the atomic motions in the recoded hydrogen velocity auto-

correlation function. On the other hand the experimentally determined infrared intensities depend on the 

fluctuations of the electric dipole moment because of the atomic and molecular vibrations [57]. In the MD 

simulations each atom contains a partial charge and the motions of the different species contribute to the 

total dipole moment of the system. So, there is a strong correlation between the computed power spectra 

and the experimentally determined FTIR spectra. Water vapor adsorption data on these colloidal hematite 

particles will be collected by another student of the Boily group in 2014. This MD simulation study will 

therefore serve as a foundation for interpreting those experimental data. 
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6  CONCLUSIONS 
Molecular dynamics simulations were carried out with one potential model for two different types 

of hematite surfaces with (001) and (012) termination to determine the atomic scale structure of the 

hematite-water interfaces, identify the surface behavior that control the interfacial water orientation 

towards the crystal surface and HB (hydrogen bonds) population at the interface.  HB formation depends 

on the position of the surface –OH type (-OH, µ-OH, µ3-OH) and density of the –OH groups per unit area. 

Our study reveals that the quality of the water adsorption/condensation depends on the surface type and 

relatively higher adsorption to form monolayer happens on the (001) surface than hematite surface (012). 

Another aspect of this study was to see the effects of pressure on the frequency of surface –OH groups 

revealing the HB strengths with the water molecules by introducing different number of water molecules 

in several simulation cells. The HB population has been calculated and the results support that the surface 

–OH group mostly act as an acceptor rather than donor meaning higher affinity towards the water 

molecules specifically water hydrogen. At liquid water condition there is possibility to found HBs among 

the same –OH groups for (001) surface and in the different –OH groups for (012) surface. There is no 

possibility to form HBs for the same type of –OH groups for (012) surface because the groups are not 

close enough or their positions on the surface are not in favor. On the other hand the surface –OH groups 

can form HBs network at the (001) surface allowing the hydroxyl O to act as an acceptor mostly even 

though some of the –OH groups can act as donor exposed to water vapor or liquid water. The HB 

population on the surface OH groups decreases for both until the formation of water monolayer at the 

surface. This water monolayer formation actually affects the intra-molecular HBs decreasing their 

population and increasing the inter-molecular HBs with adsorbed water, providing evidence for 

nucleation at the hematite surface. In the real environment, this nucleation process might triggered by the 

change of temperature (strongly depend), pressure, collision with the (hematite) dust surfaces. The most 

important parameter is the potential (attraction) between the various surface –OH groups with the water 

vapor (humidity) by forming HBs. Our theoretically calculated power spectra for hematite-water interface 

matches with the experimentally determined FTIR spectra at least with respect to the combined band 

positions (~3600 to 3700 cm-1). The band assignments for the different types of surface –OH groups have 

been carried out theoretically as well as experimentally in our lab.  The agreement between the 

experiment and theory is comparable but not totally obvious for differentiating the different surface –OH 

groups. Frequency assignments of the various surface –OH groups are pre-defined (experimental 

evidence) in the theoretical calculation, they can be different but the attenuation of the peaks intensities 

with respect to the water loadings is the evidence of HB formation at the interface. In addition, the 

broadness of the peaks towards the red is also supportive information about the formation of HBs. Some 

of the peaks have also small blue shifts, here the reason might be the surface (bulk) net potential on the 

surface hydroxyl (–OH) hydrogen is different than the selected Lennard-Jones potential. Therefore the 
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system size and comparatively bigger crystal sampling is needed to explore the potential dependence on 

the surface hydrogens, even though the selected samples satisfy the infinite boundary conditions.     
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8 APPENDICES 
Energy, temperature and pressure plots of the MD simulations of both the systems (001) and (012) crystal 
plane respectively.  

 
Figure 28 Total energy change of the system (001) with water interaction. 

 

 
Figure 29 Temperature of the (001) system including water loadings. 
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Figure 30 Pressure change of the system within the 5000 ps production run of the (001) plane 

 

 
Figure 31 Total energy change of the system (012) for the 5000 ps production run. 
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Figure 32 Temperature change of the system (012) for the 5000 ps production run.  

 

 
Figure 33 Pressure change of the system (012) for the 5000 ps production run. 
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