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ABSTRACT 

  Understanding the interaction of five-membered aromatic heterocycles with Fe(110) 

surface is crucial for the development of novel inhibitors against the corrosion of iron and steel. 

Herein, we report a detailed study of the adsorption properties and the bonding mechanism of 

pyrrole, furan, and thiophene on Fe(110) surface employing density functional theory (DFT) 

calculations. In the most stable adsorption geometries, we found that the adsorbates lie flat at the 

hollow site and form chemical bondings with four Fe atoms on Fe(110) surface. The 

chemisorptions are indicated by large adsorption energies and charge transfers from the surface to 

the adsorbates. We also found that taking into account vdW corrections in the DFT calculations 

has a minimal effect on the adsorption geometries whereas it significantly increases the adsorption 

energies. The energetic and structural analysis reveals large molecular distortions induced by the 

adsorbate-surface interactions, and among the adsorbates, thiophene experiences the least 

molecular distortion, thereby having the largest adsorption energy. The electronic structure 

analysis also reveals that the nature of electronic interaction of pyrrole, furan, and thiophene with 

Fe(110) surface is due to the strong overlaps of the frontier  and * orbitals of the adsorbates with 

Fe-3dz
2 and Fe-(3dxz+3dyz) states of the surface. The charge donation and back-donation between 

the adsorbates and Fe(110) surface were also elucidated by the Bader charge analysis and the 

charge density difference.  

Keywords: five-membered ring; aromatic heterocycle; adsorption; charge transfer; vdW 

corrections; DFT; Fe(110) surface 
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1. Introduction  

Understanding the interaction of five-membered aromatic heterocycles with metal 

surfaces1 is not only of fundamental interest but also of practical importance to a wide range of 

applications, ranging from heterogeneous catalysis to corrosion protection. For instance, the 

adsorption of thiophene followed by the C–S bond rupture on transition metal surfaces is a key 

step in the mechanism of hydrodesulfurization.2-8The adsorption of furan on metal surfaces 

such as Pd and Pt are also of great importance in the catalytic conversion of furanic compounds 

to value-added chemical compounds.9-11 Most importantly, the adsorption of five-membered 

aromatic heterocycles with Fe, Al, and Cu surfaces is very important to the inhibiting 

mechanism against the corrosion of these metals.12, 13Particularly, experimental studies have 

shown that organic molecules containing five-membered aromatic rings such as pyrrole 

(C4H4NH), 14, 15furan (C4H4O),16, 17 or thiophene (C4H4S)18-20 are effective corrosion inhibitors 

for iron and steel in acidic media.  

The inhibition performance of corrosion inhibitors is strongly correlated with the ability to 

get adsorbed on the metal surfaces. The lone pair of heteroatom (N, O, S) participates in the 

conjugated  bond system in the five-membered aromatic ring, and play a part in enhancing 

the inhibition efficiency of corrosion inhibitors. Nevertheless, the interaction mechanism of 

pyrrole, furan, and thiophene with corrosive metals such as Fe has not been thoroughly 

understood. The knowledge about the adsorption properties and bonding mechanism of pyrrole, 

furan, and thiophene on Fe surfaces is vital to understand the corrosion inhibiting mechanism, 

and thereby contributing to the development of novel corrosion inhibitors with better 

efficiency. Furthermore, as the simplest aromatic heterocycles, knowledge about the interaction 

mechanism of pyrrole, furan, and thiophene with Fe surfaces also provides a scientific 
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background for elucidating the bonding mechanism of more complex -conjugated aromatic 

heterocycles with metal surfaces. 

Density functional theory (DFT) has been proved as a useful tool for investigating the 

inhibiting mechanism of organic corrosion inhibitors.21, 22 The interfacial properties of the 

inhibitor-metal systems dictating the inhibition efficiency such as the adsorption energy and 

the charge transfer could be provided by the results of the DFT calculations. The DFT studies 

on the adsorption mechanism of corrosion inhibitors have mainly focused on surfaces of Al23-

27 and Cu28-34, and to our best knowledge, only a few studies to date have been conducted on 

Fe surfaces35-38 despite the fact that Fe is the most used metal. Fe(110) is the most energetically 

stable surface among Fe surfaces,39 therefore it was often chosen for the study of the adsorption 

mechanism. In a DFT study connected to the topic, Lei Guo and co-workers36 calculated the 

adsorption energies of pyrrole, furan, and thiophene on Fe(110) surface to validate the 

empirical rule about the inhibition efficiency of organic inhibitors containing N, O, or S. In 

their work, however, the bonding mechanism of the adsorbates with the surface was not 

thoroughly investigated. Furthermore, the adsorption energies were calculated with standard 

DFT functionals such as PW91, PBE, and RPBE functionals, without taking into account the 

effect of van der Waals (vdW) interactions. Furthermore, it was pointed out by some DFT 

studies6, 7, 40, 41 that the standard DFT functionals do not properly describe the interaction of 

aromatic ring molecules with metal surfaces, thus it is essential to perform vdW inclusive DFT 

calculations in the study of the adsorption of pyrrole, furan, and thiophene on Fe(110) surface. 

In the present work, we perform a systematic study on the adsorption of pyrrole, furan, and 

thiophene on Fe(110) surface by means of DFT calculations, focusing on understanding the 

bonding mechanism of the adsorbates with the surface. The effect of vdW corrections on the 

adsorption properties was analyzed by comparing the adsorption energies and the adsorption 
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geometries by PBE functional with those by DFT-D3, optB88-vdW, and optB86b-vdW 

functionals. We also calculated and compared the energetic components constituting the 

adsorption energies of pyrrole, furan, and thiophene on Fe(110) surface. The electronic 

interactions of pyrrole, furan, and thiophene with Fe(110) surface were elucidated by 

examining the changes in the electronic structures of both the adsorbates and the surface upon 

the adsorptions. Besides, the charge donation and back-donation of the adsorbate-surface 

electronic interactions were also clarified by analyzing the charge density difference and the 

Bader charge calculations. Overall, our study provides insights into the bonding mechanism of 

pyrrole, furan, and thiophene with Fe(110) surface. 

2. Computational methodology 

The calculated lattice constant (2.82 Å) of a bcc Fe unit cell given by DFT calculations 

with PBE functionals were used for building Fe(110) surface. In this study, Fe(110) surface 

were modelled as a p(3x3) slab consisting of five atomic layers with a total of 45 Fe atoms. A 

vacuum space of 20 Å was included in the slab, above the topmost layer and along the z-

direction, to alleviate the interactions between periodic images. 

All spin-polarization DFT calculations were performed with the Vienna Ab initio 

Simulation Package (VASP 5.4.1)42-45 using the projector augmented wave (PAW) method.46, 

47 The Perdew-Burke-Ernzehof (PBE) exchange-correlation functional48 within the framework 

of the generalized gradient approximation (GGA)49, 50were employed in the DFT calculations. 

The cut-off energy for the plane wave expansion was chosen to be 450 eV. The gamma-

centered Monkhorst-Pack51 with 5×5×1 and 6×6×1 k-point grids were employed to sample the 

Brillouin zone in the reciprocal space for the geometry optimizations and the electronic 

structure calculations respectively. The first order Methfessel-Paxton52 smearing with = 0.1 

eV was used to ensure convergence of the electronic relaxation, and the total enegy has been 

extrapolated to 0 K. In the geometry optimizations, the adsorbates and the top two atomic layers 
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were allowed to relax to find their favourable positions whereas the bottom three layers were 

kept fixed in their bulk positions. The adsorption geometries were located by the conjugate 

gradient algorithm with a tight convergence threshold, that are 10-8 eV for the electronic 

relaxation and 0.01 eV/Å for the Hellmann-Feynman force on each moving atom. Taking into 

account vdW interactions is very important in determining the interfacial properties of organic 

molecules on metal surfaces.53 Therefore, the calculations were also carried out with vdW 

inclusive DFT methods, namely DFT-D354, optB88-vdW, and optB86b-vdW55, 56 functionals. 

The adsorption energy (Eads) of the molecules on Fe(110) surface was calculated as: 

Eads = Emolecule/Fe(110) – (Emolecule + EFe(110)) 

where EFe(110) is the total energy of a bare Fe(110) surface, Emolecule is the total energy of an 

optimized gas-phase molecule, and Emolecule/Fe(110) is the total energy of a molecule/Fe(110) 

system. A negative value of the adsorption energies indicates a favorable adsorption. 

To better characterize the adsorbate-surface interactions, the adsorption energy were 

decomposed into three energetic components:  

Eads = Emol-dist + Esurf-dist + Eint 

The distortion energy of molecule (surface) is defined as the difference between the energy of 

an isolated molecule (surface) in a distorted geometry and the energy of an optimized gas-

phase molecule (bare surface): 

Emol-dist = Emolecule(distorted) - Emolecule(gas-phase). 

Esurf-dist = Esurface(distorted) – Esurface(bare). 

The interaction energy (Eint) between the molecules and Fe(110)surface was defined as: 

Eint = Emolecule/Fe(110) - (Emolecule(distorted) + Esurface(distorted)) 

The electron density difference was calculated as:  

CDD = molecule/Fe(110) – (molecule + Fe(110)) 
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where molecule/Fe(110) indicates the electron density of a molecule/Fe(110) system, and molecule 

and Fe(110) represent the electron densities of the molecule and Fe(110) surface which are taken 

from the adsorption geometries respectively. The charge transfer from Fe(110) surface to the 

adsorbates were characterized by Bader charge analysis57, which was carried out with the 

computer program developed by Henkelman and co-workers.58-60 

3. Results and Discussion 

3.1. Adsorption energies and equilibrium geometries 

The main focus of this study is to give insights into the bonding mechanism of pyrrole, 

furan, and thiophene with Fe(110) surface, and the most stable adsorption geometries were 

required for the task. Fe(110) is a symmetric surface with a rhombus unit cell, having high-

symmetry adsorption sites such as top, short-bridge, long-bridge, and hollow site. The hollow 

site has been shown as the most favourable site for the adsorption of aromatic ring molecules 

such as benzene61 and phenol.41, 62Moreover, the adsorption of aromatic ring molecules on 

metal surfaces can occur via either a flat-lying (parallel) configuration or vertical 

(perpendicular) configuration, and the flat-lying geometry was found energetically more stable 

than the vertical geometry in the adsorption of thiophene 6, 7 and furan9. In other words, the 

adsorbate-substrate interaction is maximized when the aromatic ring plane lies flat on metal 

surfaces. Thus, the structural optimizations of pyrrole, furan, and thiophene on Fe(110) surface 

were started with the flat-lying geometries at the hollow site, and we found the most stable 

adsorption geometries as depicted in Fig.1. The adsorptions are driven by the chemical 

interactions of the five-membered aromatic rings with four Fe atoms around the hollow site 

including Fe(1) with the double bond C(1)=C(2), Fe(2) with the single bond C(2)–C(3), Fe(3) 

with the double bond C(3)=C(4), and Fe(4) with the heteroatom. We summarized the 

adsorption energies and adsorption bond lengths reported by PBE, DFT-D3, optB88-vdW, and 

optB86b-vdW functionals in Table 1. We note that bond lengths of the adsorption bonds are 
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comparable to the sum of covalent radii of participated atoms (Fe+C: 2.08 Å, Fe+N: 2.03 Å, 

Fe+O: 1.98 Å, and Fe+S: 2.37 Å),63 indicating the covalent nature of the adsorption bonds. We 

also note that the adsorption geometries of pyrrole, furan, and thiophene on Fe(110) surface 

found by our study closely resemble those reported by Lei Guo et al.36 The structural 

parameters in Table 2 present large molecular distortions by the chemical interactions with 

Fe(110) surface, and the most obvious changes are the expansions of the five-membered 

aromatic rings. It is worth noting that the elongation for the CC double bonds is to a greater 

degree than for the C–C single bond which demonstrates a stronger interaction of the former 

with Fe(110) surface. We also notice that all the C–H bonds are tilted away from the ring plane 

(Fig.1). Most importantly, the chemical interactions with Fe(110) surface result in the buckling 

of the five-membered aromatic rings which can be recognized by the out-of-plane displacement 

of the heteroatom. As a result, the dihedral angles X-C(1)-C(4)-C(2) and X-C(1)-C(4)-C(3) 

of the adsorbates are less than those in free molecules (180°), and the degree of the ring 

buckling follows the order: thiophene < pyrrole < furan (Table 2). It is important to note that 

the interactions with Fe(110) surface cause pyrrole, furan, and thiophene are no longer planar 

molecules, thereby losing partly their aromaticity.  

Furthermore, the chemisorptions of pyrrole, furan and thiophene on Fe(110) surface are 

indicated by large adsorption energies. From the DFT results with PBE functional, it can be 

seen that the adsorption energies of pyrrole (-1.16 eV) and furan (-1.17 eV) are almost equal 

while the adsorption energy of thiophene (-1.53 eV) is moderately greater. We found that the 

adsorption energies of pyrrole and furan are also comparable to the adsorption energy of 

benzene.61 Taking account for vdW corrections results in slight reductions (within 0.05 Å) of 

the adsorption bond lengths whereas it significantly increases the adsorption energies. The 

adsorption energies of pyrrole, furan, and thiophene on Fe(110) surface given by used DFT 

functionals follow the increasing order PBE < optB88-vdW < DFT-D3 < optB86b-vdW. It 
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should be noted that a similar trend was also observed for the adsorption energies of six-

membered aromatic compounds41 on 3d, 4d, and 5d transition metal surfaces. We were unable 

to draw a direct benchmark comparison to evaluate how well each vdW-DFT functionals in 

describing the adsorbate-substrate interactions because of lacking the experimental adsorption 

energies of pyrrole, furan, and thiophene on Fe(110) surface. However, previous DFT studies41 

have found that DFT-D3 and optB86b-vdW functionals tend to overestimate the adsorption 

energies of aromatic ring compounds on transition metal surfaces while the adsorption energies 

given by optB88-vdW functional agree well with the experimental results. Thus, we only used 

PBE and optB88-vdW functionals in the remaining DFT calculations in this study. 

The adsorption energy of the adsorbates on Fe(110) surface was decomposed into three 

energetic components, including the distortion energy of molecule (Emol_dist), the distortion 

energy of surface (Esurf_dist), and the interaction energy (Eint). We note from Table 3 that the 

adsorption energy of each adsorbate on the surface is a compromise between the destabilizing 

energies (Emol_dist and Esurf_dist) and the stabilizing energy (Eint). To better visualize the 

correlation between the energetic components, the comparison between the adsorption energies 

and their energetic components is drawn in Figure 3. As can be seen, the distortion energies of 

surface are tiny (less than 0.1 eV) showing negligible distortions of Fe(110) surface induced 

by the adsorbate-surface interactions. By contrast, the distortion energies of molecules are large 

and follow the increasing order: thiophene < furan < pyrrole. It means that for effective 

adsorptions on Fe(110) surface, the adsorbates must overcome large distortion energies, and 

compared to benzene,61 the distortion energies of pyrrole, furan, and thiophene are considerably 

larger. The distortion energies of molecule appear to be correlated with the degree of molecular 

distortions. Pyrrole has the largest distortion energies since it has one more C–H bond pointed 

away from the ring plane in combination with the second-largest ring buckling. By contrast, 

thiophene experiences the least ring buckling, thereby having the least distortion energies. 
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Taking into account for vdW corrections slightly change the distortion energies of both the 

adsorbates and the surface while it increases the interaction energies of pyrrole, furan, and 

thiophene with Fe(110) surface by 0.64, 0.57, and 0.78 eV respectively. It appears that the 

increase of the interaction energies by vdW corrections are consistent with the size of the 

molecules. It is worth mentioning that the interaction energies with Fe(110) surface of pyrrole, 

furan, and thiophene are approximately equal, thus among the adsorbates, thiophene has the 

greatest adsorption energy because it has the smallest distortion energy. 

3.2. Electronic structure analysis 

The bonding mechanism of aromatic ring molecules with transition metal surface has been 

discussed in several studies by analyzing the electronic structure of both the adsorbates and the 

substrates.3, 5, 6, 61, 64, 65 Herein, by a similar approach, a detailed picture of the chemical bonding 

of pyrrole, furan, and thiophene with Fe(110) surface could be gained by scrutinizing the 

density of states (DOS), the charge density difference (CDD), and the result of Bader charge 

analysis. The adsorbate-substrate interactions cause changes in the electronic structures of both 

the adsorbates and the surface, particularly at the frontier electronic states. We note from Fig. 

2 that the local density of states (LDOS) peaks corresponding to the highest occupied molecular 

orbitals (HOMO and HOMO-1,  orbitals) and the lowest unoccupied molecular orbital 

(LUMO and LUMO+1, *orbitals) are smeared out while the lower-energy LDOS peaks ( 

orbitals) are just slightly broadened by the adsorbate-surface interactions. Fig. 2 also shows a 

good match between the electronic energies of the frontier  and * orbitals and Fe-3d states, 

and the electronic interactions of the adsorbates with Fe(110) surface occur the overlaps of 

these electronic states. The adsorptions on Fe(110) surface cause the buckling of the five-

membered aromatic rings and thereby causing reductions of the HOMO-LUMO gap. The 

HOMO-LUMO gaps for pyrrole, furan and thiophene in the gas phase are 4.97, 4.73, and 4.47 

eV while for isolated distorted molecules are reduced to 3.08, 2.92, and 3.00 eV respectively 
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(Table 3). The HOMO-LUMO gap is less reduced for thiophene (-1.47) than for pyrrole (-1.81) 

and furan (-1.89), which is consistent with the degree to which the five-membered aromatic 

rings are buckled by the adsorptions. It is interesting to note that the HOMO-LUMO gaps are 

reduced to approximately 3.00 eV, and it appears to be a good value for the electronic 

interactions between the five-membered aromatic heterocycles and Fe(110) surface. It should 

be recalled that the frontier  and * orbitals of pyrrole, furan, and thiophene are the linear 

combinations of 2pz orbitals of all the ring atoms. Accordingly, it is most likely that the frontier 

 and * orbitals primarily interact with Fe-3dz
2 and Fe-(3dxz+3dyz) states owing to the 

matching of their symmetries. The electronic interactions could be clarified by examining the 

changes of the projected density of states (pDOS) of Fe-3dz
2 and Fe-(3dxz+3dyz) electronic 

states. Fig.4 presents pDOS of 3dz
2 and (3dxz+3dyz) states of bonded Fe atoms on bare and 

adsorbed Fe(110) surfaces. In Fig.4a, the reduction of pDOS of Fe-3dz
2 just below the Fermi 

level shows that Fe-3dz
2 electronic state strongly hybridizes with the frontier  orbitals, creating 

the bonding states which is down-shifted below the bottom of Fe-3d band and antibonding 

states which is up-shifted to above the Fermi level. Moreover, the interaction with the frontier 

* orbital also contributes to the change of pDOS of Fe-3dz
2. Fig.4b also shows the changes of 

pDOS of Fe-(3dxz+3dyz) by the adsorbate-substrate interactions which exhibit a similar pattern 

with pDOS of Fe-3dz
2, although with less perturbation. Thus, the interactions of the frontier 

orbitals with Fe-3dz
2 is stronger than with Fe-(3dxz+3dyz).  

The CDD plots in Fig. 5 assist in characterizing the charge transfers between pyrrole, furan, 

and thiophene and Fe(110) surface. The charge accumulations at the spatial regions between 

the adsorbates and the surface clearly demonstrate the electronic interaction between them. The 

charge depletions at the five-member aromatic ring and the charge accumulation at Fe atoms 

exhibits the charge donation from the occupied  orbitals to Fe-3d states. By contrast, the 

charge accumulations at the regions above and outside the five-membered aromatic rings and 



 12 

the charge depletions at Fe atoms exhibits the back-donation from Fe-3d states to the 

unoccupied * orbitals of the adsorbates. The depopulation of the bonding  orbitals by the 

charge donation and the population of the antibonding * orbitals by the back-donation are 

responsible for the elongations of all the ring bonds. The net effect of the charge donation and 

the back-donation is the charge transfer from Fe(110) surface to the adsorbates which can be 

quantified by the results of Bader charge analysis. Pyrrole, furan and thiophene gain a net 

charge of 0.75 e (0.72 e), 0.84 e (0.81 e), and 0.73 e (0.71 e) respectively from the substrate 

reported by PBE (optB88-vdW) functional. Furthermore, the electronic interactions with the 

adsorbates introduce changes in the electronic structure of Fe(110) surface. For instance, the 

d-band center of Fe atoms on the topmost layer is shifted toward higher binding energy. 

Besides, the average magnetic moment of Fe atoms on the topmost layer is also reduced by 

about 0.18 to 0.25 B (Table 4) due to the adsorbate-substrate interactions.  

4. Conclusions 

We have presented a systematic study on the adsorption properties and bonding 

mechanism of pyrrole, furan, and thiophene on Fe(110) surface based on DFT results with 

PBE, DFT-D3, optB88-vdW, and optB86b-vdW functionals. We found from the geometry 

optimizations that pyrrole, furan, and thiophene prefer binding with Fe(110) surface at the 

hollow site and in the flat-lying geometries. The adsorptions are driven by the formation of 

covalent bonds between the ring atoms and four surface Fe atoms. We note that that taking into 

account for vdW corrections have a small effect on the adsorption geometries whereas it 

significantly increases the calculated adsorption energies. DFT calculated results show large 

adsorption energies and large charge transfers from Fe(110) surface to pyrrole, furan, and 

thiophene, indicating the chemisorption of pyrrole, furan, and thiophene on the surface. The 

chemisorption on Fe(110) surface results in the elongations of all the ring bonds and the out-

of-plane displacements of both the C–H bonds and the heteroatom. Among the adsorbates, 
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thiophene experiences the least molecular distortion upon the adsorption on Fe(110) surface, 

causing it to have the largest adsorption energies although the adsorbate-surface interaction 

energies are comparable for all the adsorbates. The pDOS analysis reveals that the electronic 

interactions occur by the overlaps of the frontier  and *orbitals of the adsorbates and Fe-3dz
2 

and Fe-(3dxz+3dyz) states of Fe(110) surface. We also found from the CDD analysis that the 

adsorbate-substrate interactions give rise to the charge donation from the occupied  orbitals 

to unfilled Fe-3d states and the back-donation from filled Fe-3d states to the empty * orbitals. 
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Table 1. Adsorption energies and bond lengths of the adsorption bonds on Fe(110) surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorption 

system 

DFT  

functional 

Eads 

(eV)  

 

Bond distance (Å) 

Fe(1)–

C(1) 

Fe(1)–

C(2) 

Fe(2)–

C(2) 

Fe(2)–

C(3) 

Fe(3)–

C(3) 

Fe(3)–

C(4) 

Fe(4)–

X 

 

 

 

Pyrrole/ 

Fe(110) 

PBE -1.16 2.01 2.18 2.25 2.26 2.16 2.01 2.01 

DFT-D3 -2.03 2.01 2.16 2.25 2.26 2.15 2.01 2.00 

optB88-

vdW 

-1.86 2.01 2.21 2.23 2.28 2.16 2.00 2.00 

optB86b-

vdW 

-2.27 1.99 2.17 2.23 2.26 2.15 1.99 1.99 

 

 

 

Furan/ 

Fe(110) 

PBE -1.17 2.00 2.18 2.24 2.23 2.18 2.00 2.11 

DFT-D3 -1.93 1.99 2.17 2.24 2.23 2.17 1.99 2.10 

optB88-

vdW 

-1.82 1.99 2.19 2.25 2.25 2.20 1.99 2.09 

optB86b-

vdW 

-2.20 1.98 2.15 2.24 2.23 2.15 1.98 2.07 

 

 

 

Thiophene/ 

Fe(110) 

 

PBE -1.53 1.99 2.30 2.21 2.21 2.30 1.99 2.21 

DFT-D3 -2.45 1.98 2.27 2.20 2.20 2.27 1.98 2.21 

optB88-

vdW 

-2.33 1.99 2.29 2.22 2.22 2.29 1.98 2.22 

optB86b-

vdW 

-2.72 1.98 2.25 2.20 2.20 2.25 1.98 2.20 
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Table 2. Structural parameters and HOMO-LUMO gap of free and isolated distorted pyrrole, 

furan, and thiophene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule Bond length (Å) Dihedral angle (°) HOMO-

LUMO 

gap 
C(1)–

C(2) 

C(2)–

C(3) 

C(3)–

C(4) 

C(4)–

X 

C(1)–

X 
X-C(1)-

C(4)-C(2) 

X-C(1)-

C(4)-C(3) 

free pyrrole 1.38 1.42 1.38 1.38 1.38 180.00 180.00 4.97 

distorted 

pyrrole 

1.47 1.49 1.47 1.47 1.47 173.95 173.90 3.08 

free furan 1.36 1.43 1.36 1.37 1.37 180.00 180.00 4.73 

 distorted 

furan 

1.46 1.48 1.46 1.47 1.47 165.40 165.41 2.92 

free 

thiophene 

1.38 1.42 1.38 1.71 1.72 180.00 180.00 4.47 

distorted 

thiophene 

1.47 1.47 1.47 1.82 1.82 176.47 176.48 3.00 
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Table 3. Adsorption energy, distortion energy of molecule (Emol_dist), distortion energy of 

surface (Esur_dist), and interaction energy(Eint). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorption 

system 

DFT  

functional 

Eads 

(eV) 

Emol_dist 

(eV) 

Esurf_dist 

(eV) 

Eint 

(eV) 

Pyrrole 

/Fe(110) 

PBE -1.16 2.40 0.07 -3.63 

optB88-

vdW 

-1.86 2.33 0.07 -4.27 

Furan 

/Fe(110) 

PBE -1.17 2.36 0.07 -3.60 

optB88-

vdW 

-1.82 2.28 0.07 -4.17 

Thiophene 

/Fe(110) 

PBE -1.53 1.88 0.09 -3.50 

optB88-

vdW 

-2.33 1.86 0.09 -4.28 
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Table 4. Charge transfer from Fe(110) surface to the adsorbates and change of d-band center 

and magnetic moment of the topmost layer Fe atoms on Fe(110) surface by the adsorptions. 

  

 

Adsorption 

system 

DFT functional charge  

transfer (e) 
Ed (eV)  (B) 

Pyrrole 

/Fe(110) 

PBE 0.75 -0.10 -0.21 

optB88-vdW 0.72 -0.09 -0.23 

Furan 

/Fe(110) 

PBE 0.84 -0.08 -0.18 

optB88-vdW 0.81 -0.07 -0.18 

Thiophene 

/Fe(110) 

PBE 0.73 -0.09 -0.25 

optB88-vdW 0.71 -0.08 -0.25 
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Fig. 1. The most stable adsorption geometries. 
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Fig. 2. The local density of states of free, adsorbed adsorbates and bonded Fe-3d.  
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Fig. 3. The comparison between the adsorption energies, the energies of molecular distortion, 

the energies of surface distortion, and the energies of adsorbate-surface interaction  
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Fig. 4. The projected density of states of Fe-3dz

2 and Fe-(3dxz+3dyz) for clean and adsorbed 

Fe(110) surfaces. 
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Fig. 5. The plots of charge density difference for the adsorbate/Fe(110) systems. The 

isosurface is taken as 0.008 e/Bohr3. The yellow color and the light green color represent the 

electron accumulations and electron depletions respectively. 
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