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Abstract 

Here, we employed the Nudged Elastic Band (NEB) method to simulate the diffusion 

of ferrocene through vanadyl phosphate (VOPO4), with a focus on understanding the 

diffusion pathways arising from the complex structure of ferrocene. We systematically 

evaluated a total of 36 potential diffusion paths, categorizing them into three groups 

based on their directional orientation: 15 paths between V sites along the [110] direction, 

15 paths from V to P sites along the [100] direction, and 6 paths between P sites also 

along the [110] direction. Our analysis revealed that the energy barriers for diffusion 

along the [110] direction typically ranged between 0.25 and 0.35 eV, which are notably 

higher than those observed for pathways along the [100] direction, where the energy 

barriers ranged from 0.11 to 0.20 eV. To further elucidate the complex deformation of 

ferrocene during diffusion, we established four key measures to characterize the 

structural conformation: the angle of the axis of the ferrocene molecule relative to the 

[010] direction within the (001) plane, the dihedral angle between the two 

cyclopentadienyl rings, the orientation angle of the -CH bonds with respect to the [001] 

direction, and the angle between two -CH bonds from the two cyclopentadienyl rings.  
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1. Introduction. 

Vanadyl phosphate (VOPO₄), a versatile inorganic compound known for its layered 

crystal structure,1,2 has garnered significant attention for energy storage systems.3–5 

This interest is driven by its unique properties, including its ability to host a variety of 

intercalants between its layers. The process of intercalating ions and molecules into 

VOPO₄ not only modifies its intrinsic electrical and structural characteristics, but also 

tailors its performance for specific applications,6–8 such as in batteries9–14 and catalytic 

systems.15–21 

Intercalation involves the reversible insertion of guest species (ions or molecules) 

into a host material without causing substantial disruption to its lattice structure.22–25 In 

the case of VOPO₄, this process is of particular interest for enhancing ion transport and 

electronic conductivity, crucial for high-performance electrochemical devices.7 Among 

various potential intercalants, the integration of metallic ions such as lithium8,13,26–30 or 

sodium31–36 has been extensively studied for battery applications. At the same time, the 

intercalation of molecular species presents an opportunity to generate hybrid materials. 

Metallocenes, a class of organometallic compounds consisting of two cyclopentadienyl 

anions bound to a metal center in a sandwich configuration, are a common choice of 

guest because they are relatively easily oxidized and undergo minimal structural 

reorganization.  Metallocene intercalation1,8,25,37–40 into layered hosts is studied as a 

route to new materials, but also because the well-behaved guest provides a handle to 

interrogate fundamentals of intercalation processes. 

Therefore, a detailed understanding of the intercalation and diffusion mechanisms 

of ferrocene into vanadyl phosphate will be of great value.  In this work, we elucidate 

the diffusion mechanisms using the Nudged Elastic Band (NEB) methods in Density 

Functional Theory (DFT). We recall the stable configuration of ferrocene within the 

VOPO4 matrix, determined by DFT in a previous work.41 Subsequently, the NEB 

method is applied to determine the most favorable pathways for the ferrocene's 
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movement. This approach offers a detailed picture of the energy barriers to diffusion 

and viable diffusion pathways for ferrocene. 

2. Computational Method and Structures. 

2.1 Computational methods 

The DFT computations in this research were conducted using the Vienna Ab-initio 

Simulation Package (VASP), 42,43 leveraging the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional within the Generalized Gradient Approximation 

(GGA).44 The methodology employed projector-augmented wave (PAW)45,46 

pseudopotentials for the elements involved. Specifically, the valence electron 

configurations were as follows: vanadium (3d44s1) with five valence electrons, 

phosphorus (3s23p3) with five, iron (3d74s1) with eight, oxygen (2s22p4) with six, and 

carbon (2s22p2) with four. A plane-wave cut-off energy of 600 eV was set to ensure the 

convergence of the calculations. 

To address electron localization effects, particularly in the 3d states of vanadium, 

the DFT+U47 method was incorporated, applying a U value of 3.25 eV to V28,48 

Furthermore, to enhance the treatment of van der Waals forces, the DFT+D349,50 

correction was integrated into the calculations. 

Optimization of atomic structures was achieved through the conjugate gradient 

method,51,52 proceeding until the average force on atoms was reduced to below 0.025 

eV/Å. To guarantee precision, the energy tolerance for electronic steps was set to 1×10-6 

eV. Spin polarization was accounted for in all computational steps to capture magnetic 

interactions, and Gaussian smearing, with a width of 0.05 eV, was utilized to aid in the 

optimization process. 

The Climbing Image Nudged Elastic Band (CI-NEB) was used to determine 

diffusion paths and energy barriers. These calculations were performed using the VTST 

tools, with an energy tolerance set at 0.03 eV/Å.53,54 The Quick-Min method served as 
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the optimizer,55 utilizing default parameters. Tests for k-mesh density and the number 

of image insertions are detailed in Section 3.1. To verify that the springs between the 

images in the NEB have no significant effect on the results, various spring constants 

were explored, see Figure S1 in SI. CrystalMaker was used to visualize the structures.56 

Finally, we used VASPKIT57 to insert the images along the diffusion path. 

2.2 Diffusion paths. 

In our previous studies,41  we identified five distinct configurations of ferrocene on 

the V/VO site: E-V-0º, E-V-45º, E-VO-0º, E-VO-45º, and S-V-45º. Here, 'E' denotes 

an eclipsed arrangement of ferrocene, while 'S' indicates a staggered arrangement. This 

structural arrangement arises as the vanadium square pyramids within the layers are 

aligned such that a ferrocene molecule in the interstitial region interacts with a vanadyl 

oxygen atom on one plane (VO site) and with the base of the square pyramid on the 

alternate plane (V site). The notation 'V' refers to the apical hydrogen directed from the 

cyclopentadienyl ring face towards the V side, and 'VO' indicates the apex facing the 

VO side. The numbers 0º and 45º represent the axis of the ferrocene from one 

cyclopentadienyl ring to the other through the Fe, being parallel to the [010] and [110] 

directions, respectively. As examples, Figures 1a) and a’) showing the E-V-45º 

configuration. The other four configurations of the ferrocene on the V site are shown 

Figure S2 in the SI. Additionally, it is important to note that the c lattice parameter 

increases from 4.285 Å to 9.737 Å due to ferrocene intercalation, and these values agree 

with the experimental values in pristine (4.22 Å)58 and Fc-VOPO4 systems (9.79 Å).25  

Page 5 of 36 Physical Chemistry Chemical Physics



6 

 

 

Figure 1. a) E-V-45º configuration viewed along [-110] direction and a)’ along [001] 

direction; b) G-P-20º configuration viewed along [-120] direction and b)’ along [001] 

direction. Vanadium is represented in green and coordinated in a pentagonal pyramidal 

geometry as part of a VO₅ complex; Phosphorus is shown in yellow and coordinated in 

a tetrahedral geometry as part of a PO4 complex; The oxygen atoms are color-coded 

based on their position: the apical oxygen in the VO₅ pyramid is pink, those on the 

lower side of the layers (-z) are red, and the oxygen atoms on the upper side of the 

layers are blue; iron is cyan, carbon is black and hydrogen is white. The black lines 

show the edges of the supercell; c) illustration of the three ferrocene diffusion directions 

considered: the black arrow represents movement from the V site to the P site along the 
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[100] direction; the red arrow signifies ferrocene moving from one V site to another 

along the [110] direction; the purple arrow depicts movement from one P site to another 

along the [100] direction. Carbon and hydrogen atoms are omitted for clarity. 

For the ferrocene sitting on top of a P site, we identified three configurations: E-

Pv-0º, E-Pvo-0º, and G-P-20º. 'Pvo' denotes that the direction of the apical hydrogen at 

the P site is the same as in the E-VO configuration, while 'Pv' indicates a configuration 

with the apical hydrogen corresponding to the E-V configuration. 'G' signifies a gauche 

arrangement, which is an intermediate state between eclipsed and perfect staggered 

arrangements. The 20º means the ferrocene lies at 20º to the [010] direction. Figures 1b) 

and b’) show the G-P-20º case; the other two configurations are shown in Figure S2 in 

the SI.  

In an earlier paper,41 we compared the total energy of various configurations and 

found that the E-V-45º configuration exhibits the lowest energy. This was attributed to 

differences in charge density between vanadium and iron, coupled with stronger van 

der Waals interactions between the apical hydrogen and oxygen from the vanadyl group. 

On the P/P site, the configuration with the lowest energy was identified as G-P-20º, 

though it had a slightly higher energy (+0.082 eV) than the E-V-45º configuration.  

We also found that the bandgap of the Fc-VOPO4 system is reduced compared to 

pristine VOPO4, decreasing from 2.5 eV to 0.5 eV (see the density of states in Figure 

S3 in SI). In pristine VOPO4, the highest occupied molecular orbital (HOMO) is 

dominated by the O-p orbital and the lowest unoccupied molecular orbital (LUMO) is 

dominated by the V-d orbital. However, in the Fc-VOPO4 system, the intercalation of 

ferrocene introduces new states from the Fe-d orbitals near the Fermi level, leading to 

the bandgap reduction. This reduction in bandgap and the increased density of states at 

the Fermi level imply enhanced electronic conductivity, which could be advantageous 

for various electronic and electrochemical applications. 
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In this work, we consider three possible diffusion paths for the ferrocene: (i) from 

a V/VO site to a P/P site, along the [100] direction, (ii)  from a V/VO to another V/VO, 

along the [110] direction, and (iii) from a P/P site to another P/P site, along the [110] 

direction, as depicted in Figure 1c. Given the five configurations on the V/VO side and 

three on the P/P side, there are 15 combinations of starting and ending configurations 

for the V/VO to P/P path. In this case too, when taking into account duplicative paths, 

there are15 combinations of starting and ending configurations for V/VO the V/VO 

path. Finally, there are six unique combinations for P/P the P/P path. We anticipate that 

the energy barrier for ferrocene diffusion will depend on the initial and final structures. 

Therefore, in this work, we analyze all thirty-six potential paths using CI-NEB 

calculations.  

3. Discussion of Methods Validation 

3.1 Optimizing CI-NEB Calculations for Ferrocene Diffusion. 

CI-NEB calculations are known for being resource-intensive. To balance accuracy 

with resource utilization, two major factors must be considered: the number of images 

along the diffusion path and the k-mesh density. To determine suitable simulation 

conditions for calculations, we began with the simplest scenario, E-V-45º to E-V-45º, 

as shown in Figure 2a). To aid in understanding ferrocene diffusion, we have also 

created an animation, which can be found in the Supplementary Information (SI). We 

perform two calculations: one with 15 images (dense resolution), the other with 6 

images (coarse resolution). The energy barriers and curves were nearly identical, 

leading us to conclude that 6 images are sufficient for our subsequent calculations. In 

particular, we note that the maximum in the energy is not at the mid-point of the path 

as we would expect for a simple molecule; we analyze this in more detail below. 

Similarly, in Figure 2b), the k-mesh densities of 2x2x3 and 4x4x5 yielded almost 

identical results. Therefore, based on these calculations, we concluded that a 

configuration of 6 images and a 2x2x3 k-mesh density is adequate. This approach is 
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considerably more cost-effective and less time-consuming than using 16 images and a 

4x4x5 k-mesh. 

 

Figure 2. a) NEB calculation k-mesh density test on E-V-45º to E-V-45º Path: black 

for six images; red for 15 images; b) The NEB calculations with 4x4x5 (Red) and 2x2x3 

(Black) K-mesh density.  

3.2 Interactions of Ferrocenes. 

In all of the calculations to this point, the host consists of a single VOPO4 layer; 

meaning that with the periodic boundaries, the path of ferrocene diffusion is duplicated 

by periodic images above it and below it. However, in the real structure it is quite likely 

that the layers above and below do not have ferrocenes in these locations.  

To address these issues, we consider a (computationally much more expensive) 

setup with two VOPO4 layers, only one of which contains a ferrocene, as depicted in 

Figure 3a. For clarity, we call the structure in the left panel the single VOPO4 layer and 

that in right panel the double VOPO4 layer. This revised layering approach effectively 
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reduces the direct interaction between ferrocene layers by spacing them with multiple 

VOPO4 layers.  

 

 

Figure 3. a) Depicts the two layering strategies for VOPO4 and ferrocene along the c-

axis, showcasing an alternating pattern designed to minimize direct interaction between 

ferrocene layers. The left panel illustrates a single layer of VOPO4, while the right panel 

shows a double layer of VOPO4. The black lines are the edges of the unit cells; (b) NEB 

energy profiles for pathways E-V-45º to E-V-45º. 
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Measurements of the V-V distances under both scenarios reveal significant insights. 

In single layer case, the V-V distances are constant at 9.67 Å, regardless of the presence 

of ferrocene. However, in the two-layer case, the V-V distance 10.038 Å in the layer 

occupied by the ferrocene and between 9.675 and 9.680 Å for the layer without the 

ferrocene. Interestingly, we found that the distortion of the VOPO4 layer did not change 

significantly in calculations in both sections 3.1 and 3.2. Specifically, the V-O bond 

distances remain in the range of 1.91 to 1.98 Å, and the P-O bond distances are around 

1.54 Å. The bond angle of V-O-P is approximately 132º. These values are consistent 

with those in pristine VOPO4.
2,58 To illustrate this, we created a simple animation 

available in SI. Consequently, the subsequent discussion will focus on the distortion of 

the ferrocene.  

We also calculate the energy barrier along the E-V-45º to E-V-45º transition path, 

as shown in Figure 3b, and find that the energy profile retains the same shape, with the 

energy barrier reduced by only 0.05 eV. Given these minor differences in energy, we 

choose to use the original model of alternating ferrocene and VOPO4 layers. This 

decision is based on the observation that the slight reduction in energy does not 

significantly impact the overall energy profiles. Consequently, all subsequent NEB 

analysis is based on the single-layer simulation. 

3.3 Characterizations of Ferrocene Deformation. 

Considering the distinct stable configurations of ferrocene on the V/VO and P/P 

sides, it is evident that ferrocene must undergo structural changes during its diffusion. 

To characterize these changes, we use four measures:  

1. the angle, 𝜏, that the vector joining the center of the two cyclopentadienyl rings 

makes with the [010] direction in the (001) plane. This measures the rotation 

of ferrocene within this plane, see Figure 4a. 

2. the angle, , between two -CH bonds in the two cyclopentadienyl rings, as 

highlighted in Figure 4b.   = 0° corresponds to the eclipsed conformation;  = 
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36° corresponds to the staggered conformation; an intermediate value of  

corresponds to a gauche conformation.  

3. the dihedral angle, , between the cyclopentadienyl rings, providing insight into 

the tilting of the rings, see Figure 4c.  

4. the angle,  between the apical -CH bonds form and the [001] direction. If  

changes, it indicates that the ferrocene is rolling; if  doesn’t changes, then the 

ferrocene is sliding as it moves.  We label the -CH bonds on the two rings  and 

, see Figure 4d. 

 

Figure 4. Schematics of a) the rotation angle, the blue arrow is the vector defined by 

ferrocene and the red arrow is the direction [010]; b) the angle between two -CH bonds. 

(highlighted with orange carbon and grey hydrogen atoms); c) the dihedral angle, with 

the red line indicating the plane formed by the cyclopentadienyl ring; d) the angle 

between the -CH bond and the [001] direction. 
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4. Ferrocene diffusion 

4.1 From V to VO along [110] direction 

Given the intricate nature of ferrocene diffusion, we characterize the fifteen 

potential pathways into four distinct groups based on the structural changes during 

diffusion:  

Pure Sliding: This is the simplest diffusion process, with the ferrocene translating from 

point V to VO along the [110] direction without any observable rolling, rotation, or 

change in the relative orientations of the cyclopentadienyl rings. 

Sliding with Rotation: This category includes instances where ferrocene exhibits 

rotational movement within the (001) plane during diffusion, indicating a departure 

from simple translational movement. 

Sliding with Rolling: This category encompasses instances where ferrocene exhibits 

behavior characterized by the rolling of the cyclopentadienyl rings during diffusion, 

also indicating a departure from simple translational movement. 

Sliding with Both Rotation and Rolling: This category represents a more complex 

diffusion mechanism, where ferrocene exhibits both rotational and rolling motions 

simultaneously. 

4.2 Sliding only. 

Our analysis identified three distinct pathways that demonstrate ferrocene 

undergoing sliding only simple translation, specifically from E-V-45º to E-VO-45º, 

from E-V-0º to E-VO-0º and S-V-45º to S-V-45º. To characterize the conformation of 

ferrocene along these pathways, we employed the four structural metrics outlined above. 

The energy profile and ferrocene conformations are detailed in Figure 5. Here, we show 

E-V-45º to E-VO-45º and E-V-0º to E-VO-0º as representative; S-V-45º to S-V-45º is 

shown in Figure S4 in the SI. We use the E-V-45º as the reference state because it has 
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the lowest total energy. Additionally, animations depicting the diffusion paths of these 

three processes have been included in the SI. These animations serve as a dynamic 

representation of ferrocene's simplified diffusion mechanisms, offering enhanced 

insight into its behavior during diffusion. 

 

Figure 5. Structural analysis of ferrocene diffusion. (a) NEB energy profiles for 

pathways E-V-45º to E-VO-45º (black) and E-V-0º to E-VO-0º (red); (b) changes in 

rotational angle, , of ferrocene; note the different scales for the two sets of data; (c) 

changes in the angle, , between -CH bonds in the cyclopentadienyl rings; (d) evolution 

of dihedral angle, ; (e) orientation of -CH bonds relative to the [001] direction for the 

E-V-45º to E-VO-45º path; solid line is  and dash line is  (f) orientation of -CH 

bonds relative to the [001] direction for the E-V-0º to E-VO-0º path. To depict the 

deformation of ferrocene, some of its relaxed structures are shown as insets. 

From Figure 5a, the analysis of the two diffusion paths reveals that the energy 

barrier for E-V-45º to E-VO-45º (black) and E-V-0º to E-VO-0º (red) are 0.35 eV and 

0.2 eV (red) relative to their starting positions. Ferrocene encounters a lower energy 

barrier along the red path relative to its end points compared to the black path relative 
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to its end points. However, these energy barriers are not directly comparable as the 

energies of the starting and ending points are not the same. To allow direct comparisons, 

the energy of the E-V-45º structure is selected as a uniform reference state for all other 

structures and diffusion paths because it has the lowest total energy. The Total Energy 

Barrier (TEB) is then the height of the barrier plus the difference in energy between the 

end points of a given structure and that of the E-V-45º structure. For cases in which the 

energies of the end points are not the same, the barriers in the two directions are not the 

same; we report the higher value.  Returning to the E-V-0º to E-VO-0º path,  we see 

that the TEBs have similar values, approximately 0.35 eV, with that of the E-V-0º to E-

VO-0º being slightly higher. 

Since the structures are oriented in the same way at the starting and ending points 

of each of these paths, there is no crystallographic need for the ferrocene to rotate in 

the x-y plane. However, Figure 5b indicates that in the E-V-45º to E-VO-45º path, 

ferrocene shows a very slight rotation in the (001) plane throughout the diffusion path 

of less than 0.5 º. For the E-V-0º to E-VO-0º path, both the starting and end points are 

truly at 0 º; however, during the migration path, the ferrocene does rotate, reaching a 

maximum rotation of 2.5º at peak energy position. This difference in rotational behavior 

may contribute to the slight difference in the energy barriers. Interestingly, Figure 5c 

shows that ferrocene maintains an eclipsed conformation in the E-V-45º to E-VO-45º 

path, whereas it transitions into a gauche arrangement and then back to eclipsed in the 

E-V-0º to E-VO-0º path, as indicated by an angle (θ) peaking at close to 7o; see also, 

the structure in the inset.  

In Figure 5d, both paths begin with a bent conformation in ferrocene, but as 

diffusion progresses from V to VO, the dihedral angle decreases, suggesting that the 

cyclopentadienyl rings tend to become more parallel. Figure 5e focuses on the E-V-45º 

to E-VO-45º path, where the angles between the -CH bonds and the [001] direction 

change simultaneously and minimally, suggesting only slight rolling (the rotation angle 

is small) and maintenance of the eclipsed arrangement (the difference between the two 

angles is small), as supported by Figure 5c.  
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To determine whether the relative amounts of sliding and rotation during the 

diffusion path, we need to compare the diffusion distance and rotation angle. For perfect 

sliding, the angle between the reference -CH bonds on each cyclopentadienyl ring and 

the [001] direction would remain constant throughout the diffusion process. By contrast, 

for perfect rolling, the ferrocene molecule would rotate such that the cyclopentadienyl 

rings roll along the surface, akin to a wheel rolling on a flat surface. In this case, the 

angle between the -CH bonds and the [001] direction would change significantly and 

continuously. 

We calculate the circumference of the cyclopentadienyl ring and the diffusion 

distance, then determine how many rotations are needed for pure rolling. The 

cyclopentadienyl ring in ferrocene is typically assumed to be a regular pentagon with a 

radius of 2.293 Å (averaged from the middle points to the hydrogen atoms in the 

cyclopentadienyl rings). Thus, the circumference is 14.407 Å. The distance from the V 

to V site along the [110] direction in the (001) plane is 4.478 Å. Thus, the number of 

rotations for pure rolling is roughly 4.478 Å /14.407 Å =0.31. This means that for the 

ferrocene molecule to perfectly roll from one site to the other, it would need to rotate 

by approximately 112º. Given the actual small rotation angle observed in Figure 5e, it 

is clear that the ferrocene molecule primarily slides with minimal rolling during 

diffusion in on the E-V-45º to E-VO-45º path. 

 By contrast, although ferrocene has same orientation in the initial and final states 

in, Figure 5f reveals a difference in these angles along the E-V-0º to E-VO-0º path, with 

one angle, 1, following a similar evolution to that in the -V-45º to E-VO-45º path, 

while the other, 1 is higher, close to 10º, indicating more rolling of ferrocene during 

diffusion and consistent with the gauche arrangement seen in the middle of the path in 

Figure 5c. 

4.3 Sliding + Rotation. 

We identified two pathways where ferrocene displays both sliding and rotation 

simultaneously, specifically from E-V-45º to E-VO-0º and from E-V-0º to E-VO-45º. 

Page 16 of 36Physical Chemistry Chemical Physics



17 

 

Following the methodology previously established, we show the outcomes of these 

observations in Figure 6, with animations in the SI. 

In Figure 6a, the observed relative total energy barriers for both pathways are 

approximately 0.35 eV. This finding aligns with the results discussed in Section 4.2, 

indicating a consistent barrier for ferrocene diffusion across these paths. More 

importantly, analysis of the red line reveals that the energy profile has its minimum at 

locations away from the initial and final states, indicating that these intermediate states 

represent positions of stability within the energy landscape. Figure 6b illustrates that 

ferrocene undergoes linear rotation within the (001) plane during diffusion. From the 

analysis presented in Figure 6c, it is evident that the deviation from the perfect eclipsed 

conformation is minimal, with the largest observed value being approximately 3°. 

Furthermore, Figure 6d also demonstrates a decrease in the dihedral angle as 

ferrocene diffuses, implying a tendency for the cyclopentadienyl rings to become more 

parallel. In Figures 6e and 6f, the observed difference between the angles ϕ1 and ϕ2  is 

minor, and the magnitudes of these angles are relatively small, leading to the conclusion 

that negligible rolling occurs for these pathways. 
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Figure 6. (a) NEB energy profiles for pathways E-V-45º to E-VO-0º (black) and E-V-

0º to E-VO-45º (red); (b) rotational angle variations of ferrocene; (c) changes in the 

angle between -CH bonds in the cyclopentadienyl rings; (d) dihedral angle adjustments 

between the cyclopentadienyl rings; (e) orientation of -CH bonds relative to the [001] 

direction for the E-V-45º to E-VO-0º path; and (f) orientation of -CH bonds relative to 

the [001] direction for the E-V-0º to E-VO-45º path. 

4.4 Sliding + Rolling. 

In this section, our analysis expands to identify six distinct pathways where 

ferrocene exhibits both sliding and rolling. These pathways are E-V-0º to E-V-0º, E-V-

45º to E-V-45º, E-V-45º to S-V-45º, E-VO-0º to E-VO-0º, E-VO-45º to E-VO-45º and 

E-VO-45º to S-V-45º. 

Before delving into the specifics of ferrocene diffusion, an important aspect to 

consider is the direction of ferrocene's rolling during its passage through VOPO4. To 

elucidate this, the E-V-45º to E-V-45º pathway was analyzed as a representative 

example. Our analysis encompassed both clockwise rolling (that is, in the same 
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direction as the sliding) and anti-clockwise rolling (in the opposite direction as the 

sliding) of ferrocene, with the findings presented in Figure S5 in the SI. The results 

indicated that, regardless of the rolling direction, the energy barrier for ferrocene's 

rolling remains the same, and the overall energy pathway is independent of the direction 

of the rolling. For the sake of consistency in our subsequent analyses, we opted to focus 

on the clockwise rolling of ferrocene in all of calculations.   

Following our established methodology, the outcomes of these observations are 

documented in Figure 7, and corresponding animations are available in the SI. Here, 

we don’t discuss all of the characterizations in the manuscript, we only show the two 

typical paths, E-V-0º to E-V-0º, E-V-45º to E-V-45º. The others E-V-45º to S-V-45º, 

E-VO-0º to E-VO-0º, E-VO-45º to E-VO-45º and E-VO-45º to S-V-45º are shown in 

Figure S6 and S7 the SI.  

 

Figure 7. (a) NEB energy profiles for pathways E-V-45º to E-V-45º (black) and E-V-

0º to E-V-0º (red); (b) rotational angle variations of ferrocene; (c) changes in the angle 

between -CH bonds in the cyclopentadienyl rings; (d) dihedral angle adjustments 

between the cyclopentadienyl rings; (e) orientation of -CH bonds relative to the [001] 
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direction for the E-V-45º to E-V-45º path, the blue dash line is the artificial linear 

rotation degree changed from initial to final; and (f) orientation of -CH bonds relative 

to the [001] direction for the E-V-0º to E-V-0º path. 

In Figure 7a, the energy profiles for both the E-V-45º to E-V-45º and E-V-0º to E-

V-0º diffusion paths exhibit peak energies around 0.3 eV. It is interesting that the 

asymmetry of the energy pathways despite the initial and final states having identical 

configurations. Figure 7b reveals that ferrocene maintains a consistent orientation in 

the (001) plane for both paths, with a small deviation, up to 5º, noted in the E-V-0º to 

E-V-0º path. This minor change suggests that orientation in the (001) plane is unlikely 

the primary factor influencing the energy profile.  In Figure 7c, the conformation of 

ferrocene's aromatic rings in the E-V-45º to E-V-45º path remains eclipsed throughout, 

whereas a gauche arrangement is observed in the E-V-0º to E-V-0º path.  

focuses on the dihedral angles of ferrocene, where positive angles indicate bending 

toward the -z direction and negative angles toward the +z direction, as shown in the 

inset. The asymmetry in the dihedral angles in Figure 7d observed in both profiles 

suggests changes in the bending of ferrocene along the diffusion path. A detailed NEB 

calculation for the E-V-45º to E-V-45º path, provided in Figure S8 in the SI, confirms 

this trend, highlighting differences in dihedral angles as another contributing factor to 

the energy profile asymmetry. 

Figures 7e and 7f examine the rolling of the aromatic rings, highlighting deviations 

from a linear change in the rolling angle, as noted by the blue dashed line. Since the 

ferrocene rotation angle is 36º, which is much less than the rotation of 112º for pure 

rolling, this indicates that the ferrocene in both paths is a combination of rolling and 

sliding. In Figure 7e, the E-V-45º to E-V-45º path shows that both cyclopentadienyl 

groups roll almost continuously. Figure 7f shows that E-V-0º to E-V-0º has a more 

complex pattern of rolling, one ring initially rolling faster than the other, with the other 

catching up in the middle part of the path.  
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4.5 Sliding + Rotation + Rolling. 

Our analysis reveals four distinct pathways where ferrocene exhibits simultaneous 

sliding, rotation, and rolling. These pathways are E-V-0º to E-V-45º, E-V-0º to S-V-

45º, E-VO-0º to E-VO-45º, and E-VO-0º to S-V-45º. Following the methodology 

previously established, the outcomes of these comprehensive observations of E-V-0º to 

E-V-45º, E-V-0º to S-V-45º are documented in Figure 8, while E-VO-0º to E-VO-45º, 

and E-VO-0º to S-V-45º are shown in Figure S9 in the SI. 

 

Figure 8. (a) NEB energy profiles for pathways E-V-0º to E-V-45º (black) and E-V-0º 

to S-V-45º (red); (b) rotational angle variations of ferrocene; (c) changes in the angle 

between -CH bonds in the cyclopentadienyl rings; (d) dihedral angle adjustments 

between the cyclopentadienyl rings; (e) orientation of -CH bonds relative to the [001] 

direction for the E-V-0º to E-V-45º path, the blue dash line is the artificial linear rotation 

degree changed from initial to final; and (f) orientation of -CH bonds relative to the 

[001] direction for the E-V-0º to S-V-45º path. 
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In Figure 8a, the NEB energy profiles for the diffusion pathways from E-V-0º to 

E-V-45º (black) and from E-V-0º to S-V-45º (red) are analyzed. Both pathways exhibit 

the relative total energy barrier of approximately 0.25 eV, which is notably lower than 

the energy barriers found in the preceding sections. A unique feature of the E-V-0º to 

E-V-45º sliding is the presence of an energy plateau in the middle of the NEB path, 

contrasting with the single peak energy barrier observed in other cases. 

Figure 8b illustrates the linear variation in rotation degree for both pathways, 

transitioning smoothly from 0º to 45º. Figure 8c reveals that the ferrocene almost 

exclusively maintains an eclipsed arrangement in the E-V-0º to E-V-45º pathway. 

Conversely, in the E-V-0º to S-V-45º sliding, ferrocene shifts from an eclipsed through 

gauche arrangements to a staggered conformation, as show by the structures in the inset.  

The analysis in Figure 8d shows the change in the dihedral angle direction from 

the -z axis towards the +z axis for both pathways, with the sliding from E-V-0º to S-V-

45º exhibiting less severe bending compared to the E-V-0º to E-V-45º case. In Figure 

8e, the angles ϕ1 and ϕ2 though not identical, follow a generally similar trend across 

both diffusion processes. However, Figure 8f for E-V-0º to S-V-45º highlights a 

growing disparity between ϕ1 and ϕ2 as diffusion progresses, indicating more complex 

dynamic changes, and consistent with the eclipsed to gauche to staggered conformation. 

4.6. From P to P along [110] direction and From V to P along [100] direction. 

Given the similarities in the analysis of the of diffusion from P to P along the [110] 

direction and from V to P along the [100] direction with the discussions presented in 

section 4.1, the detailed examinations and comparisons of these diffusion pathways are 

deferred to Figures S10 to S19 in the SI. 

Briefly, we aim to focus on the most interesting case of the E-V-45º to G-P-20º 

path, as these start and end points represent the most stable sites at locations V and P, 

respectively. As Figure 9 shows, the relative total energy barrier for this path is only 

0.11 eV, which is lower than those observed for all previously discussed pathways. 
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Interestingly, as depicted in Figure 9c, ferrocene exhibits a dynamic transition starting 

as an eclipsed structure and passing through intermediate gauche and eclipsed 

conformations, until finally settling in the gauche arrangement. This behavior is 

complemented by observations from Figures 9c and 9e, which highlight rapid changes 

in the orientation of the aromatic rings during the transition. 

 

Figure 9. (a) NEB energy profiles for pathways E-V-45º to G-P-20º; (b) rotational 

angle variations of ferrocene; (c) changes in the angle between -CH bonds in the 

cyclopentadienyl rings; (d) dihedral angle adjustments; e) orientation of -CH bonds 

relative to the [001] direction for the E-V-45º to G-P-20º path. 

4.7 Comparison of  NEB Total Energy Barriers for Three Paths 

To ascertain ferrocene’s preferred diffusion direction, we analyzed the TEBs across 

all thirty-six potential pathways. This comparison in Figure 10 brings out significant 

variations across different scenarios. 

In Figure 10a, for diffusion from one vanadium site to another, the TEBs range 

approximately between 0.25 eV to 0.36 eV. Figure 10b, for diffusion from one 
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phosphorous site to another, presents a similar situation with relative total energies of 

similar values. However, Figure 10c, for diffusion between as phosphorous and a 

vanadium site stands out, displaying a considerably lower energy range between 0.1 eV 

to 0.25 eV, with the majority of the pathways concentrated around 0.15 eV to 0.20 eV. 

Also, the lowest case is for E-V-45º to G-P-20º, with a TEB of 0.11 eV. Notably, the 

energy barrier is different when diffusing from the phosphorus site to the vanadium site 

in the opposite direction. Since the ferrocene on the phosphorus site has a higher total 

energy (+0.082 eV as mentioned in section 2.2), this transition presents an even lower 

barrier with 0.03 eV. Furthermore, these two configurations were also the lowest total 

energy configurations on V and P, respectively. Therefore, we conclude that the most 

likely diffusion path is from E-V-45º to G-P-20º, because from the energy perspective, 

this path has both the lowest total energy configurations and lowest energy barrier to 

diffusion. 

Given the different energy barriers along various diffusion paths, we have 

consolidated our calculations and specifically show the most important in Figure 11. 

We identified the most stable configurations: E-V-45º and G-P-20º at the V and P sites 

respectively and presented the relative total energy barriers between these 

configurations in Figure 11. The energy barrier for diffusion from one V site to another 

along the [110] direction is 0.3 eV, and from one P site to another is 0.5 eV. In contrast, 

the energy barrier for diffusion from a V site to a P site is 0.11 eV, and from a P site to 

a V site is 0.03 eV. These energy profiles indicate a preferential diffusion pathway for 

ferrocene along the [100] or [010] direction from V to P sites; diffusion between these 

two sites thus allows long-range diffusion through the VOPO4.  
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Figure 10. The total energy barriers of the total 36 possible NEB paths. a) from V to 

VO along [110] direction; b) from P to P along [110] direction and c) from V to P along 

[100] direction. 
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Figure 11. The total energy barriers for ferrocene diffusing through VOPO4. The 

hydrogen and carbon atoms of ferrocene are omitted for clarity. 

5. Conclusions. 

In this study, the NEB method was employed to characterize the diffusion of 

ferrocene through VOPO4. Acknowledging the sensitivity of NEB calculations to initial 

and final states, we leveraged our prior findings identifying five stable configurations 

on the V site and three on the P site. This foundational knowledge allowed the 

identification of 36 distinct diffusion pathways: 15 from V to VO along the [110] 

direction, 15 from V to P along the [100] and the [010] direction, and 6 from P to P also 

along the [110] direction. Subsequent NEB calculations revealed that the relative total 

energy barriers for ferrocene diffusion along the [110] direction span between 0.25 eV 

and 0.35 eV, surpassing those along the [100] direction, which range from 0.11 eV to 

0.20 eV. This variance in energy barriers led us to identify a preference for ferrocene 

diffusion from V to P along the [100] direction. Notably, the pathway from E-V-45º to 

G-P-20º, characterized by the lowest energy barrier of 0.11 eV, and 0.03 eV in the 

opposite direction, correlates with the lowest total energy configurations at V and P 
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sites, respectively, suggesting its predominance in ferrocene diffusion through VOPO4 

at the atomic level. 

Our exploration into the structural evolution of ferrocene as it diffuses through 

VOPO4 introduced a set of four analytical measures to capture its conformational 

dynamics: the rotational angle of ferrocene within the (001) plane as measured against 

the [010] direction, the angular relationship between -CH bonds within the 

cyclopentadienyl rings, the dihedral angle defining the orientation of these rings with 

respect to each other, and the positioning of -CH bonds in alignment with the [001] 

direction. Utilizing these metrics allowed for the stratification of observed diffusion 

pathways into categories reflecting increasing levels of complexity. This ranged from 

simple translational movements, as observed in pathways like E-V-45º to E-VO-45º, to 

more complex behaviors involving rotation, exemplified by E-V-45º to E-VO-0º, and 

rolling, such as E-V-45º to E-V-45º. Additionally, pathways that exhibit both rotation 

and rolling, like E-V-0º to E-V-45º, were identified, further delineating the intricate 

conformational shifts experienced by ferrocene. 

This systematic classification sheds light on the multifaceted structural 

transformations ferrocene undergoes during its diffusion journey. By highlighting the 

significance of these chosen metrics, we enhance the granularity of our understanding 

regarding ferrocene’s conformational changes. This detailed characterization not only 

demystifies the complex diffusion mechanisms but also significantly contributes to our 

knowledge on the structural evolution of ferrocene, offering deep insights into its 

behavior within the VOPO4 matrix. 

In future research, the effect of applied pressure along the z-direction on the energy 

barrier for ferrocene diffusion should be investigated. Future studies will also 

incorporate the implicit solvation model59–61 to more accurately simulate ferrocene 

diffusion, thus enhancing the realism of our computational approach. This work not 

only advances our understanding of ferrocene's diffusion mechanisms but also sets the 

stage for investigating the influence of external conditions on its behavior.  
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