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Abstract 

When the concept of greenhouse effects was first discussed, society started to be interested 

in abating their negative influence and taking steps to decrease anthropogenic emissions of 

greenhouse gases. Capturing, storing, and converting CO2 is the most direct method to deal with 

greenhouse gas emissions. To this end, polymers and solvents with CO2/N2-philic functionalized 

groups have been designed, synthesized, and used for CO2/N2 separation. This thesis focuses on 

two kinds of materials, polymer poly(1,3 dioxolane) (PDXL) and liquid tetrahydrofuran (THF), as 

media for separation. Both materials have ether oxygen functional group but with different ratios 

of Oxygen over Carbon. Ether oxygen can bind CO2 and N2 through charge-charge interactions 

for CO2 and charge-quadrupole interactions for N2. The nature of these interactions suggest that 

CO2 might interact more strongly with PDXL and THF than N2. To quantify these interactions, we 

carried out simulations of the binding of CO2 and N2 to model molecules to quantify their binding 

strength. It was found that CO2 interacts much more strongly with PDXL and THF than N2. 

We used quantum chemical theory and basis sets – Hartree-Fock theory followed by 

Moller-Plesset MP2 theory in conjunction with 6-31G* or 6-311+G* basis sets – to calculate the 

binding energies of CO2 and N2 molecules to PDXL and THF. For PDXL, we use the software 

WebMo and GAMESS to optimize all structures in vacuo. We then used the HONDO code to 

correct the WEBMO/GAMESS calculations for basis set superposition errors. For THF, a liquid 

at room temperature, we used two different approaches. — Firstly, we determined structure and 

energies of small THF clusters binding to CO2 and N2. We modeled the long-range effects of the 

liquid phase via a polarizable dielectric continuum model of solvation. We also carried out Monte 

Carlo simulations of dilute systems of CO2 or N2 in THF liquid. We obtained information about 
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the coordination of CO2 and N2 by THF, by determining the radial distribution function (g(r)) and 

obtaining a characterization of the structure of the solvent around the CO2 or N2 solute. The cluster 

approach and the MC approach provided complementary information about the structure of CO2 

and N2 interacting with THF. 
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Chapter 1 

General introduction 

Fossil fuels remain a major source of energy in spite of advances in renewable energy 

generation and utilization. The anthropogenic emission of greenhouse gases (carbon dioxide CO2, 

methane CH4, nitrous oxide N2O, and others) is a major societal challenge that contributes to global 

warming and climate change, including melting of ice caps and rising of sea levels. According to 

a presentation at the United Nations’ Climate conference, the ‘emission level of CO2 was about 36 

billion tons per year from 2014 to 2016’. [1] The report also mentioned that ‘the use of 

conventional fossil fuels has risen by up to ~ 2 percent in the past two years‘. Thus, various 

strategies for dealing with CO2 emissions are being considered, such as capture, sequestration, and 

conversion.[2, 3] Conversion aims to transform CO2 into useable chemicals such as fuels. The 

various approaches for conversion span thermochemical, photochemical, electrochemical, solar 

thermal, and homogeneous and heterogeneous catalytic technologies. 

There are many ways to approach conversion chemistry. For example, one involves the 

direct conversion of CO2/N2 on metal-polymers (such as metal-porphyrin-functionalized 

graphene)[4] by electrochemical reduction. In this case, CO2 can be reduced to carbon monoxide 
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(CO) or formic acid (HCOOH) when the reaction is carried out under specific conditions. Low 

Faradaic yield, high over-potential, and low product selectivity are outstanding issues for which 

research is needed. Another approach is to capture, store, and convert CO2. [5, 6] This can be 

realized by selecting polymer membrane materials that have high binding selectivity and low 

permeability of CO2 over other small molecule gases. [7] 

In industrial applications and laboratory exploration, polymers, metal-organic frameworks 

(MOFs), [8] covalent organic frameworks (COFs)[9] are commonly used as materials for 

separation of gas molecules. In these cases, non-covalent bonding interactions of CO2/N2 with the 

materials involve Van der Waals and electrostatic (dipolar and quadrupolar) forces which can lead 

to selective absorption. Also, CO2/N2-philic groups (like ether oxygen) play a critical role and the 

number of such groups in the polymeric materials is relevant to the polymer capture ability. 

Understanding the relationship between the ratio of ether oxygen in polymers, binding energies, 

and capture ability is an important issue if one wishes to rationally design polymeric materials with 

enhanced capture and selectivity ability. In this regard, quantum molecular and material 

computations have the potential to contribute greatly to obtaining quantitative structure-activity 

relationships about CO2/N2 capture and selectivity, in particular with respect to the ether oxygen 

content of polymeric materials. 

In the research described in this thesis, we applied modern methods of computational 

chemistry to investigate the capture ability and CO2/N2 selectivity for two classes of materials, 

mainly poly (1,3 dioxolane) (PDXL) and liquid tetrahydrofuran (THF). We aimed to understand 

the strength of binding of CO2 and N2 to the ether oxygens, the binding structural motifs, and the 

number of CO2/N2 molecules that can bind to a single ether oxygen. 
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(a) (b) 

Figure 1. (a) ball and stick model of PDXL and (b) ball and stick model of tetrahydrofuran. 

The structure of the model PDXL used in this study is shown in Figure 1 (a). The repeating 

unit of the polymers can have a varying number of ether oxygens, and in our case, we chose the 

repeating unit [-O-CH2-O-CH2-CH2-]n with methoxy CH3O and methyl CH3 terminations. This 

model is representative of a family of polymers that can be synthesized with varying lengths and 

ether oxygen content of the repeating unit. In our case, we studied the n=1 oligomer which 

exhibited two binding motifs that we believe are fundamental in the way CO2 binds to PDXL. 

Because of the effect of electronegativity of Oxygen atoms over Carbon atoms and methylene CH2 

groups, the ether oxygen atoms act as an attraction center for the electron density of the polymer 

backbone, which results in a partial negative charge on the ether oxygens. CO2 and N2 in isolation 

do not have a dipole moment but they do exhibit a quadrupole moment that interacts with the 

partial charges on the ether oxygen atoms. In CO2, the carbon atom is known to carry a small 

positive charge while the terminal oxygen atoms carry a small negative charge. Accordingly, we 

expect CO2 to show a substantial interaction between the C atom of CO2 and the ether oxygen 

atoms of poly (1,3 dioxolane), while N2 will interact only via its quadrupole and through Van der 

Waals forces. We expect CO2 to show a significantly stronger interaction / binding energy to 

PDXL than N2. Note that for the repeating unit, the ratio of Oxygen atoms to Carbon atoms is 2:5 
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in PDXL, although polymers with smaller and larger Oxygen content can be easily synthesized. 

Lastly, we note that all bonds in PDXL are single C-O or C-C bonds in nature, resulting in low 

energy barriers to torsional rotation of the functional groups along the backbone. Therefore, we 

anticipate that PDXL can adopt varied conformations, from extended conformations to more 

globular conformations. 

Similarly, the structure of THF is shown in Figure 1 (b). THF is a model system for ring 

structures that can be synthesized with varying oxygen content as well. In THF, the ratio O/C is 

1:5. In contrast to PDXL, which is a polymer that exhibits well defined backbone structures (even 

if some of these structures are close in “free” energy). THF is a liquid in normal conditions of 

temperature and pressure. Room temperature and pressure are sufficient to induce fluctuations 

typical of a liquid phase, fluctuations that may affect the binding structure and energies of CO2 

and N2. 

In what follows, we summarize the computational theories (chapter 2) adopted for these 

investigations. They include a highlight in chapter 2.1 of the quantum chemical wavefunction 

theories (Hartree-Fock theory, Density Functional Theory, electron correlated Moller-Plesset 

perturbation theory), including the ‘basis set’ assigned to each atom (chapter 2.2). When using 

these theories, it is necessary to apply a ‘basis set superposition correction’ (chapter 2.3) to extract 

reliable binding energies. To model the liquid state of THF, clusters of THF with CO2 and N2 are 

embedded in a dielectric continuum model of solvation (chapter 2.4), from which we can extract 

solvated binding energies. The structures of the solutes (CO2/N2) interacting with solvent 

molecules are best described by Monte Carlo simulations for one or more solute molecules 

immersed in a box of THF molecules (chapter 2.5) with temperature and pressure mimicking the 
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experimental conditions. We then present the results of such simulations and a discussion in 

chapter 3 and 4. 
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Chapter 2 

Computational methods and approaches 

2.1 Molecular modeling with quantum chemical electronic structure theories 

(Hartree-Fock theory HF, Moller-Plesset MP2 theory) 

There are two types of theories used in the work, both describing explicitly the behavior of 

the electrons and nuclei. In the first approximation, we used the Hartree-Fock theory (HF), a 

cornerstone of electronic structure theory.[10] In this method, electrons are assigned to molecular 

orbitals from which we can extract the electron density. Each orbital is occupied by a pair of 

electrons assigned to spin  and  (restricted Hartree Fock theory). The molecular orbitals are 

determined by solving the Schroedinger equation H=E and minimizing the energy of the HF 

n-electron wavefunction , E=< H >. [11] H is the n-electron Hamiltonian, which includes the 

kinetic energy of the electrons, the electrostatic attraction of the nuclei, the Coulomb repulsion of 

the electrons, and the quantum mechanical interaction of ‘exchange’ of the electrons. In HF theory, 

each electron feels the average field created by the other electrons for a fixed position of the nuclei 
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without feeling the instantaneous positions of the other electrons, an effect called ‘electron 

correlation’. [12] Accordingly, the Hartree-Fock model corresponds to a mean field approximation, 

which is often used to develop more accurate models that account for ‘electron correlation’. 

The Moller-Plesset perturbation (MP) theory is one of the quantum chemical methods 

developed to go beyond the Hartree-Fock theory. Compared to the HF ab initio method, the MP 

method accounts for electron correlation effects up to second-, third-, fourth- order of perturbation 

theory. [13] The different orders constitute Moller-plesset theories, second order MP (MP2), third-

order MP (MP3), fourth-order (MP4). In our work we used second order Moller-Plesset theory 

MP2 because it is known to be relatively accurate for the kind of systems we are interested in here, 

while remaining computationally practical. 

For both HF and MP2 methods, the energy is a function of the positions of the nuclei. 

Methods have been developed to calculate the derivatives of the energy as a function of the nuclear 

coordinates, allowing the efficient optimization of the nuclear positions to get the lowest energy 

structure (‘optimized geometry’). In this way, we can ‘optimize’ the individual molecules (CO2, 

N2, PDXL, THF) but also the dimeric complexes such as PDXL:CO2 , PDXL:N2 , THF:CO2 , and 

THF:N2. In this A:B notation, the ‘colon’ is used to indicate that the molecule B (CO2 for example) 

is bound to molecule A (PDXL for example), not through covalent bonding, but through weak 

bonding interactions arising from electrostatics and Van der Waals interactions, a situation similar 

to interactions between water molecules in water clusters, and in liquid water for example. In what 

follows, we will always refer to ‘optimized’ structures, unless explicitly mentioned. 
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2.2 Basis sets 

In quantum chemistry, basis set functions are a set of functions that describe the electronic 

wave function. The basis set functions have been determined to represent the wavefunctions of 

single atoms (using the HF theory for example). Molecular orbitals are built as linear combinations 

of atomic orbitals (LCAO approximation) or equivalently of basis functions from the basis set 

centered on the atoms. C, N, and O have 1s, 2s, 2p occupied atomic orbitals. They are represented 

by s and p basis functions. To allow the electron density to distort from their atomic states, the 

basis sets include ‘polarization’ and ‘diffuse’ functions as well, which enhance the description of 

the electrons in the molecules. We used the following basis sets: 

2.2.1 6-31G*[6-31G(d)] 

6-31G refers to a so-called Pople split-valence double-zeta polarized basis set. [14] The 

basis set is made up of contracted Gaussian-type atomic-like orbitals, one contraction of 6 

Gaussian s-type functions for the inner shell (1s), one contraction of 3 Gaussian s-types and p-

types for the valence shell (2s and 2p), and a single s-type and p-type Gaussian function split from 

the valence shell but this single function still describe the 2s and 2p shells. The d-type Gaussian 

functions (represented by ‘*’) allow the electron orbitals to distort (polarize) in the molecule, an 

effect that occurs due to the presence of the other atoms. 
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2.2.2 6-311+G**[6-311+G(d,p)] 

Compared to the 6-31G basis set, the 6-311G basis set has one more s-type and p-type 

Gaussian type function that give even more flexibility for the electrons to respond to the molecular 

environment. Thus, 6-311 is a Pople’s split-valence triple-zeta basis set. [14] The second * 

indicates that the Hydrogen atoms in the molecule have been assigned a p-type polarization 

function. In the 6-311+G** basis set, ‘+’ indicates that diffuse s-type and p-type functions have 

been added to the heavy atoms (C, N, and O), further allowing the electron density to more flexibly 

respond at a further distance from the nuclei. The triple-zeta functions and diffuse functions are 

known to be important for an accurate description of the weak interactions that hold PDXL, THF, 

CO2, and N2 together. 

2.3 Basis set superposition error (BSSE) and correction 

The simplest equation for determining binding energies from calculated fragment energies 

is 

Eads= E(a:b,bAB)-E(a, bA)-E(b, bB) (1) 

where E(a,bA) denotes the energy of molecule ‘a’ using the basis set ‘bA’. In this scheme each 

system has its energy computed in its own basis set. This is a fundamental equation and the 

energies can be obtained within HF, DFT, or MP2 levels of theories. However, super-molecular 

interactions (as we have here for PDXL:CO2, THF:CO2, PDXL:N2, and THF:N2) exhibit the 

effect of basis set superposition error (BSSE). BSSE appears because the basis sets such as 6-
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2 

31G* and 6-311+G** are finite (incomplete), and PDXL in the PDXL:CO2 complex makes use 

of the CO2 basis functions that are not located in the PDXL monomer, but are by definition 

present in the complex. The ‘larger’ basis set used by PDXL in the complex leads to an effective 

lower energy of the PDXL monomer, which leads to an overestimation of the binding energy in 

the system, unless a BSSE correction is made. [15-17] Thus, basis set superposition error 

correction needs be performed for our study. To this end, every monomer is calculated separately 

with the basis set of full complex, and these monomer energies are used to calculate the binding 

energy: 

Eads=E(a:b,bAB)-E(a, bAB)-E(b, bAB) (2) 

where any and all systems have their energies computed in the global basis set ‘bAB’ 

For example, we calculated the each part of complex (PDXL:CO2) without/ with BSSE 

correction at HF/6-31G* level. All results are given in Table 1. 

Table 1. Comparison of free energy with or withour BSSE corrected. Energies are in a.u. and 

binding energies are in kcal/mol. 

Index HF/6-31G* PDXL:CO2 PDXL CO2 Binding energy Binding energy 

(a.u) (kcal/mol) 

1 Without BSSE -608.4997 -420.8606 -187.6342 -0.0049 -3.07 

With BSSE -608.4997 -420.8616 -187.6351 -0.003 -1.88 

In both protocols, without or with BSSE correction, the total energy of PDXL:CO2 compound is: 

E(PDXL:CO2; PDXL:CO2 basis) ~ -608.4997 a.u. 

For monomer PDXL and CO2, when calculating their energies using their own set of basis 

functions, the respective total energies are: 
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E(PDXL, PDXL basis) ~ -420.8606 a.u. E(CO2, CO2 basis) ~ -187.6342 a.u. 

Thus, E(ads)= -608.4997-(-420.8606)-(-187.6342) = -0.0049 a.u, or -3.07 kcal/mol. according to 

equation (1). However, full (complete) basis set functions yield more negative energy for 

monomers: 

E(PDXL, PDXL:CO2 basis) ~ -420.8616 a.u. E(CO2, PDXL:CO2 basis) ~ -187.6351 a.u. 

The binding energy calculated based on equation (2) is 

E(ads)= -608.4997-(-420.8616) -(-187.6351) = -0.003 a.u, or -1.88 kcal/mol. 

After calculating the E(ads), the unit need to be changed into kcal/mol, which means we multiply 

the value in a.u. by 627.51 kcal/mol/a.u.. This error correction eliminates the overestimation of 

binding energies. Thus, BSSE correction is an essential step in the present work. 

2.4 Continuum solvation model (C-PCM, SMD, Iso-density Cavity) as implicit 

solvation model 

While PDXL is a (entangled) polymer, THF is a liquid with a dielectric constant of ~ 7.6. 

As such, the structure of THF liquid undergoes large fluctuations due to temperature. The effects 

of the fluctuations need to be modeled, either implicitly via a polarizable dielectric continuum or 

explicitly via an averaging of liquid configurations. 

The polarizable continuum model (PCM) is one of the most effective computational 

models to simulate a solute-solvent system. [18] In the model, a solute is placed in a cavity that is 

surrounded by a polarizable dielectric solvent continuum. In PCM models, the solute electron 

density polarizes the continuum by giving rise to partial induced charges of opposite signs on the 
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Polarizable continuum solvent 

:a-------------------
___ ----- ----------------

__ , --- -----------------

----------n -------- --------------------
-----------------~ ·-----------------------------
-------------------------------------------------

cavity boundaries that act on the molecule. For example, the negative charge carried by ether 

oxygens in the gas phase gives rise to small positive charges on the cavity surface induced by 

polarization of the continuum in the neighborhood of ether oxygens. 

Figure 2. One solute is embedded in polarizable continuum solvent (THF). Red circle 

represented positive charges on the cavity surface. 

Compared with calculations in vacuum, the apparent surface charges (ASC) contribute to 

the description and quantification of the solute-solvent interactions. The three terms that make up 

the energy in the presence of a PCM model are: 

Gsol= Ges+ Gdr +Gcav (3) 

In the equation, the sum of the three energies, the electrostatic energy, the dispersion-

repulsion energy, and the cavitation energy, form the molecular free energy of the solute Gsol in 

the solution. Several forms of continuum models are derived from PCM, including the conductor-

like PCM (CPCM) model, the iso-density surface PCM (iPCM) model, the Solvation Model based 

on Density (SMD), and others. [19] 
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1. C-PCM assumes a conductor-like continuum outside the cavity. C-PCM is one of the most 

successful solute-solvent interaction models. Non-electrostatic energy contributions include 

cavitation, dispersion and repulsion energies. The cavity is made of intersecting spheres of 

atom-specific radii. [20] 

2. SMD includes corrections for cavitation, dispersion and solvent structure effects as well, and 

these terms are parameterized for many liquids. The word ”D” denote that the model is using 

solute electron density, instead of partial atom charges.[21] 

3. IPCM uses an iso-density (electron) surface for the cavity description, rather than the cavity 

obtained by the intersection of hard atomic spheres as in C-PCM. 

Both in gas phase and in solution phase calculations, the final geometrical structures of the 

complexes are optimized. Regardless of which PCM model we used, the computer program builds 

the cavity around the solute cluster according to standard default prescriptions. Introducing the use 

of these PCM models require solely that we specify the dielectric constant of the solvent phase ( 

= 7.58 for THF here). Note that gas phase is equivalent to  = 1.0, and for comparison  for liquid 

water is 78. Thus, THF is not a strongly polarizable solvent. 

2.5 Monte Carlo simulations as explicit solvation model 

2.5.1 Model and Force field 

Monte Carlo simulations (MC) are a way to calculate average energies over thermally 

fluctuating configurations of the molecules in the liquid, such as the one observed for a liquid. [22] 
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MC yields instantaneous configurations of the solute:solvent system. Average configurations are 

extracted from radial distribution functions (RDFs) that give the distribution of specific parameters 

(distances) over the ‘time’ of the simulation (stochastic moves of the molecules in the liquid). The 

Monte Carlo simulation method generates a distribution probability instead of providing lowest 

energy structures as quantum molecular methods do. 

The practical approach involves setting up a simulation box filled with solvent molecules 

mixed with one or more solute molecules. In our work, we created a 30 by 30 by 30 Ångstrom box 

filled with 200 THF molecules. (Figure 3) The molecular mass of the solvent molecules (THF), 

the number of molecules, and the volume of the box combine to give the simulation density, which 

was chosen to be consistent with the experimental density of liquid THF (0.887 g/cc---MTHF=72.11 

g/mol, NA=6.02*1023, N=200). 

Figure 3. 200 THF molecules in a 30 by 30 by 30 Å box. (fragments of THF molecules appear at 

the box boundaries because of the periodic conditions applied in the model) 
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The energy of the system is broken down to pair-wise interactions among the solvent 

molecules. Each molecule is represented by a force field (ball and spring model) parameterized to 

reproduce the structure and the pair-wise interactions of two solvent molecules well. The force 

field parameters include partial charges on the atoms of a solvent molecule, stretch, bend, torsion 

force constants between 2, 3 and 4 atoms of the solvent molecules, and long-range Van der Waals 

interaction parameters ( and ). The parameters were taken from “TraPPE” (Transferable 

Potentials for Phase Equilibria family of force fields) and are referred to as ‘the TraPPE force 

field’.[23] Their values were chosen to represent the properties of liquid THF well. Table 2 listed 

torsion equation and all related parameters. Similarly, the solute molecules CO2 and N2 were also 

simulated under Transferable Potentials for Phase Equilibria family of force fields. 

Table 2. Parameters for torsion calculation.[23] 𝑢𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = 𝑐0 + 𝑐1 cos 𝜑 + 𝑐2 cos 2𝜑 + 𝑐3 cos 3𝜑 

Index Torsion Type C0/KB[K] C1/KB[K] C2/KB[K] C3/KB[K] 

1 1-2-3-4 CH2-CH2-CH2-O 21903 24297 8147 246 

2 2-3-4-5 CH2-CH2-CH2-CH2 31394 45914 16518 1496 

3 3-4-5-1 CH2-CH2-CH2-O 21903 24297 8147 246 

4 4-5-1-2 CH2-CH2-O-CH2 21933 40808 16851 2392 

5 5-1-2-3 CH2-CH2-O-CH2 21933 40808 16851 2392 

The simulations proceeded as follows: given a configuration of the solvent and solute 

molecule, each molecule is allowed to undergo a translation or a rotation, at which point the total 

energy of the modified system is evaluated. If the energy of the ‘new’ configuration is lower than 

the energy of the ‘old’ configuration, then the ‘move’ is accepted; if not, the Boltzmann factor 

(exp(-DelE/kT)) associated with the energy change DelE is compared to a random number; if it is 

larger than the random number, then the move is accepted; otherwise the move is rejected. Either 
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the accepted or rejected structure is included as one configuration in the distribution function. This 

sampling process is repeated for all solvent and solute molecules one at a time, and the sweep over 

all molecules is repeated many times as well (typically hundreds of thousands of times or more). 

As more sweeps are performed, the better resolved are the statistics and the distribution functions. 

2.5.2 Radial distribution function g(r) 

Radial distribution functions (RDF) are used to display the probability distributions of the 

distances between two atoms or fragments during the simulation. [24] The equation is given by: 

1 𝑑𝑛(𝑟,𝑟+𝑑𝑟)
𝑔(𝑟) = . (4)

<𝜌> 𝑑𝑣(𝑟,𝑟+𝑑𝑟) 

where g(r) is the probability distribution of the distance ‘r’ between the two atoms, ρ is the density 

of the liquid, ‘dn’ is the number of structures for which ‘r’ has a value between ‘r’ and ‘r+dr’, and 

‘dv’ is the total number of molecules in the volume shell between ‘r’ and ‘r + dr’ . In our work, we 

calculated g(r) where r is the distance between O in THF and C in CO2 or N of N2 in the simulated 

system. 

The radial distribution function g(r) can be plotted as a function of r. Peaks in distribution 

functions are indicative of a high probability of finding the distance of interest in the range of the 

peak. For example, as we will see later, the radial distribution function of the distance between the 

Oxygen atom of THF and the Carbon atom of CO2 exhibits a distinctive peak at like ~ 3 Å, 

indicative of the fact that the CO2 molecule has a high probability of being found at a O---C 

distance of ~ 3 Å from the O atom of THF, regardless of the direction. The distance r for the first 
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peak corresponds to the first solvation shell. Integrating g(r) under the first peak gives the number 

Nshell of THF molecules that in average belong to the first solvation shell of CO2 in THF: 

𝑟=30 
4 ∗ 𝜋 ∗ 𝜌 ∗ ∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 + 1 = 𝑁 (5)

𝑟=0 

As part of this research, we wrote a computer code given in the Appendix to create pair correlation 

functions from a set of snapshots extracted during a simulation. 

Figure 4. Pair distribution function[25] 

2.6 Practical calculation details 

The quantum molecular calculations of CO2 and N2 with PDXL and THF were carried out 

with the GAMESS code [26] accessible at the Center for Computational Research (CCR) of the 

University at Buffalo through the WebMO interface. [27] 

WebMO session: After logging in WebMO software, we need to create one new job by 

using the “Build” button to select elements. For PDXL, carbon is the critical atom to form the 

polymeric backbone. Therefore, we can draw 8 connected carbon atoms on the screen and then, 

replace the second, fourth and seventh C by oxygen atoms. In order to get idealized structure, we 
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1• Garness 

J Mopac 

J NWChem 

J Quantum Espresso 

J QChem 

J Tinker 

Ab initio and semi-empirical 
calculations 

Semi-empirical calculations 

Ab initio calculations 

Periodic plane wave DFT 

Ab initio calculations 

Molecular mechanics calculations 

Select Queue ~ 

click the button “Comprehensive Cleanup using Idealized Geometry”, which adds hydrogen 

element to form C-H bonds and completes the valency of atoms in the molecule. Then, we draw 

CO2 and N2 around PDXL, with the “Build” tool. Bond length, bond angle, charge can be set with 

“Adjust” button. If the molecule’s position needs to be altered, we select the entire structure and 

click the “Rotate Selection” and “Translate Selection” functions to adjust the relative position of 

the fragments. One especial step is required for CO2 and N2 because the bonds in these molecules 

are not single bond. Thus, it is necessary to change the bond type by right click. At this point, the 

drawing step is finished so far. 

Figure 5. WebMo to select engine and cluster partition 

We use “ ” at the bottom right to start the calculation part. In this article, we used ab 

initio and semi-empirical calculations of quantum chemistry theory. Thus, we selected “GAMESS” 

as the ‘engine’. We click “ ” again, name the structure, and choose “Geometry Optimization 

calculation”. For theory and basis set, we select HF/ 6-31G* first. When the job completes 

successfully, we may introduce more accurate levels of theory. In the THF solvent system, we also 
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need to change the “Advanced” and “Preview” part. For example, we follow the “GAMESS” 

guidance, and add the PCM and other related commands to invoke the solvation model. Finally, 

we submit the job to be executed on the CCR compute cluster. We then open the job to display the 

structure and the “Raw Output” file to retrieve the results and data. 

For BSSE calculations, we used the code HONDO from Prof. Dupuis at the University at 

Buffalo [28] for which we need to set two files on CCR. To this end, we create a ‘.hnd’ file, that 

includes the atomic coordinates of the molecule taken from the WebMO optimized structure, the 

level of theory, the basis set, and other necessary parameters. We set the key word-- ”ghost” to 

indicate that an atom has its associated basis set although its nuclear charge is set to zero (no 

electrons). The other required file is the “slurmscript” to submit the HONDO job for execution. In 

the ‘slurmscript’, we define the computer cluster partition, the job name and other necessary 

parameters. Through this procedure, we obtain bsse-corrected energy in the “.out” file. 

For the MC calculations, we used the program called “gchybrid” from the group of Prof. 

Jeffrey Errington in the Department of Chemical and Biological Engineering, University at Buffalo. 

We created input files according to the “The gchybrid and coex Users’ Manual”. [29] The ‘force 

field’ was taken from the literature. The parameters that define the “TraPPE” include parameters 

for bond stretching, bond bending, and torsion, can be found from ”TraPPE” website. For THF 

liquid, “TraPPE” includes also a short-range interaction potential of Lennard-Jones (LJ) type with 

mean-field correction for long-range interactions. Lastly, “TraPPE” includes a charge interaction 

potential type with Coulomb interactions treated via Ewald Summation. One starting configuration 

of the 200 THF molecules needs to be provided in the xyz.dat file. Then, we submit the job on the 

CCR computer. The “gchybrid” MC program creates snapshots every 100 step written to a 
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‘position’ file. Following the completion of the MC simulation, we collect all the data and use the 

g(r) code to generate and plot the pair distribution function. 
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Chapter 3 

Results 

In what follows, we present results related: first to the binding of CO2 and N2 to PDXL 

polymer, and second the binding of these two small molecules to THF. The polymeric unit PDXL 

is representative of a class of polymers with varying Oxygen content. Since we are interested in 

the strength of binding of CO2 to PDXL and in the possible loading amount, we investigated the 

binding on 1 and 2 CO2 / N2 molecules to PDXL to characterize cooperative effects or the absence 

of cooperative effects for binding two or more CO2 molecules on the same backbone. THF was 

selected as a model system of a class of solvents with similar molecular units with varying degrees 

of Oxygen content as well. As mentioned earlier, for the quantum molecular calculations, we 

reported binding energies of CO2 and N2 to PDXL that have been corrected for basis set 

superposition error (BSSE). 
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a) CO2 / N2 with PDXL 

1. PDXL with 1 CO2 

We first investigated the structure of a single CO2 and N2 molecule binding to 

PDXL. In the CO2 case, there are 3 bonding motifs that can be determined as local 

minimum energy structures. The structures are depicted below and the BBSE-corrected 

binding energies at the HF/6-31G* and MP2/6-31G* levels of theory are listed in the table 

below. Then, we used a higher level 6-311+G** with the HF and MP2 theories to find out 

binding energy differences. All data is given in Table 3. In the first structure, it was found 

that CO2 lies in the same plane as PDXL. The binding occurs between the terminal Oxygen 

of PDXL and the Carbon of CO2. The O---C distance is ~ 2.78 Ångström. 

o Structure 

PDXL:CO2 motif # 1 

Figure 6. Relative position of CO2:PDXL complex in the co-planar motif # 1. 
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In the other two binding motifs, CO2 is in a non-coplanar structure, approximately 

perpendicular to the plane of the -CH2-O-CH2- moitie of PDXL. The striking difference 

between the two structures lies in the torsion angles in PDXL. Structure #2 corresponds to 

an all-trans configuration of the PDXL backbone, while structure #3 shows the ether 

oxygens next to the [CH2-CH2] group to be in a cis-like conformation with a torsion angle 

of 60 degrees. In structure #2, the CO2 molecule interacts with the two ether oxygen atoms 

from PDXL. The attraction between CO2 and PDXL is shared between the two Oxygens 

with distance ~ 2.93 Å and 2.85 Å. In motif # 3, the CO2 molecule binds into a more 

favorable bi-dentate fashion with O---C bond lengths of ~ 2.92 Å and 2.77 Å which is made 

possible by the torsion of the backbone. 

o Structures 

(a) PDXL:CO2 motif # 2 

(b) PDXL:CO2 motif # 3 

Figure 7. Relative position of CO2:PDXL complex in motif # 2 and 3 structure. 
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o Energetics 

Table 3. Comparison of binding energy for CO2:PDXL complex in HF/MP2 6-31G* and 

6-311+G** level with BSSE corrected. Unit is in kcal mol -1. 

Motif Binding Structure PDXL HF/ MP2/ HF/ MP2/ 

energy Conformation 6-31G* 6-31G* 6-311+G** 6-311+G** 

1 Mono-dentate in-plane all-trans -1.88 -2.38 -2.13 -2.89 

2 Bi-dentate ~ perpendicular all-trans -2.20 -2.70 -2.30 -3.33 

3 ~ perpendicular trans + 60-cis -3.45 -4.20 -3.51 -5.02 

Several observations can be made about the binding energies shown in Table 3. 

Firstly, it can be seen that bi-dentate binding gives rise to stronger binding energies, 

compared with the mono-dentate binding motif. Indeed in structures 2 and 3, there are two 

Oxygen atoms that interact with the positively charged Carbon of CO2. Secondly, the 

twisted conformation of structure 3 strengthen the binding interaction compared to 

structure 2. The lone pairs of electrons on the ether oxygen are better able to interact with 

the CO2 molecule than in the all-trans conformation of PDXL. Thirdly, it can be seen that 

the MP2 binding energies are larger in magnitude than the HF-level binding energies. 

Fourth, binding energy at 6-31G* level are smaller than 6-311+G** level in the same 

theory. Overall, the binding energies are in the range of ~ 2 to 5 kcal/mol. 
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2. PDXL with 1 N2 

After investigating a PDXL:CO2 complex, we carried out a similar study of 

PDXL:N2 binding by adding N2 to form a PDXL:N2 complex. The structures are shown 

below with the energetics given in Table 4. We noted that both CO2 and N2 are neutral 

molecules. But while the electronegativity of Oxygen over Carbon gives rise to partial 

electronic charges on O and C in CO2, interactions of N2 with PDXL is due to its 

quadrupole, and consequently, it is expected to give rise to smaller binding energies to 

PDXL and THF for N2 compared to CO2. 

Compared to CO2, Structures 1, 2, and 3 show strong similarity with the PDXL:CO2 

structures described earlier. They exhibit mono-dentate and bi-dentate bonding motifs, 

including the differences between the extended and twisted structures 2 and 3. The N2:O 

distance is ~ 3.15 Å in PDXL:N2 in motif #1. After we rotated the functional group of 

PDXL, the two distances connected with oxygen shorten from 3.29 Å and 3.21 Å in 

structure 2 to 3.23 and 3.09 Å in structure 3. Because of electrostatic and Van der Waal 

forces, the N2 molecule is able to interact with the methylene functional groups of PDXL 

as well. Such an interaction gives rise to motif #1’ shown below where N2 binds to the 

back-side of PDXL. This is a structure that did not appear for CO2. This special binding 

motif shows a N2-CH2 distance is ~ 3.60 Å from C in PDXL, which is much longer than in 

the other structures, indicative of weaker binding because of N2’s character. 

In bi-dentate motifs, nitrogen is closer to the other two O in #3 compared with 

extended PDXL. Thus, interaction with twisted PDXL is stronger. The binding energy for 

trans-PDXL is -0.94 kcal/mol whereas that in cis-PDXL is -1.75 kcal/mol in MP2 level 6-
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3.15 A -

311+G** basis set. From Table 4, we can also conclude that interactions energies 

calculated in MP2 are larger than those in HF theory. 

o Structures 

(a) PDXL:N2 motif # 1 

(b) PDXL:N2 motif # 1’ 

(c) PDXL:N2 motif # 2 
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(d) PDXL:N2 motif # 3 

Figure 8. Relative position of N2:PDXL complex in motif # 1, 1’,2 and 3 structure. 

o Energetics 

Table 4. Comparison of binding energy for N2:PDXL complex in HF/MP2 6-311+G** level with 

BSSE corrected. Unit is in kcal mol -1. 

Motif Structure PDXL Binding energy Binding energy 

Structure (HF/6-311+G**) (MP2/6-311+G**) 

1 Mono- In-plane O-site all-trans -0.19 -0.94 

1’ dentate In-plane CH2-site all-trans -0.13 -0.56 

2 Bi-dentate ~ perpendicular all-trans -0.25 -0.94 

3 ~ perpendicular Trans + 60-cis -0.38 -1.75 

We can directly compare the binding energies obtained for CO2 and N2 because the 

same types of basis sets were used between the calculations. We calculated the binding 

energies in 6-311+G** level for all structures. Accordingly, it is clear that N2 binds to 

PDXL less strongly than CO2. This is due to the nature of the binding (charge-charge 

interactions for CO2 vs. charge-quadrupole interactions for N2). As before, Structure 3 with 

twisted backbone is more stable. The difference in binding energies are of the order of ~ 

2.5 kcal/mol per CO2 molecule vs. per N2 molecule. 
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3. PDXL with 2 CO2 / 2 N2 

In the calculations so far, the twisted backbone Structure 3 was found to exhibit the 

stronger binding affinity for CO2 and N2. This is due to the 60 degree torsion facilitating 

the orientation of the Oxygen atoms toward the partially positively charged Carbon atom 

of CO2 and for the ether oxygen in PDXL to interact with N2 due via charge--quadrupole 

interaction. 

We are now interested in the characterization of absorption interactions when there 

are several CO2/ N2 molecules. We want to know if binding energies per CO2/ N2 molecule 

is affected by the number of CO2/ N2 molecules binding to a PDXL fragment, and if so, by 

how much. Because of the superior binding observed with the twisted backbone Structure 

3, we restricted our investigations to this twisted backbone structure, and calculated the 

binding energy for two CO2 molecules and two N2 molecules. It is expected that such 

calculations will provide a basic understanding of the cooperative effects of binding. 

PDXL binds two CO2 molecules in a structure shown below. One of the CO2 

molecule is shown to have a much shorter distance (2.79 Ǻ) to one Oxygen atom, and we 

characterize it as ‘mono-dentate’ binding although CO2 interacts somewhat with a second 

Oxygen atom. The second CO2 molecule adopts a clear bi-dentate binding motif with two 

short C---O distances, which are 2.75 Å and 2.93 Å. 
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Mono-dentate 

2.93 A 

Bi-dentate 

o Structures 

Figure 9. Relative position of 2 CO2:PDXL complex. 

When 2 nitrogen molecules were added around twisted PDXL, the total binding 

energy is about -0.75 kcal/mol at HF/6-311+G** level. The left N2 molecule is mono-

dentate with the second oxygen atom in figure 10, a situation that is different from carbon 

dioxide, shown in Figure 9, where the mono-dentate CO2 prefers to approach the left 

oxygen rather than the middle one. The shortest distances for two nitrogen molecules are 

all about 3.05 Å. The right N2 molecule connect with two O atoms to form clearly a bi-

dentate motif. 
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o Structures 

 

Figure 10. Relative position of 2 N2:PDXL complex. 

o Energetics 

Table 5. Comparison of binding energy for 2 CO2/ 2 N2 :PDXL. Structure optimized in HF/MP2 

6-311+G** level with BSSE corrected. Unit is in kcal mol -1. 

Index Total binding energy PDXL : 2 CO2 PDXL : 2 N2 

1 HF/6-311+G** -5.84 -0.75 

2 MP2/6-311+G** -8.09 -3.45 

All structures were optimized with BSSE correction applied. From Table 5, we 

observed that the binding energy is more than 5 kcal/mol larger in magnitude when PDXL 

interacts with 2 carbon dioxides rather than with 2 nitrogen molecules, independently of the 

HF or MP2 level of theory. For example, interaction is about ~ 5.84 kcal/mol for CO2 at HF/6-

311+G** level and is about ~ 0.75 kcal/mol for N2 in the same level. As observed before, the 
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MP2 theory yields stronger binding energies than HF because the MP2 theory takes electron 

correlation (at second order of perturbation theory) into account compared to HF theory. 

 PDXL summary 

During the characterization of the interaction between PDXL and a single CO2 or 

N2 molecule, we discovered that in both cases of CO2 or N2, twisted cis-PDXL showed 

stronger binding affinity than the extended structure does. The binding energy for a single 

CO2 molecule is ~ 3-5 kcal/mol and for two carbon dioxide is ~ 8.09 kcal/mol at the MP2/6-

311+G** level of theory. For N2, the binding energy for one molecule is ~ 1-1.7 kcal/mol. 

When we added one more N2 molecules, the interaction energy at the MP2/6-311+G** 

level of theory increased to ~ 3.45 kcal/mol. Thus, PDXL has strong selectivity toward 

binding CO2 over N2, a finding that is suggestive of a CO2 separation ability of PDXL-

based polymers for gas mixture containing CO2. The average distance for CO2 is about ~ 

2.8 Å, which is much shorter than ~ 3.2 Å in N2. Binding distances correlate well with 

binding energies. The weaker the interaction is, the longer the distance is. 

b) CO2 / N2 with THF 

THF is a model of a small hydrocarbon ring molecule containing an ether oxygen 

atom. We want to understand how CO2 binds to one THF molecule. We also want to figure 

out if CO2 can interact with two, three or more THF molecules. 
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1. THF with 1 CO2 

As we did for PDXL:CO2, we used the HF/6-311+G** and MP2/6-311+G** levels 

of theory to determine the optimized structures of THF:CO2 and THF:N2 clusters. First, we 

determined the structures in the gas phase, and then followed with PCM calculations of 

THF:CO2 embedded in a continuum model of THF (dielectric constant  = 7.58 for 

Tetraphydrofuran). To characterize how one CO2 or N2 molecule interact with THF liquid, 

we separately calculated the binding energy for CO2/ N2 molecule combined with an 

increasing number of THF molecules. For one THF, we calculated the THF:CO2 and 

THF:N2 binding energies under 4 different conditions - gas phase dimer (BSSE corrected), 

PCM, SMD, and PCM with iso-density cavity. The results are given in Tables 6 to 9. 

In gas phase, we optimized the compound structure directly, followed with a 

determination of the binding energy with BSSE correction. The partial negative charge of 

the ether oxygen in THF attracts positive charge C atom in CO2. The distance between two 

molecules is ~ 2.73 Å, very much along the line of the similar magnitude for binding to 

PDXL. Carbon dioxide is not in the same plane with THF. More details are given below: 

o Structure of molecular cluster 

Figure 11. Relative position of CO2:THF complex in gas phase. 
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o Energies 

Table 6. Comparison of binding energy for CO2:THF complex in gas phase with BSSE 

corrected and liquid phase (PCM, SMD, PCM with iso-density Cavity). Unit is in kcal mol -1. 

Binding energy Gas phase PCM SMD PCM with 

(BSSE corrected) iso-density Cavity 

HF/6-311+G** -2.76 -1.19 -2.76 -1.19 

MP2/6-311+G** -3.07 -3.51 -4.20 -3.51 

The calculated binding energies (BE) were found to be essentially the same when 

we applied either the PCM or PCM with iso-density Cavity models. The binding energy 

equals ~ -3.51 kcal/mol at the MP2/6-311+G** level of theory. The solvent continuum 

models give rise to stronger interactions THF:CO2 than in the gas phase. The solvation 

model (SMD) predicts a slightly stronger interaction with CO2 ( ~ 4.20 kcal/mol vs. ~ 3.51 

kcal/mol). 

2. THF with 1 N2 

When calculating the interactions between N2 and one THF, the binding energy was 

found to be much weaker compared to the case of one CO2 molecule. In the MP2/6-

311+G**level of theory, the binding energy is ~ -0.63 kcal/mol with BSSE correction for 

N2 in vacuo, whereas it is about ~ -3.07 kcal /mol for CO2. The magnitude of interaction is 

smaller by ~ 3 kcal/mol. Accordingly, we found that the distance for THF-to-N2 is ~ 3.09 

Å, which is much longer than ~ 2.73 Å in CO2 simulation. Similar results were observed 
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when using the PCM, SMD, ISO-density solvation models. However, the PCM and SMD 

weaken the interactions compared with the same structure in gas phase, whereas the iso-

density Cavity PCM model displays an opposite trend with a binding energy as large as ~ 

-1.76 kcal/mol. 

o Structure of molecular cluster 

Figure 12. Relative position of N2:THF complex in gas phase. 

o Energies 

Table 7. Comparison of binding energy for N2:THF complex in gas phase with BSSE corrected 

and liquid phase (PCM, SMD, PCM with iso-density Cavity). Unit is in kcal mol -1. 

Binding energy Gas phase PCM SMD PCM with 

(BSSE corrected) Iso-density Cavity 

HF/6-311+G** -0.13 -0.06 -0.5 -0.13 

MP2/6-311+G** -0.63 -0.5 -0.38 -1.76 
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2.99A 2.99A 

3. CO2 with 2 THF 

In this section, we added more than one THF around CO2 to understand how CO2 

interact with a cluster of THF molecules. Two THF molecules bind to CO2 symmetrically 

in Figure 13. Two distances from ether oxygen in THF to C in CO2 are ~ 2.99 Å in 

conductor-like PCM. The binding energy increases from ~ -5.02 kcal /mol in the gas phase 

with BSSE correction to ~ -8.72 kcal /mol in PCM at the MP2/6-311+G** level of theory. 

Thus, a solvation continuum model can affect the interaction between 2 THF molecules 

and CO2 with varying degree of magnitude. All binding energies are given in Table 8. 

o Structure of molecular cluster 

Figure 13. Relative position of CO2:2 THF complex in THF solvent. 

o Energies 

Table 8. Comparison of binding energy for CO2: 2 THF complex in gas phase with BSSE 

corrected and liquid phase (PCM, SMD, PCM with iso-density Cavity). Unit is in kcal mol -1. 

Binding energy Total BE PCM SMD Iso-density Cavity 

HF/6-311+G** -4.08 -1.88 -4.33 -1.82 

MP2/6-311+G** -5.02 -8.72 -7.22 -5.84 

35 



 
 

    

 

                 

            

            

              

              

             

      

 

     

 

                   

 

  

              

             

        

     

     

 

I 

4. N2 with 2 THF 

The interactions of THF with N2 is much weaker than with CO2. As we can see, the 

binding energy of N2 to two THF molecules is ~ -1.26 kcal/mol at MP2/6-311+G** level 

of theory because N2 binds to PDXL and THF molecule only via quadrupole—charge 

interactions rather than coulombic attractions. The distances are ~ 4.8 Å when we include 

a THF solvent. The strength of interactions between N2 and two THF molecules decreases 

by at least ~ 4 kcal/mol at MP2 theory compared with CO2 (BE range is 5-8 kcal/mol in 

the structure of two THF: CO2). 

o Structure of molecular cluster 

Figure 14. Relative position of CO2:2 THF complex in THF solvent. 

o Energies 

Table 9. Comparison of binding energy for N2: 2 THF complex in gas phase with BSSE corrected 

and liquid phase (PCM, SMD, PCM with iso-density Cavity). Unit is in kcal mol -1. 

Binding energy Total BE PCM SMD Iso-density Cavity 

HF/6-311+G** -0.19 -1.07 -0.94 -1.00 

MP2/6-311+G** -1.26 -1.19 -2.26 -1.07 
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5. CO2/N2 with more THF 

We were able to obtain a stable structure with three THF molecules around one 

CO2 by using the HF/ 6-311+G** without BSSE corrected. BSSE for a trimer or tetramer 

is more complex; the uncorrected values for larger clusters are known to exhibit correct 

trends, which is the point of interest here. The total binding energy is ~ -5.15 kcal /mol. 

However, when the fourth THF is added to around CO2, one of the first three molecules 

gets repelled from the cluster as the C---O distance elongates from ~2.8 to ~ 4.3 Å. 

Figure 15. Relative position of CO2: 4 THF complex. 

In conclusion, we found that the configuration of CO2 surrounded by three THF 

molecules is the most stable. All three of them interact with the Carbon atom of CO2. The 

stability of the CO2:(THF)n is nearly linear with the number of THF molecules. We believe 

that this bonding motif will remain in the liquid phase. 
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In order to verify this conclusion, we used Monte Carlo simulations to characterize 

the structures of CO2 and N2 in liquid THF. We then calculated how many THF molecules 

comprise the first solvation shell by determining the radial distribution function (RDF) 

between the carbon atom of CO2 (or the center of the N2 molecule) and the oxygen atoms 

of the THF molecules. 

o Structure in liquid state: g(r) and number of THF molecules in the 1st solvation shell 

i. Pure THF 

Figure 16. g(r) for pure THF. 

This curve is RDF of O-O distance in pure THF. We randomly chose one of 200 

THF molecules in the cubic box as the reference molecule. Then, we used the distance 

formula to calculate g(r). The figure shows that the nearest shell of solvation is at ~ 5 Ǻ. 

This peak appears because of the attractive interaction between O and CH2 group.[30] The 

plot is useful to compare CO2/N2 in THF liquid with neat THF. We can judge through the 

RDF curve if small molecules influence the first shell and by how much. 
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ii. CO2 

Two hundred THF molecules and one CO2 molecule were included in one 30 by 30 

by 30 Å cubic box. The starting structure was created by taking a single configuration 

(snapshot) of a long MC simulation of pure THF, and the CO2 molecule was inserted in 

the liquid. The system was allowed to relax and equilibrate, prior to carrying the MC 

simulation proper at room temperature and gathering the statistics. The radial parameter 

selected for the THF:CO2 system was the distance between any Oxygen atom of a THF 

solvent molecule and the Carbon atom of the CO2 solute. Thus, we set CO2 as the reference 

molecule and its C atom as the center of g(r) sphere. Increment radius of spherical shells 

to create g(r) was taken equal to 0.1 Å. Then, we used the equation (4) and vector data to 

plot g(r). 

1 𝑑𝑛(𝑟,𝑟+𝑑𝑟)
𝑔(𝑟) = (4)

<𝜌> 𝑑𝑣(𝑟,𝑟+𝑑𝑟) 

(a) (b) 

Figure 17. (a) g(r) for CO2 in liquid THF at Troom. (b) The colored area under the g(r)* r2 curve is equal 

𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘 
∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟.

𝑟=0 
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From the g(r) plotted in Figure 17, we can notice that the first solvation shell peak 

is at about 3 Å, a distance consistent with the optimized O-C distance in a CO2:(THF)3 

𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘 
cluster. We calculated ∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 part by integrating the colored area shown 

𝑟=0 

in Figure 17. Then, using the equation (5) to get NTHF. 

𝑟=30 
4 ∗ 𝜋 ∗ 𝜌 ∗ ∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 + 1 = 𝑁 (5)

𝑟=0 

This is the average number of THF molecules within the first shell around CO2. The 

calculation shows that ~ 2.58 THF molecules reside within the first shell, a number 

consistent with the previous HF calculations, and that supports the fact that we were not 

able to ‘bind’ a fourth THF molecule to CO2. The density of the liquid system is about 

0.0073 Å-3. 

iii. N2 

(a) (b) 

Figure 18. (a) g(r) for N2 in liquid THF at Troom. (b) The colored area under the g(r)* r2 curve is equal 

𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘 
∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 

𝑟=0 
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A similar analysis was also carried out for N2. The pair distribution function curve 

is given in Figure 18 (a). The first shell appears at ~ 5 Å away from the N2 molecule. The 

total area under the curve in Figure 18 (b) from 0 to ~ 7.2 Å is 11.88. The liquid density is 

also 0.0073 Å-3. Clearly, the first shell peak around N2 is much broader and less defined 

than in the case of CO2. Indeed, the interaction between N2 and THF is much weaker, which 

is consistent with the less resolved solvation shell. Compared with g(r) in pure THF (Figure 

16), the 1st peak in Figure 18 almost remains the same due to the fact that binding energy 

is just ~0.5 kcal/mol for combination between N2 and each THF molecule. 

 THF summary 

Compared with N2, CO2 has stronger binding preference to THF due to its partial 

charge attraction. As mentioned earlier, with HF calculations, we increased the number of 

THF molecules around one CO2 molecule, and were unable to find a stable structure for a 

cluster of four THF molecules surrounding CO2 in a first shell of solvation. Charge-charge 

interactions between ether oxygen and the Carbon atom of CO2 are responsible for the first 

shell structure within 4 Å with a peak at ~ 3 Å, whereas N2 does not create a solvation shell 

due to its weak binding affinity (quadrupole interactions). When per THF molecule “bound” 

to the same CO2, binding energy is between ~3-4 kcal/mol, but it is just about 0.5-1.5 

kcal/mol for the case in nitrogen molecule at MP2 theory calculations. The results suggest 

that THF has higher affinity for CO2 than for N2. 
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Chapter 4 

Conclusion 

No matter if it is poly (1,3 dioxolane) or Tetrahydrofuran, the interactions between N2 and 

those two materials exhibit low affinity. The binding energies for N2 molecule is smaller by ~2-4 

kcal/mol compared with CO2, when using the same simulation theory. For CO2, the reactions are 

Coulombic attractive interactions and, for N2, are quadrupole-charge interactions. All structures 

optimized at HF/ MP2 theory in conjunction with 6-311+G** basis set functions. The basis set 

superposition error was corrected during the binding energy calculation. 

We discovered that the ratios of O atoms over C atoms and terminal group can play a 

significant role in the interaction between CO2 /N2 and oligomer. Two factors that can influence 

by different degrees. The increasing number of O atoms in repeating unit strengthen absorption 

reaction. For example, when calculating interaction between N2 and ether oxygen in vacuo at 

MP2/6-311+G** level, the binding energy for THF (ratio=1:5) is about -0.63 kcal/mol (Table 7). 

No matter whether it is oxygen in PDXL(2:5) repeating unit or in PDXL terminal group, binding 

for N2 are all stronger than THF, by ~ -0.94 kcal/mol in #1(O in repeating unit), ~ -0.94 kcal/mol 

in #2(O in Methoxy termination) and ~ -1.75 kcal/mol in #3. Thus, the binding strength order 
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should be THF:N2 < PDXL:N2. Then, we sequenced all CO2 structures in the order: O in terminal 

group (PDXL): CO2 < THF: CO2 < O in functional group (PDXL): CO2. There is no doubt that 

ether oxygen atoms in the repeating unit ([-O-CH2-O-CH2-CH2-]n=1) always have high capture 

ability for CO2. The interactions are about -3.33 and -5.02 kcal/mol, which is more stable than the 

calculated BE (-3.07 kcal/mol) in THF gas phase. However, the methoxy termination group 

showed opposite phenomenon. CH3O adsorbs one CO2 molecule, but the binding energy is the 

weakest (-2.89 kcal/mol). 

In the simulation, we only studied the situation that PDXL with just one repeating unit. 

However, we can predict PDXL with varying oxygen content according to the previous conclusion. 

The conclusion is PDXL can capture small molecules more easily if the ether oxygen content 

increases. All the calculation results provide useful quantum chemical data to design materials 

with special characteristic like high capture ability and selectivity. 
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Appendix 

In this Appendix, we described the procedure to calculate RDF g(r) from MC simulations. 

I. After running the MC code on CCR, all snapshots are saved in the ‘ .dat’ file. The 

first step we need to do is to change data type to Microsoft Excel, which can help us to find 

special atoms (reference atoms) more effectively. 

During the MC simulation, the reference molecule (CO2) is randomly added in the 

box, which might introduce the errors in g(r). For example, CO2 could appear in the corner 

of the 30 by 30 by 30 angstrom cubic box. In this situation, it is difficult to count correctly 

all THF molecules within a sphere around CO2. Therefore, we replicated the central box 

27 times and made the simulation box into a super box of 90 by 90 by 90 Ǻ cubic. 
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1 If coding utf-8 • 
2 """ 
3 Created on Mon Sep 11 17:45:48 2017 
4@author : dan 
5 " "" 
6 import xlwt 
7 def datToExcel (n): 
8 # create new e,. ·el 
9 W=Xlwt.Workbook() 

10 ws=w. add_sheet ( "location" ) 
11 
12 #get location of O in thf and C in CO2 
13 for p in range (l,n+l ) : 
14 with open ("xyz ("+str (p)+") .dat " ) as f: 
15 line= f.readlines() 
16 cpostion=[line[-3] .split()[3 :]] 
17 postion=(line[i] .split()(3 :] for i in range (len (line)-3) if i %5==0] 
18 
19 #o,;rite C in excel 
20 for a in range (3): 
21 ws.write(0 ,a, round ( float (cpostion[0][a]),3)) 
22 
23 ,. creat 3 by 3 by 3 cubic box. 
24 a= [ 0 , 1 , - 1 J 
25 for i in range (len (postion)): 
26 num=O 
27 for k in range (3): 
28 for l in range (3): 
29 for m in range (3) : 
30 ws.write(num*len (postion)+l+i,2, round (float (postion[i ] [2))+30*a[k], 3 )) 
31 ws.write(num*len (postion)+l +i, l , round (float (postion[i ) (l))+30*a[l), 3)) 
32 ws.write(num*l en (postion)+l+i, 0 , round (float (postion[i ][0])+30*a[m], 3 )) 
33 num+=l 
34 w.save( "Book"+str (n)+". xl s " ) 1 

Figure 19. Code to convert Data type. 

II. The second step involves the distance(d) calculation between C and O: 

𝑑 = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 + (𝑧2 − 𝑧1)2 (6) 
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1 # - - coding: utf-8 -*-
2 """ 
3 Created on Fri Sep 8 15:55:54 2017 
4 @author: dan 
5 """ 
6 import numpy as np 
7 import xlrd #read excel 
8 def calculateDistance ( n) : 
9 

Hl 
11 
12 

calculate distance between central atom and every molecules and return list (distance ) 
n is the index of excel 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

#open results.excel 
data=xlrd.open_workbook( "Book"+str (n)+". xls ") 
table=data.sheets( )[0 ) #open first sheet 
nrows=table.nrows #get rows number 

#find central molecule 
xo=table.cell( 0 ,0 ).value 
yo=table.cell (0 , l ).value 
zo=table.cell( 0 , 2).value 
vl=np.array ([ xo,yo,zo]) 

#distance between c in co2 and o in thf 
a=[) 
fo r i in range ( l ,nrows): 

x=table.cell (i, 0 ) .value 
y=table.cell(i, 1 ) .value 
z=table.cell (i, 2) .value 
v2=np.array([x,y,z)) 
d=np.sqrt(np.sum(np .square(vl-v2))) 
d2= round (d, 2) 
a.append(d2) 

return (a ) 

#open excel document 

Figure 20. Code to calculate distance. 

III. For the pair distribution function, we use the equation, 

1 𝑑𝑛(𝑟,𝑟+𝑑𝑟)
𝑔(𝑟) = . (4)

<𝜌> 𝑑𝑣(𝑟,𝑟+𝑑𝑟) 

where 𝜌 denotes the density of sphere, 𝑑𝑛(𝑟, 𝑟 + 𝑑𝑟) represents the difference of the 

number of THF molecules between two shells and 𝑑𝑣(𝑟, 𝑟 + 𝑑𝑟) is the difference of the 

volume between two shells 

4 
∆𝑣 = 3 3 ) (7) ∗ 𝜋 ∗ (𝑟𝑂𝑢𝑡𝑒𝑟 − 𝑟𝐼𝑛𝑛𝑒𝑟 3 

Thus, there are four unknown parameters (𝜌, ∆n(THF), rInner, rOuter) that need to be 

determined. 
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First, according to density equation 

𝑛 
𝜌 = (8) 

𝑉 

two parts need to be known in order to calculate the density correctly. One is the total 

number of THF molecules in a sphere and another is the volume of a sphere. In this code, 

we set the C atom in CO2 as the central atom. The radius of the sphere is equal 30 Ǻ. Then, 

we need to count the total number of THF molecules in the sphere. Second, we divide the 

sphere into 300 shells and determine the difference of THF molecules between two 

spherical shells. For the radius, we set radius increment (∆𝑟) of the spherical shell by 0.1 

Ǻ. (0, 0.1, 0.2, 0.3, … , 29.99, 30 Ǻ) Thus, we can solve the inner and outer radius easily. 

Finally, we use the pair distribution function to get g(r). 
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1 # - - coding: utf-8 -*-
2 111111 

3 Created on Fri Sep 8 15:54:57 2017 
4 @author: dan 
5 111111 

6 import numpy as np 
7 def pariCorrel ationFunction(l,dr,d,edges,num_increments) : 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

radial distribution function 
l : box side length 
dr : increment for increasing 
d=list of distance 
edges=every shells 

radius of sphe rical shell 

return a tuple( gr, radii ) 
reference particles: ca rbon in CO2 

#density 
num = np . sum( i <= l f or i in d) #num of thf in shell(l=30) 
dens i ty = num I (4/ 3 * np .pi *(l) ** 3 ) 

r=np.zeros(num_increments) 
g_ r=np. zeros(num_increments) 

(result,bins) =np .histogram(d,bi ns=edges,normed=False ) 

for i in range (num_increments): 
r[i] =(edges[i]+edges[i+l])/2 
rOuter=edges[i+l] 
ri nne r=edges [ i] 
g_ r[i] =(result[i]/density)/( 4 .0/ 3 .0*np .pi*(rOuter**3 - ri nner**3 )) 

return (g_ r,r,num,density) 

Figure 21. Code to calculate g(r). 

IV. The more data we include in during calculating the average, the smoother curve g(r) is. 

Thus, we carry out MC simulations with more than two thousand passes. For those data, 

we need to get the average of the individual pair distribution functions. The code below is 

used for realizing the calculation of g(r) average. 
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1 # - - coding: utf-8 -*-
2 111111 

3 Created on Fri Sep 8 11:36:36 2017 
4 @author: dan 
5 111111 

6 from grl import datToExcel 
7 f rom gr2 import calculateDistance 
S trom gr3 import pariCorrelationFunction 
9 impo rt numpy as np 

lO def gr_average (average,dr, l): 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

average=total number of .dat file 
dr=increments 
l =side length of box in angstrom 
return gr_average of all configuration 

#set shells, number of shells 
edges=np.arange(0 ,l+dr,dr) 
num_increments=len (edges)-1 

gr=np.zeros(num_increments) 

density=0 
for n in range (l ,( int (average)+l ), l ) : #index of excel 

datToExcel(n) 
d=calculateDistance(n) 
g_r,r,num,den=pariCorrelationFunction(l,dr,d,edges,num_increments) 

density+=den 
gr=np.add(gr,g_r) 

density_average=np.divide(density,average) 
gr_average=np.divide(gr,average) 
return (gr_ave rage,r,density_ave rage) 

I 

Figure 22. Code to calculate average of g(r). 

V. This part is to plot the curve of g(r). We need to provide three parameters--the total number 

of configurations (average), the increment of spherical shells (dr) and the length of the box 

(l) -- to run the code. In the work, the MC simulation yield 2642 configurations. We set the 

reference atom as start point and spherical radius increment is 0.1 Ǻ. We set cutoff=15 Å 

in the plot of g(r) because the g(r) curve converges toward g(r) =1 after 16 Å. 
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1 # - - coding: utf-8 -""-
2 UII It 

3 Created on Thu Sep 14 13:36: 11 2017 
4@author : dan 
5 1111 u 

6 import numpy as np 
7 from gr import gr_average 
8 import matplotlib.pyplot as plt 
9 from gr4 i mport calculateAreaGRR 

10 
11 
12 #gr _average(average, dr, l) 
13 g,r,den=gr_average{ 2642 , 0 . l ,30 ) 
14 
15 #visualize 
16 p lt. figure { ) 
17 plt.xlabel{ ' r ' ) 
18 plt . ylabel{ ' g ( r ) ' ) 
19 plt .xlim(0 .0 , 15 ) 
20 plt.plot{r,g, color= ' black ' ) 
2l plt.ylim{0,( 1 . l *max{g))) 
22 plt.grid{) 
23 pl t. show{) 
24 

Figure 23. Code to plot g(r). 

VI. In order to verify the number of THF in the nearest shell, it is necessary to integrate 𝑔(𝑟) ∗ 

𝑟2 from r=0 to r=first peak, according to the equation (4). 

𝑟=𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘 
4 ∗ 𝜋 ∗ 𝜌 ∗ ∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 + 1 = 𝑁 (4) 

𝑟=0 

𝑟=𝑓𝑖𝑟𝑠𝑡 𝑝𝑒𝑎𝑘 
We can calculate ∫ 𝑔(𝑟) ∗ 𝑟2𝑑𝑟 by dividing the area under the curve of 𝑔(𝑟) ∗ 

𝑟=0 

𝑟2 into small pieces. Every piece should be trapezoid if we cut small enough. Thus, the 

sum of all trapezoids areas is the number of THF molecules. The code is shown below. 
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5 

10 

15 

20 

25 

30 

1 # - - coding: utf-8 _w_ 

2 "'"' 
3 Created on Tue Sep 26 11 :56 :01 2017 
4 @autho r : dan 

""" 
6 i mport numpy as np 
7 i mport matplotlib.pyplot as plt 
8 def calculateAreaGRR(g , r , den , a,b,d r) : 
9 

11 
12 
13 
14 

16 
17 
18 
19 

21 
22 
23 
24 

26 
27 
28 
29 

31 
32 

a=start point to calculate the curve area 
b=end x axis point 
dr=increasements for increasing calculated area 

gr2_s=np .multiply (np.squa re ( r ), g ) 

g s=gr2 s.tolist () 
r=s= (np-:- round ( r , 3 ) ). t o list () 

5=0 
for i i n range (l i st .index(r s,a ) , list .index( r s , b )) : 

s+=(d r/ 2)*( g s[i]+g s[i;l ] ) -
n=s*den*4*np .pi+l -

for rang i n range (i nt ( (b-a )/dr )+l ) : 
tmpx = [a+ d r * rang, round ( a+ dr * rang , 2) , round ( a+ d r * (rang+l ), 2) , 
tmpy = [0 , g s [l i st .index(r s,tmpx[ l ] ) ], g_s[ list .index ( r_s,tmpx[ 2] ) ], 0] 
c = [ ' r ' , ' y7 , ' b ' , ' g ' ] -
plt.fill (tmpx, tmpy, color=c[ r ang%4] ) 

plt.xlabel ( ' r ' ) 
plt.ylabel ( ' g(r) *r*r ' ) 
plt.grid( True ) 
plt.show() 

a+ dr * ( rang+l ) ] 

Figure 24. Code to calculate area under 1st shell. 
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