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Abstract

Molecular dynamics simulations were performed on kaolinite–formamide complex models with 

various numbers of formamide molecules loaded in the kaolinite interlayer to explore the basal 

spacing, energetics, and structure evolution of the kaolinite–formamide complex during the 

intercalation process. Additionally, the interfacial interactions of formamide with kaolinite 

interlayer surfaces were calculated. The calculation revealed that the basal spacing of kaolinite was 

enlarged to 9.6 Å at the beginning of intercalation. Formamide was arranged as a monolayer 

structure in the kaolinite interlayer with the molecular plane oriented at small angles with respect 

to the interlayer surface. With continuous intercalation, the basal spacing readily reached a stable 

stage at 10.6 Å, where formamide rearranged its structure by rotating the molecule plane along the 

C–N bond that was parallel to the interlayer surface, which resulted in the molecular plane 

orienting at higher angles with respect to the interlayer surface. During this process, the C═O 

groups oriented toward the hydroxyl groups on the interlayer octahedral surface, and one of N–H 

bonds progressively pointed toward the basal oxygens on the opposing interlayer tetrahedral 

surface. Continuous intercalation can enlarge the basal spacing to more than 14 Å with the 

prerequisite of overcoming the energy barrier, and then formamide evolved to a disordered bilayer 

structure in the kaolinite interlayer. The affinity of kaolinite interlayer surfaces for formamide 

motivated the intercalation process. The octahedral surface displayed a relatively larger affinity 

toward formamide compared to the tetrahedral surface partially due to the presence of hydroxyl 

groups that are more active in the intermolecular interactions with formamide.
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INTRODUCTION

Kaolinite is a layered aluminosilicate with perfect 1:1 layer structure consisting of one silica 

tetrahedral layer and one alumina octahedral layer, which are connected by the shared plane 

of oxygens. The basic structural unit has two different surfaces parallel to the (001) plane 

due to the 1:1 layer structure. One is a tetrahedral surface covered by the basal oxygens of 

the tetrahedral sheet, and the other one is an octahedral surface formed by the surface 

hydroxyl groups of the octahedral sheet. The basic structural unit is linked by hydrogen 

bonds formed between the hydroxyl groups on the octahedral surface and the opposing basal 

oxygen atoms on the tetrahedral surface.1 Kaolinite intercalation is involved in breaking the 

inherent H-bonds in the kaolinite interlayer by the insertion of inorganic or organic guest 

species into the interlamellar region. Kaolinite intercalation was initially used to distinguish 

the kaolinite from other clay minerals.2 It is also widely used in various chemical, 

environmental, and material-related industrial applications.3–7 The intercalation can weaken 

the cohesive energy between kaolinite layers and facilitate the peeling of kaolinite stacks to 

platelets with an improved specific surface area, aspect ratio, and optical properties for 

meeting the requirement of industrial applications.4,8 Kaolinite intercalated with organic 

species is of great importance because of the enlarged interlayer space and modified 

interlayer surfaces, which can promote the adsorptive properties for removing contaminants9 

and interfacial compatibility with the polymer matrix when used as a reinforcing filler for 

preparing kaolinite-based hybrid materials.3 However, the H-bonds in the kaolinite interlayer 

inhibit the intercalation process and limit the intercalation species to a small group of polar 

molecules such as urea, dimethyl sulfoxide (DMSO), potassium acetate, formamide, and N-

methylformamide (NMF), which can directly intercalate in kaolinite due to their excellent 

capability of forming H-bonds with kaolinite interlayer surfaces.10,11 Although a limited 

number of compounds have the ability to directly intercalate into kaolinite, the number of 

compounds can be extended by the method of displacement intercalation, which involves 

replacing directly intercalated species such as ammonium acetate or NMF with compounds 
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such as monomers that cannot directly intercalate into kaolinite.12,13 This method opens up a 

new research area for the application of kaolinite in hybrid materials.

The interfacial structures and interactions of kaolinite intercalation complexes have attracted 

great interest and have been widely investigated using experimental and theoretical methods.
10,11,14–16 Formamide is one of the commonly used intercalation agents for preparing 

kaolinite or the dickite intercalation complex. Its arrangement in kaolinite and the dickite 

interlayer and its interactions with interlayer surfaces were studied using infrared 

spectroscopy (IR), X-ray diffraction (XRD), and nuclear magnetic resonance (NMR).11,17–20 

The XRD was used to determine the conformation of formamide in a clay mineral interlayer, 

and the IR and NMR studies were applied to complement the structural data on the bonding 

of intercalated formamide to the interlayer surfaces. On the basis of the experimental 

analyses, formamide is known to form hydrogen bonds between the carbonyl group and the 

NH group with hydroxyl groups on the octahedral surface and basal oxygens on the 

tetrahedral surface, respectively. Two types of main conformations of formamide in the clay 

mineral interlayer were proposed. One is that the formamide molecule functions as a pillar 

arranging almost vertically between clay mineral layers, and the other is that the formamide 

molecule pillar is laid down with the C–N bond vector parallel to the clay mineral surface 

but the molecular plane is perpendicular to the clay mineral layers. The experimental 

method, however, remains inconclusive regarding the precise arrangement of the guest 

species at the atomic scale in the clay mineral interlayer. In addition, the detailed interaction 

of guest species with two types of interlayer surfaces is hard to reach by traditional 

experimental methods. Molecular simulations have been developed as a powerful tool for 

exploring the interfacial structure and interactions of clay mineral surfaces with organics and 

solutions.21–26 A theoretical method of quantum chemistry has been used to study the 

interactions of formamide with kaolinite and dickite surfaces.27–31 It is generally considered 

that the octahedral surface hydroxyl groups form relatively strong H-bonds with formamide, 

and the basal oxygens of the tetrahedral surface are able to form relatively weak H-bonds 

with formamide. The Monte Carlo (MC) simulation of the stable basal spacing and structure 

of the kaolinite–formamide complex showed that the molecular plane of formamide was 

basically parallel to the kaolinite surface.14

Although the interfacial structure and interactions of the kaolinite–formamide complex have 

been experimentally and theoretically determined, the basal spacing, energetics, and 

structure evolution of the kaolinite–formamide complex during the intercalation process 

were rarely systematically studied, and the interfacial structure and interaction of the 

complex are still debatable. In the present study, the molecular dynamics (MD) simulations 

were carried out on a series of kaolinite–formamide complex models with various numbers 

of formamide molecules loaded into the kaolinite interlayer to explore such interest. It can 

enhance the understanding of the intercalation process of small molecules in kaolinite, 

which is challenging to obtain by conventional experimental techniques.

Models and Simulations

The initial kaolinite model was built from the unit cell with the structural formula of 

Al4Si4O10(OH)8, where the atomic positions of the model were adopted from the crystal 
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structure of kaolinite determined with a neutron power diffraction experiment.32 The unit 

cell was expanded to an 8 × 5 × 1 supercell with x and y dimensions of 41.2 and 44.67 Å, 

respectively. In order to investigate the arrangement of formamide in the kaolinite interlayer 

and its interaction with interlayer surfaces, the kaolinite supercell was cleaved along the 

(001) plane to create the alumina surface terminated with a plane of surface hydroxyl 

groups. The formamide amporphous slab having the same x and y dimensions of the 

kaolinite supercell was stacked on the alumina surface to create the alumina surface–

formamide model. Then two alumina surface–formamide models were stacked along the z 
axis, creating the kaolinite–formamide complex possessing two interlayer spaces as shown 

in Figure 1. In order to investigate the basal spacing, energetics, and structure evolution of 

kaolinite–formamide complexes during the intercalation process, the two interlayers were 

expanded synchronously by continuously loading 5 to 90 formamide molecules into the 

formamide amorphous slab. The initial z dimension of kaolinite–formamide complexes 

ranged from 29.07 to 49.37 Å depending on the loading number of formamide molecules.

The Clay force field,33 ClayFF,34 and Interface force field35 were widely used for modeling 

clay minerals, which have been successfully applied to the clay mineral systems of 

environmental interest and clay-mineral-based hybrid materials.26,36,37 In the present study, 

the CVFF-interface force field was adopted to describe the systems of the kaolinite–

formamide complex. The CVFF-interface force field is the extension of CVFF, which 

incorporated the force field parameters developed for clay minerals in the CVFF to enable 

the simulations of clay minerals–organics interfaces.35,38 This force field has been 

successfully used to describe the kaolinite–organics interfaces.39,40 The potential function of 

the force field and the force field parameters for kaolinite and formamide models are 

provided in the Supporting Information.

The MD simulations were performed with the periodic boundary condition applied for all 

three dimensions using the LAMMPS package.41 The ensemble implemented was the NPT 

with a constant temperature of 300 K and a constant pressure of 0.1 MPa. The temperature 

was controlled by the Nose–Hoover thermostat, and the pressure was controlled using the 

Nose–Hoover barostat.41 Energy minimization was performed on all systems for 10 000 

steps using the conjugate gradient technique prior to running MD simulations. Five 

nanosecond NPT simulation runs were first performed to ensure the equilibrium of the 

systems, followed by 1 ns production runs. The trajectories of the models were recorded for 

analyses at 2000 fs intervals during the production runs. The motion equations were 

integrated by using the Verlet algorithm42,43 with a time step of 1 fs. The long-range 

electrostatic energy was computed with the Ewald method,44 using a real-space cutoff of 10 

Å. The short-range van der Waals energy was truncated at 10 Å with an analytical tail 

correction. During the MD simulations, the formamide molecules were modeled as a 

flexible structure.

Interfacial Structure

Density Distribution—The arrangement of formamide in the kaolinite interlayer was 

obtained by calculating the one-dimensional atomic density normal to the interlayer surface 

defined as
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ρi z =
Ni z − δ

2 , z + δ
2

Aδ (1)

where i represents the atoms of the formamide molecule; Ni refers to the number of i atoms 

distributed in the bin of thickness δ located a distance z from the interlayer surface; and A is 

the area of the interlayer surface.

Orientation Distribution—The distribution of orientation angles of formamide molecules 

in the kaolinite interlayer was also calculated to track their structure. The orientation angles 

were defined as the angles of vector of C═O, C–N, and N–H bonds and the normal vector 

of the molecular plane of formamide with respect to the z axis (the direction perpendicular 

to the kaolinite interlayer surface) as shown in Figure 2. This method has been used to 

understand the arrangement of small organic molecules in the kaolinite interlayer.14,15

Interfacial Interaction

Radial Distribution Function (RDF)—RDF is one of the commonly used correlation 

functions for speculating about the interactions between atoms by estimating the density of 

atom B surrounding atom A at a given distance. The peaks in the RDF file represent the 

large occurrence frequency of atom B surrounding atom A. The RDF was calculated as

GAB r = 1
4πρBr2

dnAB
dr (2)

where ρB is the number density of atom B and dnAB is the average number of B atoms 

within the distance range of r to r + dr from atom A. The running coordination numbers 

(RCN) of atom B surrounding atom A can be calculated by integrating the RDF peaks.

Hydrogen Bonding—The geometric criteria were used to define the hydrogen bonds 

between formamide molecules and kaolinite interlayer surfaces. The proton acceptor and 

proton donor were considered to form H-bonds if they satisfied the following criteria: the 

distance between H⋯Y is <3.2 Å and the angle of X–H⋯Y is >90°,45,46 where the X and Y 

represent the proton donor and proton acceptor, respectively.

Interaction Energy—In order to study the thermodynamics of the intercalation process, 

the interaction energies (ΔE) of both kaolinite interlayer surfaces with intercalated 

formamide were calculated using the following equation.47,48 The analogous method has 

been used to compute the hydration and swelling energetics of layered double 

hydroxides49,50 and kaolinite intercalation by dimethyl sulfoxide.15

Einteraction = Esurfaces  +formamide − (Esurfaces + Eformamide) (3)
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Esurfaces+formamide is the potential energy of the complex of interlayer surfaces (octahedral 

surface and tetrahedral surface) – formamide; Esurfaces and Eformamide are the energies of 

isolated interlayer surfaces and isolated formamide molecules, respectively. In the present 

study, the lower kaolinite layer with the octahedral surface facing the lower formamide slab 

of the model represents the octahedral surface; the upper kaolinite layer with the tetrahedral 

surface facing the lower formamide slab represents the tetrahedral surface (Figure 1). The 

lower formamide slab sandwiched between two kaolinite layers was chosen as the target for 

the calculation of interaction energies and the aforementioned calculation of interfacial 

structure, RDF, and hydrogen bonds. A vacuum slab with a thickness of 40 Å was added 

above the model perpendicular to the interlayer surface prior to the calculation of single-

point energy. The single-point energies of Esurfaces+formamide, Esurfaces, and Eformamide of 

each frame recorded in the production runs were first computed. Then the interaction 

energies were computed using eq 3 and averaged over all the recorded frames.

In order to compare the binding affinity of each interlayer surface toward formamide, the 

interaction energies of formamide with the interlayer octahedral surface and tetrahedral 

surface were also calculated, respectively, using the same method. When calculating the 

interaction energy between the octahedral surface and formamide, the upper kaolinite layer 

and upper formamide slab (Figure 1) were removed to avoid their effect on the calculation of 

single-point energies of target systems. Accordingly, the lower kaolinite layer and the upper 

formamide slab were removed when calculating the interaction energy between the 

tetrahedral surface and formamide. In fact, the interaction energies calculated on the basis of 

the force field represent the intermolecular interaction that is composed of electrostatic 

energy and van der Waals energy. The electrostatic and van der Waals interaction energies 

were also calculated separately to clarify their proportions accounting for the interaction 

energies. This method was adopted to the study of the binding affinity of kaolinite interlayer 

surfaces toward alkane surfactants with neutral and ionic headgroups, where the schematic 

of how to compute the interaction energies of the target species with each interlayer surface 

was provided.47

RESULTS AND DISCUSSION

Basal Spacing and Energetics Evolution

XRD analyses of the kaolinite–formamide complex have shown the substantial preference 

for the formation of the monolayer structure of formamide in the kaolinite interlayer. The 

intercalation mechanism of formamide in kaolinite and the evolution of basal spacing and 

the interfacial structure of the kaolinite–formamide complex during the intercalation process 

are interesting to investigate. In the present study, MD simulations of kaolinite–formamide 

complex models with various numbers of formamide molecules loaded in the kaolinite 

interlayer were performed to explore such interest. The calculated basal spacing as shown in 

Figure 3 indicates the formation of three possible stable structures marked with three 

plateaus of basal spacing at around 9.6, 10.6, and 14 Å. At the beginning of the intercalation 

process, a small number of formamide molecules can expand the basal spacing of kaolinite 

to 9.6 Å, and then the basal spacing was enlarged and stabilized at around 10.6 Å with the 

continuous intercalation of formamide. Basal spacings of 9.6 and 10.6 Å correspond to the 
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monolayer structure of formamide in the kaolinite interlayer. In order to study the 

themodynamics of the intercalation process, the interaction energy (ΔE) was calculated. The 

ΔE (Figure 3) calculated on the basis of the complex models that produced the basal spacing 

in the range of 9.6 to 10.6 Å is more negative, indicating the strong preference for the 

formation of the monolayer structure of formamide in the kaolinite interlayer. The energy 

jump is less defined when the basal spacing is increased to 10.6 from 9.6 Å, which means 

there is almost no need to overcome the energy barrier to expand the kaolinite basal spacing 

from 9.6 to 10.6 Å through the intercalation of formamide. Therefore, the kaolinite–

formamide complex with a basal spacing of 10.6 Å is a relatively stable structure, agreeing 

well with the study of Monte Carlo simulation.14 The basal spacings produced by both MD 

and Monte Carlo simulations, however, are slightly larger than the experimentally obtained 

one (10.1–10.2 Å) with a deviation of 4–5%.11,17,18 This may be caused by the limitation 

use of the potential model. The molecular ratio of formamide per host unit A14Si4O10(OH)8 

of kaolinite–formamide complex models is less than 0.9 with the formamide arranged 

monolayer structure in the interlayer space, which is close to that (1.0) deduced by 

thermogravimetric and NMR studies.17 Figure 3 shows that the basal spacing is sharply 

expanded to 14 Å when the loading number of formamide molecules is more than 70. 

However, ΔE also displays a sharp increase of 1.5 kcal/mol, indicating that the continuous 

enlargement of kaolinite basal spacing needs to overcome the energy barrier. Thus, the 

kaolinite–formamide complex with a basal spacing of 14 Å was rarely reported.11,14,17,18 

The thermodynamic calculation of the kaolinite intercalation process indicates that the 

kaolinite interlayer can be considerably enlarged by small molecules under the particular 

condition of conquering the energy barrier to form a bilayer structure in the interlayer space. 

It should be noted that the ΔE calculated in the present study is the internal energy rather 

than the Gibbs free energy because the entropic energy was not taken into account. Thus, the 

results cannot be directly applied to predict the chemical equilibria.25

Structure Evolution

The structural evolution of formamide molecules in the kaolinite interlayer during the 

intercalation process was obtained by analyzing the one-dimensional atomic density and 

orientation of formamide molecules. Here, the kaolinite–formamide complex models that 

produced basal spacings of 9.6, 10.6, and 14 Å, respectively, were chosen for the calculation 

of the atomic density and orientation of formamide molecules in the interlayer space. The 

density profiles of oxygen atoms, carbon atoms, and nitrogen atoms of formamide in Figure 

4a,b display a single peak, verifying the monolayer structure of formamide in the kaolinite 

interlayer with basal spacings of 9.6 and 10.6 Å. These atomic density profiles have two 

peaks residing on either side of the middle plane of the interlayer space as shown in Figure 

4c, indicating that formamide evolved to the bilayer structure once the basal spacing was 

increased to 14 Å. The oxygen atoms, carbon atoms, and nitrogen atoms of formamide 

molecules in the kaolinite interlayer with a basal spacing of 9.6 Å are almost at the same 

level in the middle plane of the interlayer space, indicating that the molecular planes of 

formamide molecules orient at small angles with respect to the interlayer surface. The 

corresponding distribution frequency of orientation angle φnormal vector of plane (Figure 5a) 

also reflects this behavior, where a peak centered at 18° is observed. Because the orientation 

angle φnormal vector of plane is defined as the angle of the normal vector of the formamide 

Zhang et al. Page 7

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecular plane with respect to the z axis (Figure 2), it is equal to the angle between the 

molecular plane of formamide and the interlayer surface. Figure 4a shows that the oxygen 

atoms of formamide are located closer to the hydroxyl groups on the octahedral surface, 

suggesting that the C═O groups of formamide tend to interact with the hydroxyl groups 

through H-bonds. This is also reflected by the distribution frequency of orientation angle 

φC═O that has a single broad peak located at 100°, which means that the C═O groups 

preferably point to the hydroxyl groups on the octahedral surface. The C–N bonds of 

formamide molecules orient nearly parallel with the interlayer surface since orientation 

angle φC–N has a single peak located at around 93°. The hydrogen atoms in NH groups and 

HC═O groups distribute diffusely in the whole kaolinite interlayer (Figure 4a) and interact 

with both interlayer surfaces. The distribution frequencies of φN–H1 and φN–H2 also exhibit 

scattering characteristics (Figure 5a), which suggests the dynamic arrangement of 

formamide molecules in the interlayer space. The relatively stable structure of formamide in 

the kaolinite interlayer is the molecular plane of formamide that orients at an angle of 18° 

with respect to the interlayer surface with C═O groups pointing to the hydroxyl groups on 

the octahedral surface as shown in the snapshot in Figure 5a.

With the basal spacing expanded to 10.6 Å, the distances between the atomic levels of 

formamide molecules, for example, the distance between the oxygen atom peak and the 

carbon atom peak is also enlarged as shown in Figure 4b. Additionally, the peak of 

orientation angle φnormal vector of plane (Figure 5b) is shifted to a higher value of 26°. This 

means that the molecular planes of formamide molecules orient at higher angles with respect 

to the interlayer surface with the increase in basal spacing. The Monte Carlo simulation of 

the kaolinite–formamide complex with almost the same basal spacing reported the parallel 

arrangement of the molecular plane of formamide with respect to the kaolinite surface.14 

The peak of φC═O is also shifted to a higher value of 113°, the peak of φN–H1 shifted to 

lower value of 70°, and the peak of φC–N is almost unchanged (Figure 5b). This suggests that 

the formamide molecules rearrange their structure by rotating the molecular plane along the 

C–N bond that is parallel to the interlayer surface with the increase in basal spacing. During 

this process, the C═O groups still orient toward the hydroxyl groups on the octahedral 

surface, and one of the N–H bonds progressively points to the basal oxygens on the 

opposing interlayer tetrahedral surface. Meanwhile, the hydrogen atoms in the HC═O 

groups are progressively shifted closer to the basal oxygens on the tetrahedral surface 

(Figure 4b). Analogous to the kaolinite–formamide complex with a basal spacing of 9.6 Å, 

the nonzero distribution frequency of φnormal vector of plane also indicates the dynamical 

arrangement of formamide molecules in the interlayer space. The relatively stable structure 

is that the molecular plane of formamide orients at angle of around 26° with respect to the 

interlayer surface with C═O groups still pointing to the hydroxyl groups on the octahedral 

surface and one of the N–H bonds orienting toward the basal oxygens on the tetrahedral 

surface (Figure 5b). A similar position and orientation of formamide in the kaolinite 

interlayer was revealed in the quantum chemistry calculation at the PBE/6-31G level.31

When the basal spacing was increased to 14 Å, the formamide molecules evolved to a 

bilayer structure in the kaolinite interlayer (Figure 4c). The distribution frequencies of 

orientation angles are more scattered as shown in Figure 5c, especially for the 

φnormal vector of plane that does not show well-defined peaks. Additionally, φC═O, φC–N, and 
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φN–H are all shifted to higher values, suggesting the evolution of a significantly disordered 

arrangement of formamide molecules due to the large interlayer space allowing them to 

rearrange their structure freely. Their representative conformations are displayed in the 

snapshot in Figure 5c. In spite of the disordered arrangement, the interactions between 

formamide molecules and interlayer surfaces remains unchanged. Figure 4c shows that the 

oxygen atoms of the lower formamide layer of the formamide bilayer still interact favorably 

with the hydroxyl groups on the octahedral surface, and the hydrogen atoms in NH and 

HC═O groups in the upper formamide layer interact favorably with the basal oxygens on 

the tetrahedral surface.

Interfacial Interactions

The interfacial interactions of the kaolinite–formamide complex can provide insight into the 

nature of the driving force motivating the intercalation process. The kaolinite–formamide 

complex has a relatively stable basal spacing of 10.6 Å. In addition, no well-defined energy 

jump was observed when the basal spacing was increased from 9.6 to 10.6 Å. Thus, the 

model of a kaolinite–formamide complex with a basal spacing of 10.6 Å was chosen for the 

calculation of interfacial interactions. The radial distribution function (RDF) and 

corresponding running coordination numbers (RCN) and hydrogen bonds were calculated to 

access the interactions between kaolinite interlayer surfaces and formamide. The RDF of 

oxygen atoms in HC═O groups of formamide and hydrogen atoms of hydroxyl groups on 

the octahedral surface displays a sharp peak centered at 2.0 Å (Figure 6), indicating their 

favorable hydrogen bonding interaction. The corresponding RCN calculated by integrating 

the sharp RDF peak is around 3, which means each oxygen atom of formamide is 

coordinated by around three hydrogen atoms. The H-bond statistics shows that each oxygen 

atom of formamide forms an average of 2.68 H-bonds with an average bond length of 2.5 Å 

with the hydrogen atoms of hydroxyl groups. Although each oxygen atom of formamide is 

coordinated by around three hydrogen atoms, not all of them simultaneously participate in 

the formation of H-bonds. This finding is also supported by the theoretical study of the 

interactions of formamide with kaolinite and dickite surfaces.27–29 The experimental studies 

of formamide intercalated in kaolinite and dickite also suggested that the carbonyl oxygen 

atom forms almost three H-bonds with the hydroxyl groups on the octahedral surface.17,19,20 

The RDF peaks of hydrogen atoms in HC═O groups and NH groups of formamide with 

basal oxygens on the tetrahedral surface are less well-defined (Figure 6), suggesting the 

relatively weaker interactions between them. This is also reflected directly in the H-bonds 

statistics, which shows that each hydrogen in the HC═O group forms an average of less 

than 1.4 H-bonds with a bond length of 2.8 Å with basal oxygens on the tetrahedral surface, 

and each hydrogen in the NH group forms an average of 1.5 H-bonds with a bond length of 

2.8 Å with basal oxygens on the tetrahedral surface. This H-bonds scheme agrees well with 

the quantum chemistry studies on the intermolecular interactions of formamide with the 

kaolinite tetrahedral surface.30,31 Other theoretical and experimental studies,17–20,27–29 

however, did not mention the formation of H-bonds involved in the hydrogen atom in the 

HC═O group. Moreover, the H-bond statistics shows that a certain number of NH groups of 

formamide are also hydrogen bonded weakly with the oxygen atoms of hydroxyl groups on 

the octahedral surface. The average number of H-bonds is 1.5 per hydrogen in the NH group 

with an average bond length of 2.7 Å. Some hydroxyl groups on the octahedral surface are 
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oriented parallel with the interlayer surface, leading to the exposure of the oxygen atoms to 

the interlayer space.46 Additionally, some of the NH groups of formamide point to the 

octahedral surface (Figure 5b), allowing them to form H-bonds with the oxygen atoms of 

hydroxyl groups. This observation agrees well with the theoretical study of formamide 

intercalated in dickite27,28 but is not in agreement with the conclusion from NMR studies,
17,20 where both NH groups were suggested to weakly hydrogen bond with basal oxygens on 

the tetrahedral surface. The H-bond scheme calculated in the present study agrees modestly 

with that calculated using quantum chemistry. The H-bond length calculated using the MD 

method is relatively larger since it produced a relatively larger basal spacing of the 

kaolinite–formamide complex and the dynamical arrangement of formamide in the kaolinite 

interlayer during the MD simulations.

The lateral atomic density contours provide valuable insight into the distribution of the 

atomic density of formamide on the interlayer surface and the nature of interactions between 

the interlayer species with the interlayer surfaces. For oxygen atoms in HC═O groups of 

formamide on the octahedral surface, they reside principally in the center of a triangular area 

surrounded by three hydroxyl groups including the octahedral vacancy (Figure 7a), where 

each oxygen atom can ideally accept three hydrogen atoms of the hydroxyl groups. Thus, 

the oxygen atoms of formamide were found to be coordinated by an average of three 

hydrogen atoms based on the RDF and RCN calculation as mentioned above. This suggests 

that the hydroxyl triangular area on the octahedral surface is the predominant adsorption site 

for oxygen atoms of formamide, where the oxygen atoms can readily form H-bonds with the 

surrounding hydroxyl groups. The hydrogen atoms in HC═O and NH groups, which are 

hydrogen bonded with basal oxygens on the tetrahedral surface, mainly distribute at the 

ditrigonal cavity on the tetrahedral surface (Figure 7b,c). The ditrigonal cavity is surrounded 

by basal oxygen atoms, where the hydrogen atoms of formamide can readily form H-bonds 

with them. The distribution of hydrogen atoms of formamide on the tetrahedral surface is 

more diffuse compared to the distribution of oxygen atoms of formamide on the octahedral 

surface, which is not surprising considering the relatively weak hydrogen bonding 

interactions of hydrogen atoms of HC═O and NH groups with basal oxygens on the 

tetrahedral surface.

The ΔE of formamide with two types of kaolinite interlayer surfaces were also calculated to 

further explore the interfacial interactions of the kaolinite–formamide complex. The ΔE 
calculated based on the force field is composed of van der Waals energy and electrostatic 

energy. The decomposition of ΔE to the two components was also calculated to clarify their 

contributions to the interaction energies as shown in Figure 8. The negative value of ΔE 
calculated using eq 1 represents a favorable interaction. In contrast, the positive value 

represents the repulsive interaction. Figure 8 clearly shows that both the interlayer 

octahedral surface and the tetrahedral surface show an affinity for formamide, indicating that 

the attractive interactions of interlayer surfaces with formamide are energetically favorable 

for the intercalation of formamide. The ΔE per formamide with the octahedral surface 

averages −2.75 kcal/mol, which is −1.31 kcal/mol more negative than that with the 

tetrahedral surface (−1.44 kcal/mol), indicating the relatively stronger affinity of formamide 

for the octahedral surface. The affinity difference of formamide with the two types of 

interlayer surfaces is in line with that calculated using density functional theory.29 For the 
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interaction of formamide with the octahedral surface, the electrostatic energy plays an 

important role, which accounts for 73% (−2.00 kcal/mol) of the interaction energy, and the 

van der Waals energy component is 17% (−0.75 kcal/mol). By contrast, the van der Waals 

energy component is larger than the electrostatic energy component for the interaction of 

formamide with the tetrahedral surface (Figure 8). The percentages of van der Waals energy 

and electrostatic energy components are 69% (−0.99 kcal/mol) and 31% (−0.45 kcal/mol), 

respectively. This is expected since the tetrahedral surface features a hydrophobic property,51 

thus the van der Waals energy prevails in the interaction of formamide with the tetrahedral 

surface.

CONCLUSIONS

In this work, all-atom molecular dynamics simulations were performed to explore the basal 

spacing, energetics, and structure evolution of the kaolinite–formamide complex with 

various numbers of formamide molecules loaded in the kaolinite interlayer and the 

interfacial interactions of the kaolinite–formamide complex with a basal spacing of 10.6 Å. 

It was found that the basal spacing of the complex can be stabilized at around 9.6, 10.6, and 

14 Å and even larger values with the continuous intercalation process. Formamide was 

arranged as a monolayer structure in the kaolinite interlayer at basal spacings of 9.6 and 10.6 

Å and evolved to bilayer structure when the basal spacing was increased to 14 Å. The energy 

barrier almost did not need to be overcome to increase the basal spacing from 9.6 to 10.6 Å 

for the kaolinite–formamide complex. However, the energy barrier needed to be conquered 

to continue to enlarge the basal spacing to 14 Å. The molecular plane of formamide was 

oriented at small angles with respect to the kaolinite interlayer surface at the beginning of 

the intercalation process. With the increase in basal spacing, the formamide molecules 

rearranged their structure by rotating the molecular plane along the C–N bond that was 

parallel to the interlayer surface. During this process, the C=O groups oriented toward the 

hydroxyl groups on the octahedral surface, and one of the N–H bonds progressively pointed 

to the basal oxygens on the opposing tetrahedral surface. When the basal spacing was 

increased to 14 Å, the formamide molecules evolved to a disordered bilayer structure in the 

kaolinite interlayer. For the interfacial interaction of the kaolinite–formamide complex, the 

oxygen atoms of HC=O groups of formamide acting as proton acceptors were strongly 

hydrogen bonded with the hydroxyl groups on the octahedral surface. The hydrogen atoms 

of HC=O groups were weakly hydrogen bonded with basal oxygens on the tetrahedral 

surface. The NH groups of formamide functioned as a proton donor interacting with both 

basal oxygens on the tetrahedral surface and hydroxyl groups on the octahedral surface 

through relatively weak hydrogen bonds. Because of the intermolecular interactions of 

formamide with kaolinite interlayer surfaces, the oxygen atoms of HC=O groups principally 

distributed over the hydroxyl triangular area including the octahedral vacancy on the 

octahedral surface. The hydrogen atoms in HC=O and NH groups mainly resided at the 

ditrigonal cavity on the tetrahedral surface. The kaolinite interlayer octahedral and 

tetrahedral surfaces both showed attractive interactions with formamide, which was 

energetically favorable for driving formamide intercalcation in kaolinite.
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Figure 1. 
Initial kaolinite–formamide complex model in the case of 35 loaded formamide molecules in 

each interlayer. Atoms are colored as follows: Si (orange), Al (purple), O (red), H (white), N 

(blue), and C (gray).
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Figure 2. 
Definition of orientation angles: φC═O, φC–N, φN–H, and φnormal vector of plane. Atoms are 

colored as in Figure 1.
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Figure 3. 
Basal spacing (left scale of the y axis) and ΔE (right scale of the y axis) evolution with an 

increasing number of formamide molecules in the interlayer of kaolinite–formamide 

complexes calculated by MD simulations.
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Figure 4. 
Atomic density of formamide molecules in the kaolinite interlayer normal to the interlayer 

surface obtained from MD simulations for kaolinite–formamide complexes with basal 

spacings of (a) 9.6, (b) 10.6, and (c) 14 Å. H-Kao and O-Kao represent the hydrogen atoms 

of hydroxyl groups on the octahedral surface of the lower kaolinite layer and the basal 

oxygen atoms on the tetrahedral surface of the upper kaolinite layer in the kaolinite–

formamide complex model (Figure 1). The origin of the coordinate is located in the middle 

plane of the interlayer space.
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Figure 5. 
Distribution frequencies of orientation angles φC═O, φC–N, φN–H, and φnormal vector of plane of 

formamide molecules in the interlayer of kaolinite–formamide complexes with basal 

spacings of (a) 9.6, (b) 10.6, and (c) 14 Å and the corresponding snapshots. Atoms are 

colored as in Figure 1.
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Figure 6. 
Radial distribution functions (RDF) and running coordination numbers (RCN) calculated for 

oxygen atoms in HC═O groups of formamide with hydrogen atoms of hydroxyl groups on 

the octahedral surface and hydrogen atoms in HC═O and NH groups of formamide with 

basal oxygens on the tetrahedral surface.
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Figure 7. 
Lateral atomic density contour maps of (a) oxygen atoms in HC═O groups of formamide 

on the interlayer octahedral surface, (b) hydrogen atoms in HC═O groups, and (c) hydrogen 

atoms in NH groups of formamide on the interlayer tetrahedral surface. Green contours, the 

oxygen atom in HC═O groups; magenta contours, the hydrogen atom in HC═O groups; 

and blue contours, the hydrogen atom in NH groups.
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Figure 8. 
ΔE per formamide with kaolinite interlayer surfaces as a function of simulation time. The 

inset is the decomposition of ΔE to the van der Waals interaction energy (EvdW) and 

electrostatic interaction energy (Eelec) averaged over the production runs, where O and T 

represent the interactions of formamide with the interlayer octahedral surface and tetrahedral 

surface, respectively.
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